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Abstract 

In this experimental work the possibility of integrating piezoelectric textile fibres 

in knitted structures for a (fingertip) pressure sensing glove was investigated. The 

piezoelectric poly(vinylidene fluoride) (PVDF) yarn used generates a voltage when 

mechanically deformed. However while this yarn is highly sensitive to strain, it is 

not so sensitive to compression. The knitted structures used as the basis of this 

work are all of a basic nature e.g. single tricot and 1x1 rib. Applications could 

include healthcare, gaming, security and intelligent control.  

First, the piezoelectric yarn was incorporated directly into the knitted structures. 

This was unsuccessful due to instability of the fabric construction, enabling the 

piezoelectric yarn to relax. To introduce strain to the PVDF yarn in response to 

compression, a structure using thermoplastic blocks was developed. The blocks 

were glued to the supporting fabric while the PVDF yarn was placed in-between 

the two layers in course direction. The piezoelectric PVDF yarn is coated onto a 

supporting fabric using a conductive silicone which acts as the outer electrode. In 

addition, this construction introduced pre-tension and increased stability. 

In order for the piezoelectric fibre to be active, an outer electrode (an electrically 

conductive outer layer) must be applied. It was shown that this outer electrode 

should have a high cover factor to optimize sensitivity. The most sensitive structure 

was constructed of three lower blocks and two upper blocks. The block size was 10 

x 0.8 mm (lxw), and the distance between blocks was 3 mm.  

Minimal average signal of 0.4 mV when subjected to 0.003 N was measured. The 

fingertip sensitivity threshold for an average male is 0.0054 N, indicating that the 

sensor is highly sensitive in terms of applied force. The sensor has been integrated 

into a glove, demonstrating the possibility of measuring fingertip sensitivity.  

 

 

  

Keywords: Piezoelectric, Poly(vinylidene fluoride) (PVDF), textile pressure 
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Popular abstract 

The main purpose of this thesis was to investigate and characterize the use of 

piezoelectric yarn for use in textile (fingertip) pressure sensors in glove 

applications. Such applications could include healthcare, security and safety, game 

applications or intelligent control. Piezoelectric materials generate a voltage when 

pressed or squeezed. Poly(vinylidene fluoride) (PVDF) is a polymorphic material 

with piezoelectric properties.  

PVDF yarns were integrated into block sensors. These blocks consist of 

thermoplastic material glued to a knitted supporting fabric. The electrical signal 

given off by the PVDF yarn was measured with the help of an oscilloscope. The 

block sensor generated a distinguishable signal under a dynamic compression of 

0.003 N, indicating that the structure is sensitive enough compared to the average 

male fingertip sensitivity threshold (0.0054N).  
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1 Introduction 
The smart textile field is broad and can involve materials science, chemistry, 

electronics (E-textiles), informatics and textile engineering. Smart textiles can be 

divided into three main categories based on Schwarz`s, et al (2010) roadmap; 

passive smart, active smart and very smart. The passive smart materials are only 

able to sense, active smart materials are able to sense and actuate, very smart 

materials are able to sense, actuate, and adopt. (Schwarz, et al., 2010) In this thesis 

the goal was to develop a textile pressure sensor using piezoelectric PVDF fibres 

creating an active smart construction. Since textile gloves are generally made of 

knitted structures this method was used.  

1.1 Background 

Currently there are several sensors solutions integrated into textile structures. 

However, many of these solutions use conventional electronic components. The 

challenge in this work was to create a sensor based on textile components. There 

are existing poly(vinylidene fluoride) (PVDF) film sensors, however the fibre form 

sensor is expected to be more drapeable, flexible and breathable, increasing 

comfort. There are some challenges that come with this integration. Yarns used in 

clothing are generally fine and elastic to ensure comfort. These yarns have low 

mechanical resistance to bending and shearing, meaning they are easy to drape. 

(Atalay, et al., 2013) The piezoelectric PVDF yarn generates a stronger signal 

when stretched compared to when compressed. Among these challenges is the fact 

that the piezoelectric PVDF yarn needs to be straight and slightly tensed before 

use. 

A textile pressure sensor integrated into a glove could be applied in a wide field of 

applications. Possible areas could be:  

- Tactility for robots 

- Intelligent control 

- Security and safety 

- Healthcare, monitoring condition, artificial skin.  

- Gaming, both serious and fun.  

The piezoelectric effect, where certain materials with a non-symmetric atomic 

structure generate a voltage when subjected to mechanical deformation, was 

discovered by the brothers Pierre and Jacques Curie in 1880. Currently this type of 

material is broadly used in many everyday items like speakers, microphones and 

pressure sensors. (Manbachi & Cobbold, 2011) (Qin, 2013) The piezoelectric 

properties of PVDF sheet material were discovered by Kawai in 1969 (Kawai, 

1969) and Lund and Hagström (2010) have introduced it in fibre form. The fibre 

form is suitable for use in textile applications.  

A sensor is a device that transforms physical signals into electrical ones, in this 

thesis the signal of interest is physical pressure (Kenny, 2005). There are also other 

types of sensors, for example ones that transform a physical signal into a colour 

change. Integrating such sensors directly into textile has several advantages, e.g. 

comfort, mobility, usability and aesthetics.  
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1.2 Aim 

The aim of this thesis was to characterize and investigate piezoelectric 

poly(vinylidene fluoride) melt spun fibres in or on knitted structures for the 

application in pressure sensing in relation to dynamic deformation for glove 

applications.  

1.2.1 Research questions 

1. Which fabric construction optimizes the function of PVDF piezoelectric 

yarn for use in pressure sensors? 

2. Is the most optimal construction produced sensitive enough for use in 

medical gloves in relation to fingertip sensitivity? 

1.3 Delimitations  

This master thesis was limited to use of PVDF piezoelectric fibre, with a core of 

carbon black (CB) and HDPE, as piezoelectric material. The structures used were 

all based on knitted materials. All materials used were resistant to a temperature of 

at least 120ºC, due to curing of the used coating. The maximal size of the 

piezoelectric pressure sensor was 2x2 cm, to ensure the sensor will fit on a 

fingertip.  

   



8 

 

2 Theory  
Important facets that are involved in this project are presented in this chapter. This 

includes but is not limited to piezoelectricity and knitting.  

2.1 Textile sensor 

A sensor is defined as a device that converts a physical phenomenon into an 

electrical or other signal. In this thesis the focus is on electro active sensors. 

Another part of this are actuators, these convert electrical signals into physical 

phenomena. (Kenny, 2005) 

An important characteristic of a sensor is the transfer function. This indicates the 

relationship between physical input and electronic output. A sensitive sensor can be 

defined as; giving a large signal under influence of a small physical phenomenon. 

Secondly the span or dynamic range is a factor. This indicates the range of input of 

physical signals the sensor can convert into electrical signals. Limiting factors are 

hysteresis and noise. Hysteresis is the width of the expected error in terms of the 

measured quantity. Noise, which is produced by all sensors, limits the performance 

of the system. (Kenny, 2005) 

There are two main types of sensors; active and passive. Active sensors require an 

external power source to generate a voltage current. Usually these types of sensors 

are resistor based. Passive sensors generate their own electrical output signal 

without the help of an external power source. (Kenny, 2005) In the end most 

signals must be transformed into electrical ones, this makes electronically 

conductive materials in relation to smart textiles important (Van Langenhove, et 

al., 2007).  

Within the field of textile electronics there are several pressure sensing 

possibilities, among these are piezo-resistive (Huang, et al., 2008) (Enokibori, et 

al., 2013), capacitive (Engvall, 2013) (Sergio, et al., 2004), dome shaped sensors 

(Chang-Ming, et al., 2010) and piezoelectric. Piezo-resistive materials/sensors will 

change their electrical resistance when subjected to mechanical stress or strain 

(Harman, 2005).  

Atalay, et al. (2013) have researched the effect of knitted base fabric parameters on 

strain sensor properties. They conclude that more compact structures show higher 

linearity. Although less compact structures showed improved accuracy during the 

relaxed period. (Atalay, et al., 2013)  

2.2 Piezoelectricity 

Piezoelectricity is literally pressure-driven electricity (Manbachi & Cobbold, 

2011). This means that piezoelectric materials generate a voltage when subjected to 

mechanical deformation (direct piezoelectric effect) and vice versa (inverse or 

converse piezoelectric effect) (Qin, 2013). The direct effect is suitable for sensing 

applications while the inverse effect can be useful for actuating applications. The 

sensing application will be limited to dynamic strain measurements. It is 

impossible to measure static loads due to the leakage of current, when strained the 

sensor will generate an output at first but this will decrease and become zero again 

under continued strain (Moheimani & Fleming, 2006). A piezoelectric material can 
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also be pyro-electric, generate an electric field in response to a temperature change 

(Callister, 2011). 

Piezoelectric materials can be divided into two main groups; crystals (e.g.  quartz 

(SiO2)). and ceramic. Additionally, piezoelectric qualities are seen in polymers and 

other biological systems (e.g. bone and silk). In the ceramics group a typical 

material is Barium Titanate (BaTiO3). Generally the piezoelectric effect is only 

found in nonconductive materials. (Qin, 2013) (Manbachi & Cobbold, 2011) A 

material can have piezoelectric properties depending on the structure of the 

crystalline units. It originates from non-symmetry in the atomic structure of the 

crystalline units, causing the crystallite to act as dipoles. (Fukada, 2000) 

Piezoelectricity has been incorporated into textiles on several occasions. There are 

roll-up LCD displays, or antennas built into battle dress uniforms. These 

applications do make use of several other types of materials among which 

conductive treads, conductive film and liquid crystals paint. Using piezoelectric 

film, Stretch a Darpa (USA) funded project, is building an acoustic array into a 

multilayer fabric to detect heavy vehicles. On several occasions keyboards or pads 

have been made using row and column techniques. (Edmison, et al., 2002) 

Krajewski, et al. (2013) have integrated PVDF fibres into a conventional woven 

polyester fabric to create a 2D flexible sensor. It is shown that there is a correlation 

between vibrations and the output signal measured. They concluded that it is 

possible to create a sensor using piezoelectric PVDF yarn as a sensor device 

delivering meaningful results. (Krajewski, et al., 2013) Kechiche, et al. (2013) 

created a woven piezoelectric pressure sensor. The used PVDF material contained 

copper. They confirmed that the integration of coaxial filaments into textile fabrics 

does not influence the characteristics of the fabric. (Kechiche, et al., 2013) 

Furthermore, piezoelectric yarns have also been investigated as an electricity 

harvesting medium. The highest power output was measured at 25 μW under high 

mechanical deformation performed on electro-spun pure PVDF fibres. (Nunes-

Pereira, et al., 2013)  

2.3 Piezoelectric polymers 

Kawai discovered the piezoelectric effect in several polymeric materials. In 1969 

he demonstrated the effect in polarised poly(vinylidene fluoride) (PVDF), 

polyethylene (PE), poly(tetra fluoroethylene) (PTFE) and polycarbonate (PC) 

(Kawai, 1969). Later also polyamide (PA) and poly-L-lactic acid (PLLA) have 

been documented as having piezoelectric properties. (Lund, 2013) Polymers are 

more suitable as sensor than ceramics because polymers have lower piezoelectric 

strain compared to ceramics, but piezoelectric polymers have a higher piezoelectric 

voltage constant (Harrison & Ounaies, 2001).  

2.3.1 PVDF 

Poly(vinylidene fluoride) (PVDF) is an available plastic. It can be bought as 

powder, pellets or semi-transparent films. PVDF is a polymorphic material that has 

at least four possible phases documented within itself; α, β, γ and δ. Only the β 

phase PVDF has piezoelectric properties due to its high polarity. β phase means an 
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all-trans conformation, see Figure 1. To introduce more β phase into the material it 

is mechanically stretched and poled. (Kawai, 1969) (Lund, 2013) The repeating 

monomer is [CH2=CF2]. With respect to the carbon atom the fluorine atoms are 

negatively charged and the hydrogen atoms are positively charged. This creates an 

inherent dipole moment in each monomer unit. (Sirohi & Chopra, 2000)  

 

Figure 1, All-trans conformation of β phase PVDF 

2.3.2 Poling 

Poling is essentially molecular rearrangement or reorientation under an electric 

field (Fulmer Research Institute, 1986).This process will align the polar crystallites 

and introduce the piezoelectric properties.  

 

Figure 2, Crystallite orientation, before poling (left) and after poling (right) 

Poling can be performed in two ways; contact poling and non-contact poling. Non-

contact poling is also called corona poling, in this method the material is put 

between a high potential electrode and a grounded counterpart (Fedosov, et al., 

2007). The advantage is that this allows a continuous production line. Contact 

poling is performed with two electrodes connected to a high voltage supply on both 

sides of the material. (Mazurek, et al., 2000) Temperatures typical in poling are in 

the range of 85°C up to 130°C.  

There are several ways to measure the piezoelectric response of the material. Some 

methods make use of the direct piezoelectric effect and others of the convers effect. 

The main methods used are measuring the direct piezoelectric effect via application 

of pressure, bimorph deformation, D-E hysteresis and thermal depoling. The 

method will depend on the required data, availability of equipment, simplicity, 

accuracy and reproducibility. (Dargaville, et al., 2005)  

2.3.3 Inner and outer electrode  

Two electrodes, on opposite sides of the material, are required to be able to 

measure the output voltage generated. To enhance the piezoelectric output it is 
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important to cover as much of the surface as possible. (Lund, et al., 2012) In 

studies performed by Lund, et al. (2012) and Nilsson, et al. (2013) different 

electrodes have been tested. In case of the fibre the inner electrode is already 

embedded in the core. The outer electrode can be introduced by several different 

methods, for instance a conductive coating or a conductive yarn. Higher resistance 

materials used as electrodes will show a decrease in piezoelectric output voltage 

(Nilsson, et al., 2013).  

2.4 Knitting 

Knitting is generally defined as; forming a fabric by intermeshing of loops of yarn. 

Knit designs are made up of forward facing loops and backward facing loops. 

Creating backward facing loops is called purl, this will form an arc. Forward facing 

loops will form a v. The gauge of the machine knits is determined by the number of 

needles per inch. There are two basic types of knitting; weft knitting and warp 

knitting, see Figure 3. In warp knitting the yarn will continuously form a column. 

This means the lengths of each vertical column is formed simultaneously. For this 

structure there will be use of many yarns. Warp knitting is seldom used in glove 

knitting and therefore not further mentioned in this report. (Schwartz, 1982) 

(Spencer, 2001) 

2.4.1 Weft knitting 

In weft knitting the yarn will continuously form a row; there is only one yarn in the 

structure. All loops are formed across the width of the fabric, in horizontal rows 

build up one loop at a time. (Spencer, 2001) Weft knitting can be classified as 

single of double. This depends on the number of needle sets required to create 

them. (Schwartz, 1982)  

 

Figure 3, (A) warp knitting and (B) weft knitting 

 

The simplest weft knitted structure is single jersey. This type of fabric consists of 

only forward facing loops. Some characteristics of this fabric are that the front and 

back are different, the width can be extended about twice as much as the length, the 

edges of the fabric have a tendency to curl, if a loop is broken a run (hole) will 

appear in the fabric and finally that the fabric thickness is about two times the 

diameter of the yarn used. (Schwartz, 1982) 
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1x1 rib is the simplest double knit fabric possible to produce. The fabric is 

constructed of alternating face wales and back wales. The fabric characteristics 

include the appearance of the front and back are identical, the width extension is 

double that of single jersey but length extension is comparable, the edges do not 

curl, when a loop is broken a run will appear and the fabric thickness is about twice 

that of single jersey. (Schwartz, 1982) 

Alternatively to the basic knitting loops there are two other stitch possibilities, tuck 

and float loops. Using these three different stitches in combination allows for a 

wide range of designs. (Schwartz, 1982) With these techniques an extra yarn can 

be inserted into the structure. This yarn could be the piezoelectric PVDF fibre. This 

way the yarn in inserted while staying straight. These design options are not used 

in this thesis due to complexity. Knitting patterns are notated as seen in Figure 4. 

The needles are presented as dots, the yarn is presented as a line. This line is 

showing is the loops are forward facing or backward facing. (Schwartz, 1982) 

 

Figure 4, (A) single jersey knitted on single needle bed, (B) 1x1 rib on double bed 

2.5 “Smart” gloves on the market 

Using knitting technique and piezoelectric yarn a smart glove can be made. With 

the creation of a smart glove that can measure dynamic and/or static pressure a 

wide range of applications can be explored. Uses can be found in healthcare, e.g. 

for enhanced sensing or artificial skin. The technology could also be interesting in 

robotics as it could improve tactility. Finally, the technique could be of use in the 

entertainment industry, for example in more interactive games. (Baborowski, 2010) 

It must be noted that SmartGlove® is a trademark of IMAK®. The line of products 

is to help with carpal tunnel syndrome pain by supporting the wrist (IMAK, 2010). 

Additionally, there are several other companies who sell smart gloves. In some 

cases the word “smart” in the name indicates that the gloves can be used to operate 

a smartphone screen, e.g. Ugg suede smart glove (Ugg Australia, 2014). In sports 

applications smart gloves can be found as well. The Smart Glove® of SKLZ is an 

example of this. This golf glove is designed to help place the wrist in the ideal 

positions through the swing (SKLZ, n.d.). Another example of sport applications is 

the Heat 3 Smart of the Heat Company. This glove is originally designed for 

military use but is now used in skiing and mountain climbing. (The Heat Company, 

n.d.) Lastly Smart Glove is also a super soft Nitrile glove producing company 

based in Malaysia (Smart Glove Corp SDS BHD, 2005).  

2.6 Smart gloves – state of the art 

The team QuadSquad that won the Software Design Competition in 2012 

Microsoft Imagine Cup have developed a glove that aims to turn sign language into 

vocalized speech via a smartphone. The glove works with 15 flex sensors in the 

fingers. These measure the degree of bending while a compass, accelerometer, and 

gyroscope determine the motion of the glove through space. Via Bluetooth a 
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microcontroller sends the data to a mobile device. Although this product is still 

under development progress is promising. (Hill, 2012) The flex sensors used in the 

glove are all of conventional electrical components. Additionally, the wiring in the 

glove is also made up of conventional metal components (Stepanov, 2012).  

The University of Cape Town has developed a glove for leprosy patients. The 

gloves makes use of nano-sensors which alleviate the effects of nerve damage, and 

measure pressure points. This information is used to predict where ulcers are likely 

to be formed. The product is being tested in India. (Cutcher, 2013) The glove is 

constructed from off-the-shelf fabric and has electronics incorporated (SA Time, 

2014).  

Qora Smart Glove is a project proposal of Hallam-Whiteley to help stroke 

survivors. The memory lost that is often experienced can be a burden on the partner 

when having to explain household objects. The project aim is to produce a glove 

that will read RFID (radio frequency identification) chips and communicate this 

with a device. The RFID chip is to be placed on household objects. When the 

stroke survivor touches the object a tape will start playing explaining what the item 

is. The techniques and electrical elements used are all of conventional nature. The 

RFID reader, LEDs (light emitting diode), FSR (force sensing resistor)pressure 

sensors and cable connector are all made up of conventional used materials. The 

circuit used in connecting these elements is made up of conductive thread. 

(Hallam-Whiteley, 2011) 

Students from McMaster University, Ontario, have developed a glove to assist in 

cardiopulmonary resuscitation (CPR). The glove measures the patient’s vital signs 

with an electrocardiograph and indicates if CPR is necessary. A metronome will 

indicate proper compression timing, while accelerometers and piezoelectric sensors 

measure if the compressions are deep enough. There is also a cue when the rescuer 

needs to blow air in the victim’s mouth. (Rosenwald, 2007) The computer chips 

used are hand fabricated at this point by the developing students. (McMaster 

University Hamilton, 2007) 

Footfalls and heartbeat have designed a glove especially for wear over prostheses. 

The glove provides haptic feedback. It is based on piezo-resistive sensors. The 

sensors in the finger tips and palm of the hand communicate with a cuff worn 

around the upper arm. The cuff than translates these signals into electrical pulses 

emitted to the skin. The pulses are graduated so the user experiences firmness, as 

well as location of touch. (Footfalls and heartbeat, 2014)  

2.7 The human hand 

Dexterity is the ability to grasp and hold objects, and to perform fine finger 

movements to manipulate small objects. The human hand is constructed of four 

fingers and an opposable thumb. To pull, push, hold and manipulate objects with 

the hands or fingers, coordinated movement is required. This in turn requires 

strength and dexterity in the fingers together with sensory capability and motor 

control. The most critical dexterity functions are push force, pinch grip and power 

grip. In push force one part (e.g. palm or fingers) of the hand is used, pinch grip 

uses the index finger and thumb to generate opposing forces, and lastly power grip 
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use the palm and thumb together with all four fingers. (University of Cambridge, 

2011) All movements can be set apart on a scale between sensory motions and 

motor motions, see Figure 5. 

 

Figure 5, Sensorimotor overview of the human hand (Jones & Lederman, 2006) 

Tactile sensing is when the human hand is passive / inactive and the object that is 

being sensed may or may not be stationary. Some indications about the object can 

be observed this way, e.g. surface texture, thermal condition. In active haptic 

sensing the human hand is in motion and voluntarily moves over the surface of the 

object. This motion is used to identify objects. Prehension is to grab an object with 

the hand. Lastly in non-prehensile skilled movement the hand movement can be 

very diverse, e.g. gesture during speech or pressing a key. (Jones & Lederman, 

2006) 

The sensitivity of human hands varies per person but can be generalized by gender. 

For males the pressure threshold averages at about 0.158 g on the palm and about 

0.55 g (0.0054 N) on the fingertips. For women these values are consistently lower, 

0.032 g and 0.019 g. (Jones & Lederman, 2006) 
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3 Material  
The materials used during this thesis project are presented in this chapter.  

3.1 Piezoelectric textile fibre  

The piezoelectric fibre used was manufactured and kindly supplied by Swerea IVF. 

It consists of a sheath of PVDF homopolymer, Solef 1006. In the core of the fibre 

carbon black (CB) was introduced as an inner electrode. The CB was a filler, the 

matrix consists of high density polyethylene (HDPE), ASPUN 6835A + 30% CB.  

During the production of the piezoelectric fibre a solid state draw ratio (SSDR) of 

2.3 was maintained. During extrusion a spinning head with 24 holes was used, 

creating a 24 filament yarn with a diameter of about 60 µm. The yarn created had a 

tex of 950 dtex. The piezoelectric PVDF yarn was in-line poled at -9 kV.  

3.2 Knitting yarn 

During knitting on the hand knitting machine a yarn was used both to embed the 

piezoelectric PVDF yarn and as set-up/bind off. The yarn was 100% acrylic. This 

bright yellow yarn was chosen because it will withstand the temperature limited set 

and the colour makes the piezoelectric PVDF yarn better visible. In addition, this 

yarn is less valuable than the piezoelectric PVDF yarn.  

3.3 Supporting fabric 

The main fabric used in this thesis was a circular 1x1 rib knit. The fabric was 

knitted at the School of Textile, Borås. The yarn used was 100% polyester. The 

fabric was more dimensionally stable than the hand knitted samples while still 

flexible, due to the higher gauge.  

3.3.1 Supporting fabric coated piezoelectric PVDF yarn.  

A second fabric was used to support the piezoelectric PVDF yarn. This fabric was 

lighter and more flexible than the fabric used as main fabric. This was done to 

allow easy stretching of the piezoelectric yarn. The piezoelectric PVDF yarn was 

coated onto the supporting fabric with the help of the Elastosil® silicone. The fabric 

was New Monica, 220 g/m2, 78% PL (polylactic acid) and 22% EA (ethylene 

acetylic acid).  

3.4 Outer electrode 

To create an active area on the piezoelectric PVDF yarn an outer electrode was 

applied. Several materials were explored: 

3.4.1 Statex conductive yarn 

Conductive yarns were introduced as an outer electrode, the Shieldex® HC+B (art 

no 200111011033HCB). This conductive fibre was made by Statex and consists of 

99% pure silver plated nylon. The tex of the yarn was 142/34f dtex, 110/34 denier. 

The liner resistance is <30 Ω/cm according to the supplier. The yarn was used in 

two forms in this study. The first form was twisted with the piezoelectric PVDF 

fibre. The second form was knitted with the piezoelectric PVDF fibre inserted in 

the structure. The knitted structure makes use of seven twisted conductive yarns 

combined and was chosen because of its high conductivity.  



16 

 

3.4.2 Elastosil® conductive silicone coating 

The coating used was made by Wacker Chemie AG, Germany. This silicone rubber 

was Elastosil® LR3162, two component. The silicone rubber forms a thick paste 

when the two components were mixed (ration 1:1), viscosity at shear rate 0.9s-1 is 

6600000 mPa s and the density at 23ºC is approximate 1.12 g/cm3. When cured the 

coating was very elastic, elongation at break is 400%. The tear strength is 18 

N/mm. This product is not designed to be used on textiles rather for production of 

large series of injection moulded electrically conductive articles but was used 

because of the conductive and elastic properties. (Wacker Silicones, 2013).  

3.4.3 CB + Engage™ conductive thermoplastic compound 

The used conductive compound consiste of a thermoplastic material (Engage™) 

with 10% carbon black (CB) particles. It was used as supplied by Swerea IVF, in 

sheet form. Engage™ is a polyolefin elastomer produced by Dow chemical 

company (USA). The melt index at 190ºC is 0.5 to 30 gm/10 min, the melting rage 

is between 36ºC and 103ºC. (DOW chemical company, 2006) 

This thermoplastic material was not only used to cover the piezoelectric PVDF 

yarn in structures (Sample 4) but also to create blocks (Samples, 6, 7, 8, 9 and 10).  

3.5 Inner electrode 

The inner electrode was embedded in the core of the piezoelectric PVDF fibre. The 

multiple cores need to be connected in order to create one inner electrode. The ends 

of the fibre were cut with a scalpel to ensure a circular cross-section enabling a 

good electrical connection to the fibre core.  

3.5.1 Silver paint 

To connect the inner electrodes silver paint was applied to the ends. The silver 

paint was produced by Agar, G3691. While the product name is silver paint it is 

actually a fast drying silver suspension. Very fine silver flakes are suspended in 

methyl isobutylketone (4-methylpentan-2-one), the solids content is 57.5 – 59%. 

When dry the film is adherent and flexible. Drying time is several minutes 

depending on the room temperature. Typical sheet resistance for the paint is >0,015 

Ohm/square at 25 μm coating thickness. (Agar, 2014)  

3.5.2 Copper tape 

To reinforce the inner electrode a small piece of copper tape was applied. This 

copper tape protects the layer of silver paint from damage by the connector of the 

oscilloscope, making it more durable. The tape was made by 3M™ EMI copper 

foil shielding tape 25.40 mm x 16.5 m, 3M ID 80011181031, product number 1181 

1x18. It has a thickness of 0.07 mm and an acrylic adhesive. (3M, 2014) 

3.6 Contact glue 

To do preliminary tests on a pressure sensor little pieces of thermoplastic were cut 

and glued on the 1x1 rib fabric. The glue used for this was 3M Scotch® klar 

kontaktlim, nr. 36011C.  
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3.7 Silicone glue 

For aesthetic and practical reasons the final samples had 20 x 20 mm area covered 

in Elastosil®. The former used contact glue will not adhere to this surface. 

Therefore building silicone, Sikasil-C, transparent, batch: 760371908, was used to 

attach the blocks to this surface.  

3.8 Felting wool 

The felted blocks were made of green wool, Panduro hobby 4x5 gr carded lamb’s 

wool, nr. 023664. This wool was felted by hand with a single felting needle placed 

in a holder.  
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4 Methods 
In this chapter all methods used to produce and test samples are presented.  

4.1 Twisting of the PVDF yarn 

To introduce the outer electrode the piezoelectric PVDF yarn was twined with a 

conductive yarn. This twining was performed on the Agteks direcTwist 2A, 

twisting machine. A cone with PVDF filaments and a cone of the conductive yarn 

were place on pins below the machine. The material was then laced through the 

machine and connected to an empty cone. To create a smooth yarn the first round 

the PVDF filament and the conductive yarn were run at speed of 1500 T/min and 

an S-twist of 100 T/meter. To introduce an extra conductive yarn to this newly 

twined yarn the created cone was placed on the pins below the machine and it was 

run again with a conductive yarn. This was done at 1500 T/min and a Z-twist of 

150 T/meter.  

For the purpose of securing the two materials together, hence, preventing 

unravelling, it was heat fixed. The yarn was placed in an oven at 100°C for 1 

minute.  

4.2 Coating with Elastosil®  

The silicone rubber consists of two components, mixing ration 1:1 (Wacker 

Silicones, 2013). Both components were deposited in a plastic cup and stirred by 

hand with a wooden spatula until blended. The textile or fibres were placed on a 

hard flat surface. The coating was applied by hand with a wooden spatula with 

downward striking motions. The piezoelectric PVDF yarn was pre-shrunk before 

use. Pre-shrinking was necessary in order to achieve an even coating. The coating 

will act as the outer electrode.  

In order to cure the Elastosil® it was placed in an oven at 120°C for 60 minutes. 

Manufacturers specification state that the product must be placed in a heat press at 

165°C for 10 minutes (Wacker Silicones, 2013). However the piezoelectric yarn 

cannot withstand such high temperatures. A test to put the coating in the heat press 

at 120ºC for 10 minutes was unsuccessful.  

4.3 CB+ Engage™ conductive compound 

The sheet was cut by hand with a scissors as well as laser cut1 into the desired size 

and shape. The cut piece was then placed on top of the textile with piezoelectric 

yarn. The hand cut blocks were 100 x 10 mm (lxw), the laser cut blocks were 100 x 

8 mm. 

To attach the blocks to the fabric first heat pressing was used. To protect the heat 

press the sample was covered with baking paper on both sides. This was put into 

the heat press for one minute at 100ºC. Secondly, the blocks were glued to the 

fabric using contact glue.  

                                                      
1 GCC LaserPro Spirit GLS 
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4.4 Re-Poling the PVDF yarn 

The piezoelectric PVDF yarn as supplied by Swerea IVF was in-line poled. In-line 

poling allows for a continuous industrial production process, which is a long-term 

goal. At this point the in-line poled yarns were less sensitive than contact poled 

yarns, therefore some of the samples were subjected to re-poling.  

To re-pole the yarn in order to make it more sensitive the yarn was connected to a 

high voltage power supply. The core was connected via a crocodile clamp to 

positive node of a high power voltage supply, while the outer electrode was 

connected to the negative node. In this case the crocodile clamps were covered in 

copper tape to prevent damaging the textile or yarns.  

When everything was connected the sample was heated up to around 70ºC. This 

was measured with a thermometer2. When the sample had reached the desired 

temperature the high voltage power supply3 was turned to 1.5 KV for 10 seconds 

and switched off. Simultaneously a hand-held multi-meter4 was connected, as a 

security measure. If the measured current exceeds around 200 μV it was an 

indication the circuit was short wired or there is electrical breakdown in the PVDF 

layer. After the poling was completed the sample was placed in aluminium foil to 

release excess surface charges. Poling is in generally a one-time process and will 

not be repeated after it was successfully performed.  

Several samples were produced with a silicone or thermoplastic outer electrode. To 

connect this outer electrode a conductive thread was used. The thread was attached 

to the conductive area by hand sewing. 

To show the effect of the re-poling sample 10 was tested before and after re-poling. 

The measurement was performed with the help of an oscilloscope. The test is about 

10 seconds long. During this time the sample is compressed with a fingertip. The 

output voltage (mV) given in the result is an average of the peaks.  

4.5 Machine hand knitting 

Knitting was performed on a double bed hand knitting machine over 20 latch 

needles, in each bed when knitting double bed. A stitch length of 12 was used 

when knitting on both needle beds and a stitch length of 14 was used when knitting 

on a single needle bed or in circular.  

The piezoelectric PVDF yarn with Statex as outer electrode was inserted during 

knitting in course direction. The ends were later fastened by hand. This is done to 

prevent the yarn from entering the structure instead of stretching.  

When knitting with Statex yarn the same stitch lengths have been maintained. The 

set up and bind off was performed using acrylic yarn. This was done because the 

acrylic yarn is less valuable. The PVDF yarn was inserted into course direction. 

The ends of the piezoelectric PVDF yarn were fasted by hand.  

 

                                                      
2 Multi-Thermometer, Model: ST-9232 
3 PHywe, HV power supply/ HV-Netz gerät 0-10KV. Unit: 13670.90.93 
4 Mastech® Mas830L 



20 

 

The single jersey fabric has been steam pressed to prevent rolling of the edges. 

Only the acrylic parts were steamed, the piezoelectric PVDF yarn was avoided as 

much as possible. An overview of all samples produced can be found in Appendix 

F, Sample description on page xvii.  

4.6 Evaluation of the knitted structure 

The samples were photographed with a digital microscope, ANMO Dino-lite Pro 

AM-413T. A close-up picture was taken of the part where the piezoelectric yarn 

was located. The photo was then visually assessed, points of interest are; any 

visible damage, are the knitted loops, wales or course disturbed and how the 

piezoelectric PVDF fibre lays in the structure, the photos can be found in Appendix 

B, Microscopic photo`s sample 2-3-4-5.  

4.7 Evaluation of the piezoelectric output signal 

The piezoelectric output signal was measured with a digital oscilloscope produced 

by Pico Technology. The model used was a Picoscope AP845/206 and was 

connected to a pc by USB cable. The final measurements were done with another 

digital oscilloscope also produced by Pico Technology. Model Picoscope 5442A, 

this oscilloscope filters out noise which makes the actual measured data more clear. 

4.7.1 Piezoelectric output of yarn  

To test initially the sensitivity of the yarn a weight of 20 gram was knotted to the 

end of the yarn, while the other end was hold by hand to protect the electronic 

connection. The weight was lifted 2 cm and released. Every measurement is 

performed three times, each time on a different piece of yarn.  

When assessing the results it was not the impact point which was most interesting. 

The signal after impact was, as it indicates the sensitivity of the yarn to an extent. 

The more signal the yarn emits after impact the more sensitive the fibre is (Lund, 

2014).  

4.7.2 Piezoelectric output of fabric 

A preliminary test of the output signal of the fabric was done by pulling the sample 

on to the edges while connected to the oscilloscope. This test was done in both 

length and width direction. The only important factor here was if there would be a 

signal created. Secondly the fabric was put on the table and the piezoelectric PVDF 

yarn area was pushed with a finger. Again only the presence of a signal was of 

importance. The fabric is pushed from the front and back. Lastly the fabric was 

pulled in width direction while holding the piezoelectric PVDF yarn in-between the 

fingers. Here it was of importance to see if there was a signal from the yarn. If 

there was no signal from the yarn during this movement the yarn is inactive. The 

inactive sample graphs will not be included into the report.  

4.8 Shrink test 

In the process of sample production the coating became unregular. To determine if 

and how much the piezoelectric PVDF yarn shrinks when heated a shrink test was 

performed. Three pieces of piezoelectric PVDF yarn were cut to a length of 50 

mm. To ensure the filaments stay bundled the yarn was tightened in a knot before 



21 

 

cutting on one end. The length is measured from the knot. The 3 pieces of yarn 

were put in an oven at 120°C, for 60 minutes. After this process the yarns were 

measured again. To ensure a good representation 3 times 3 samples were tested. To 

test if the yarn will shrink any further after initial shrinkage 3 pieces of shrunk yarn 

were put in the oven again after 24 hours, for 60 minutes at 120°C.  

4.9 Block sensor 

The piezoelectric PVDF yarn gives a stronger signal when extended than when 

compressed. To create a construction that will optimally extend the yarn during 

compression of the textile structure “blocks” were introduced. To test if a 

construction with blocks will create a sensitive pressure sensor small pieces of the 

previous used Engage™ material are used. On average the thermoplastic sheet is 1 

mm thick.  

4.9.1 Heat pressed block sensor 

The blocks were placed in several positions as seen in Figure 6. The distance the 

blocks were placed from each other is 5 mm. The piezoelectric PVDF yarn was 

pre-coated with conductive silicone. The blocks that appear to be floating in the 

figure were bonded to the fabric on both sides of the fibre. This was then placed in 

a heat press at 100°C for 1 minute.  

 

Figure 6, Block placement, heat pressed Sample 6 

4.9.2 Glued block sensor  

The spacing between the blocks varies from 5 mm in most of the samples to 3 mm 

for sample 7.7 and 1 mm for sample 7.6. The piezoelectric PVDF yarn used in 

these tests was pre-coated with the conductive silicone to create an outer electrode. 

The constructions shown in Figure 7 were created with the help of contact glue, 

which was applied directly to the fabric and the thermoplastic. The glue was left to 

dry for 60 minutes at room temperature. 
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Figure 7, Block placement, glued Sample 7 

4.9.3 Yarn coated to fabric, block sensor 

The thermoplastic pieces in this construction were again attached with the help of 

contact glue. The piezoelectric PVDF yarn however is coated to the supporting 

fabric. This was done using Elastosil®. Structures as seen in Figure 8 are created. 

Sample 8.1and 8.3 had a block distance of 3 mm, sample 8.2 had a distance of 4 

mm cm between the blocks.  

 

 

Figure 8, Block placement Sample 8 

4.9.4 Felted block sensor  

To see if it is possible to construct the blocks of a more textile material felted 

pieces of wool were introduced. The constructions tested were based on the best 

performing structures. The blocks were placed 5 mm apart from each other in the 

width direction of the fabric. Sample 9.1 had softer felted blocks than sample 9.3.  

 

Figure 9, Felted block placement Sample 9 
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4.9.5 Final sensor design  

The final sensor design is seen in Figure 10. The piezoelectric PVDF yarn was 

coated onto the supporting fabric using Elastosil® conductive silicone. The blocks 

were glued to the supporting fabric and main fabric. The two fabric layer were 

sewn together.  

 

Figure 10, Sample 10, Right drawing of construction, Left picture of sample 10 

4.9.6 Evaluation of the block sensor  

To test these crude constructions the piezoelectric PVDF yarn was connected to the 

oscilloscope. The structures were pressed by two fingertips. This is done to make 

an initial estimate of the sensitivity. While pressing, the fingertips were connected 

to a dynamometer. The force put on the sample was 0.3 N, 30.59 gram force. If 

there was no signal the oscilloscope graphs are not included in the report.  

4.10 Mathematical model sensitivity  

To be able to predict the sensitivity and the minimal needed extension of the 

piezoelectric PVDF yarn, a calculation will be made, using an equation based on 

the proposed block sensor construction. In the calculations the supporting fabric 

deformation and block deformation were not taken into account due to the 

complexity. This will result in an over estimation of the sensitivity. The actual 

sensitivity will therefore be lower than the calculated values. Still the estimate can 

provide information about the sensitivity, most ideal block placement and best 

predicted size of the blocks.  

To calculate the elongation of the yarn between the blocks a single block sequence 

is isolated, see Figure 11. This sequence is the repeating unit and can later be added 

up.  

 

Figure 11, Repeating sequence 

 

The formulas used are based on Pythagorean Theorem. In Figure 11 the letter 

corresponding with a certain measurement is shown. (Lundin, 2014)  
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Table 1, Letters used in calculation 

Letter Meaning 

a Compression of the textile structure 

b Length between blocks 

d Length block 

L Extended length of the yarn 

L0 Original length of the yarn 

ε Strain in the yarn 

V Voltage 

k Constant 

I Force applied to the textile structure 

m Constant 

 

To calculate the extension in the yarn: 

𝐿0 = 𝑑 + 𝑏      Eq. 1 

 

𝐿 = 𝑑 + √𝑏2 + 𝑎2     Eg.2 

 

To calculate the strain of the yarn: 

𝜀 =
𝐿−𝐿0

𝐿0
=

∆𝐿

𝐿0
=

√𝑏2+𝑎2−𝑏

𝑑+𝑏
    Eq. 3 

 

In addition, to the predicted strain in the yarn, the expected voltage output can be 

predicted. Firstly the two constants are derived from data from Nilsson, et al., 

(2013). In the data the fibre was 150 mm long with an active length (Lactive) of 25 

mm. In this work the used fibre was 128 mm long with an active length of 20 mm. 

This means there will be a slight difference in the measured values and the 

prediction.  

𝑘 =
𝑉

𝜀∗𝐿𝑎𝑐𝑡𝑖𝑣𝑒
=  

4

25∗0.07
= 2.28    Eq. 4 

Secondly, the voltage and force required for the extension can be calculated using 

following equations.  

𝑉 = 𝑘 ∗ 𝜀 ∗ 𝐿      Eq. 5 
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4.11 DMA testing 

Dynamic Mechanical Analysis (DMA) was performed on a TA Instruments Q800 

V20.9 build 27 using compression clamps, ø 15 mm, as seen in Figure 12. Two 

types of analyses have been performed: strain ramp and a multi-frequency test. 

While the sample was in the DMA it was simultaneously connected to an 

oscilloscope. These tests are performed on four specimens of sample 10. All tests 

were performed at room temperature. A piece of non-stick paper was inserted 

above and below the sample to ensure electrical insulation from the clamps.  

In case of the strain ramp test (Force controlled) the ramp force was 3 N/min up to 

18 N, which is the maximum for the machine. 

 

Figure 12, DMA testing, frequency sweep 

For the multi-frequency test the sample was subjected to a dynamic compression 

where the oscillation amplitude was 10 μm for all samples, but also once 20 μm for 

sample 10.4. The preload was set to 0.22 N. The frequency sweep was 0.5 to 4 Hz 

in 6 steps. These steps were 0.5, 1.2, 1.9, 2.6, 3.3 and 4 Hz. During the test the 

DMA measures static force in N and strain in %. During these measurements a 

function called “Force track” was activated and set to 125%. This function 

compensates possible stretching of the material, this explains any changing static 

force in the measurements.  

Before testing the samples the thickness was measured. This was done with a fabric 

thickness gauge. With the thickness (t) and strain (ε) known, the compression (a) 

can be calculated. 

𝑎 = 𝜀 ∗ 𝑡     Eq. 6 
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5 Results 
In the results section the main findings are presented. An overview of all samples 

produced can be found in Appendix F, Sample description. This list is not 

displayed here due to the vast amount of samples.  

5.1 Outer electrode  

Using the Statex yarn as an outer electrode was possible. This construction was 

however very sensitive to abrasion, since the yarn was silver plated. In Figure 13 a 

photo of the yarn damaged during twisting is shown.  

 

 

Figure 13, Statex yarn outer electrode damaged 

 

In Appendix A on page i the oscilloscope results are presented. Samples that did 

not give a signal are not included.  

Firstly the machine made yarn with Statex silver yarn as outer electrode had visible 

sensitivity. The signal was very present at impact but dies out fast after. The small 

signal that was still seen in the graph is noise. All samples show resemblance to 

each other, indicating reproducibility. When this result is compared to the result of 

the handmade yarn with Statex silver yarn as outer electrode a difference can be 

seen. The handmade yarns were similar but the signal after impact is slightly 

longer, indicating a more sensitive yarn. All handmade yarn samples show 

resemblance to each other.  

Finally, the yarn with 4cm silver paint as an outer electrode was most sensitive as 

seen in the signal after the initial impact, when compared with the Statex silver 

yarn outer electrode yarns, as can be seen in Figure 14.  
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Figure 14, Comparing 4 cm silver paint (blue), handmade silver yarn (green) and machine 

made silver yarn (pink). Scale to 100 mV, 1/div. 

 

5.2 Machine hand knitted samples 

The result of tests performed on several machine hand knitted structures is given in 

the following section, photos of the structures can be found in page iii. A list of all 

samples produced can be found in Appendix F, Sample description.  

The piezoelectric PVDF fibre with Statex as outer electrode inserted into a 1x1 rib 

knitted structure using conductive thread gives a very weak signal or no signal at 

all. The samples were not further developed because the structure was deemed not 

suitable. The piezoelectric PVDF yarn did not stretch in the structure but 

contracted the wales as can be seen in Figure 15. The same was valid for structures 

knitted using Statex yarn. A weak or no signal could be measured. 

 

Figure 15, Piezoelectric PVDF yarn in 1x1 rib machine hand knitted structure 

5.2.1 Single jersey 

When the piezoelectric PVDF yarn was inserted into a single jersey knitted 

structure there was no voltage signal. This is most likely due to the fact that the 

outer electrode insufficiently surrounds the piezoelectric PVDF yarn. The samples 

using piezoelectric PVDF yarn with Statex as an outer electrode did not give a 

clear signal either.  

Sample 4; thermoplastic did give a signal when the fabric was bent lengthwise over 

the course of the piezoelectric PVDF yarn. However the thermoplastic layer was 

relatively thick. This prevented the yarn from being sensitive to push motions.  
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Sample 3; silicone coated was sensitive to bending and pulling. During 

compression however it was not sensitive enough to give a clear consistent signal. 

It was observed that the silicone coating contributed to holding the yarn in place 

and protected it against abrasion during handling and use.  

5.3 Course and wale direction 

The sensitivity of the sensor is similar in both width/course and length/wale 

direction of the fabric. There is no distinctive preference noticeable. Sample 6.1/6.2 

and 7.4 all give very similar output signals.  

5.4 Re-poling 

Some of the promising samples are re-poled to optimize the sensitivity. To show 

that this re-poling has a significant effect sample 10 is tested before and after re-

poling. In Table 2 the average measured mV values are presented. 

Table 2, Effect re-poling 

Sample mV before re-poling mV after re-poling 

10.1 1.29 6.17 

10.2 1.37 5.76 

10.3 0 2.33 

10.4 0 11.53 

 

5.5 Shrink test 

As can be seen in Table 10, Table 11, Table 12 and Table 13 found in Appendix C, 

shrink test page iii, the piezoelectric PVDF yarn shrinks an average of 14.65%. 

When the yarn is put in the oven again after shrinkage there is no change in length. 

Therefore the yarn is stable after initial crimp.  

5.6 Thermoplastic blocks 

First the thermoplastic blocks were attached with the help of the heat press. This 

resulted in relative flat blocks, as seen in Figure 17. The oscilloscope 

measurements can be found in Appendix on page vii. 

Samples 6.1 and 6.2 are very similar and show almost no signal when pressed. 

Sample 6.4 did not show any sensitivity. What can be observed in the oscilloscope 

measurement is mostly noise. The most sensitive sample from the test was 6.3. The 

sample shows clearly activity when pressed as seen in Figure 16.  
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Figure 16, Oscilloscope wave sample 6.3 

 

Figure 17, Thermoplastic blocks: A after heat pressing (sample 6.2), B glued (sample 7.3) 

5.6.1 Glued thermoplastic blocks 

As seen in Figure 17 the glued blocks are higher than the thermoplastic blocks. The 

oscilloscope results can be found on page vii. 

Out of the tested block placements sample number 7.3 and 7.5 are most sensitive. 

As seen in Figure 18 the noise increased in the end of the measurement. Sample 

7.1, 7.6 and 7.7 show almost no activity. Sample 7.2 shows similarities with 

sample 6.3.  

 

Figure 18, Oscilloscope wave sample 7.3 (blue) and sample 7.5 (green) 

5.6.2 Piezoelectric PVDF yarn coated to fabric 

The oscilloscope results of the next sample can be found in the appendix on page ix 

for sample 8 and page x for sample 9. Sample 8.1 did not give a clear signal. Most 

of the signal seen is noise. Sample 8.2 shows a signal although the signal produced 

by sample 8.3 is much clearer. With this construction the signal was clear and 

constant. 
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Sample 9 is made with the help of felted blocks. Sample 9.1 did not give a clear 

signal when pressed. The same was seen in sample 9.3. Sample 9.2 had a 

thermoplastic block inside a felted cover. This did give a small improvement in 

output signal. In general the felted constructions performed poorer than the 

thermoplastic block constructions, as seen in Figure 19.  

 

Figure 19, Oscilloscope wave sample 8.3 (blue) and sample 9.2 (green) 

5.7 Coated yarn compared to glued yarn on fabric 

The piezoelectric PVDF yarn was created both in coated state and in glued state to 

a supporting fabric, as can be seen in Figure 20. The oscilloscope results in Figure 

21 clearly show that the noise increases when the yarn is glued to the fabric. The 

oscilloscope measurement form the coated sample has less noise and shows better 

sensitivity.  

 

Figure 20, Right PVDF yarn coated to fabric, left PVDF yarn glued to fabric 

 

Figure 21, Oscilloscope result, dark blue line is coated yarn, light blue is glued yarn 
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5.8 Mathematical model sensitivity  

In Table 3 the predicted values for force needed and voltage generated by the 

piezoelectric fibre are given. These values correspond with the strain. This shows 

that a small change in strain generated a relative big change in voltage with relative 

low force needed.  

Table 3, Mathematical prediction voltage and force 

ε in mm ε in % mV I in N 

0.001 0.0078 0.36 0.006 

0.002 0.0156 0.71 0.011 

0.003 0.0234 1.07 0.017 

0.004 0.0313 1.43 0.022 

0.005 0.0391 1.78 0.028 

0.006 0.0469 2.14 0.033 

0.007 0.0547 2.49 0.039 

0.008 0.0625 2.85 0.045 

0.009 0.0703 3.21 0.050 

0.01 0.0781 3.56 0.056 

0.011 0.0859 3.92 0.061 

 

The prediction of the strain produced depends on the distance between and height 

of the blocks. In addition compression is also a factor. The endless possibilities 

showed that the closer together the blocks are the more strain will be included. In 

practise the minimal distance between blocks was 3 mm. When the blocks were 

placed closer than this the compression became more difficult. This was mainly 

due to the fact that the blocks are hand glued to the supporting fabric, which 

requires a little room for error.  

The numbers provided here are for the configuration used in sample 10. That is 0.8 

mm wide 10 mm long and 10 mm high blocks. The distance between block is 3 

mm. In Table 4 the letters used are the same as in the original calculations (L – 

length yarn, a- compression in mm, extension is the length of the elongated yarn). 

In the table the expected elongation of the yarn at a certain compression can be 

seen. When these values are compared with the expected voltage generated at 

certain strain a prediction of the force needed on this particular structure can be 

extracted. For example when the block sensor sample 10 is pressed with 0.022 N 

the generated voltage could be 1.43 mV, corresponding the sensor is about 0.004 

mm compressed resulting in a 0.04 mm extension of the piezoelectric fibre.  
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Table 4, Mathematical prediction sample 10 

a in mm L in mm ε 

0.0001 7.60003 0.2105263 

0.0005 7.6001 0.2105264 

0.001 7.603 0.2105266 

0.002 7.613 0.2105274 

0.003 7.630 0.2105287 

0.004 7.653 0.2105305 

0.005 7.683 0.2105329 

0.006 7.720 0.2105358 

 

5.9 DMA testing 

Firstly, the measured thickness of each sample is given. Secondly, the results of the 

stress/strain test are presented followed by the frequency test.  

Table 5, Measured thickness sample 10 

Sample Thickness in mm 

10.1 2.76 

10.2 2.76 

10.3 2.78 

10.4 2.86 

 

With the help of the thickness, Table 5, and the strain, Table 9, the compression (a) 

can be calculated, as seen in Table 6.  
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Table 6, Calculated compression 

Frequency  a in mm 

Sample nr.  10.1 10.2 10.3 10.4 Average 

0.5  0.00028 0.00036 0.00031 0.00036 0.00033 

1.2  0.00987 0.00063 0.00967 0.00069 0.00521 

1.9  0.00526 0.00029 0.00528 0.00080 0.00291 

2.6  0.00550 0.00984 0.00533 0.00150 0.00554 

3.3  0.00549 0.00525 0.00546 0.00266 0.00472 

4  0.00549 0.00561 0.00547 0.00077 0.00434 

 

5.9.1 Stress/strain test 

The graphs of stress/strain test can be found in Appendix E, DMA test on page xi. 

The displacement values are negative because it is measured as compression, the 

values are subtracted from the table and can therefore differ slightly from the 

values seen in Table 7.  

Table 7, Stress/strain sample 10 

Force in N Displacement in mm 

Sample nr: 10.1 10.2 10.3 10.4 

1.25 -0.33 -0.57 -0.50 -0.59 

2.5 -0.48 -0.75 -0.74 -0.70 

3.75 -0.56 -0.89 -0.86 -0.82 

5 -0.61 -0.98 -0.95 -0.90 

10 -0.79 -1.17 -1.16 -1.10 

15 -0.90 -1.31 -1.30 -1.23 

5.9.2 The frequency sweep  

The graphs can be found in Appendix E, DMA test on page xi. During testing 

sample 10.3 was non-responsive, due to this sample 10.3 is excluded from the 

average. The cause could be that the inner electrode is not connected right or that 

the fibre was damaged.  
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Table 8, mV measured during frequency sweep 

Frequency in Hz Average voltage generated, 10 mV Amplitude 

0.5 0.4 mV 

1.2 2.4 mV 

1.9 1.8 mV 

2.6 2.3 mV 

3.3 2.5 mV 

4 3.6 mV 

 

Table 9, DMA frequency sweep strain, displacement and force 

Frequency 

(Hz) 

Average strain 

(%) 

Average displacement (µm) Average 

force in N 

0.5 0.012 -3.089 0.003 

1.2 0.190 -1.313 0.034 

1.9 0.076 10.137 0.020 

2.6 0.203   16.536 0.048 

3.3 0.161 32.833 0.038 

4.0 0.143 28.617 0.034 

 

In Table 8 the average generated mV can be seen for each frequency. The values 

vary slightly but samples 10.1, 10.2 and 10.4 are comparable. This indicates that if 

the yarn works correctly it is possible to create repeatable results to some extent. In 

Table 9 the strain, displacement and force measured at each frequency is seen. The 

general line is that the strain starts off low, spikes and stabilizes with a slight 

incline. As seen in the tables even at a low force e.g. 0.003 N, a voltage is 

measured meaning even a small strain gives a noticeable voltage, when using the 

more sensitive oscilloscope.  
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5.9.3 Glove  

This glove, as seen in Figure 22, was produced based on sample 10. The 

conductive silicone outer electrode was extended with the help of conductive yarn. 

To connect the oscilloscope probe the conductive yarn was bundled, as seen in 

Figure 23.  

 

   

Figure 22, Produced glove based on sample 10 

 

 

Figure 23, Outer electrode connection on produced glove 
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6 Discussion  

6.1 Outer electrode 

The use of the Statex yarn as an outer electrode was possible although, the cover 

that it provided was relatively low. The fact that a higher coverage of the 

piezoelectric PVDF fibre provides a higher voltage signal is key, as described by 

Nilsson, et al., (2013). To create the most sensitive pressure sensor as possible, it 

was important to optimize the coverage. The silicone coating gave a high coverage 

of the filaments. Secondly the silicone will help protect the filaments against 

external influences, e.g. abrasion, snagging.  

The Statex yarn is silver coated. The coating can easily be damaged in production 

or use, which results in loss of signal. Therefore the Statex yarn is not suitable. 

This problem can be overcome by using another type of conductive yarn which is 

not coated.  

6.2 Machine hand knitted samples 

The machine hand knitted structures used in the first tests had relative low gauge. 

This resulted in deformation of the surrounding structure rather than the desired 

stretching of the piezoelectric PVDF yarn. Fabric with a higher gauge will be more 

dimensionally stable while still flexible. The glove knitting machine located at the 

knitting laboratory of the School of Textiles has a gauge of five, which is even 

lower than the used hand knitting machines. Therefore the structured produced in 

this machine will suffer from the same problems as the hand knitted samples. To 

overcome this problem the glove was sewn of knitted material. By sewing the 

glove the fabric used can be slightly stiffer, but maintain good shape and fit.  

Due to the fabric properties of single tricot the fabric used here was unsuited for 

use in this application. The dimension stability of the single tricot is too low, 

resulting in an unstable structure. A fabric with less movement would be preferred. 

The 1x1 rib fabric was more dimensionally stable while still flexible. Generally the 

dimension stability will improve with a higher gauge. Due to limited resources not 

many patterns/designs were tested. Therefore it could be possible that there are 

more suitable structures, than the ones tested in this thesis.  

6.3 Course wale direction 

After determining that there was no great difference in output voltage signal the 

choice was made to continue with the sensor in course direction. This decision was 

based on the fact that it should be easier to incorporate the sensor onto the glove 

this way.  

6.4 Shrink test 

The batch of piezoelectric PVDF yarn used in this work shrinks relatively much, 

which induced a slightly un-regular look to the yarn. This is most likely caused due 

shrinkage of individual filaments in different places. To prevent this uneven 

shrinkage from affecting the coating from becoming uneven or unregularly it is 

necessary to pre-shrink the piezoelectric PVDF yarn. Once the yarn has shrunk it 

will not shrink any further enabling a smooth coating layer.  
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6.5 Block sensor 

The structure made using the blocks resulted in the most sensitive tested pressure 

sensor. The blocks made sure the piezoelectric PVDF yarn was stretched, which 

was hard to accomplish in other knitted structures. When using the coated 

piezoelectric PVDF yarn it was difficult to keep the yarn in place. The construction 

showed best results when the piezoelectric PVDF yarn was slightly tensed. When 

using the piezoelectric PVDF yarn coated to a supporting fabric it was easier to 

keep the yarn in place and slightly tensed.  

In case of the felted blocks the pressure applied first seemed to deform the blocks 

before the piezoelectric PVDF yarn was affected. This results in a much less 

sensitive structure. Therefore it was better to have hard blocks. This will lead to the 

yarn deforming before the blocks itself will deform.  

The blocks were produced in several ways, e.g. hand cut/laser cut thermoplastic, 

felted and 3D printed. In this case the best working solution was the hand cut/laser 

cut thermoplastic blocks. The 3D printed ABS blocks were unable to attach to the 

fabric or would burn the fabric when directly printed into the fabric. The felted 

blocks were too soft which lead to denting of the blocks rather than stretching the 

piezoelectric PVDF yarn. Furthermore it was hard to create and even block out of 

the felt. The repeatability of the size and density was insufficient. This leaves the 

hand cut and laser cut thermoplastic blocks. These were the most uniform although 

the sheet from which they were cut had a slight thickness variation throughout. To 

cut these blocks by hand is not ideal because it will result in a much higher error 

margin than machine cut pieces will have. 

To get equal sized blocks it is necessary to use the laser cutter. When using the 

laser cutter however it was important not to use a too strong beam, because this 

will also cause deformation of the structures. Although there is a limit in width that 

can be reached, the calculations on sensitivity showed that relatively small samples 

are better. Below 0.8 mm the blocks become too thin to attach securely to the 

supporting fabric limiting the minimal width.  

6.5.1 Mathematical model  

The mathematical model overestimates the expected extension needed and signal 

produced. The model is however useful to give an indication of the working of the 

sensor. Besides this, the constants used to calculate the expected voltage are based 

on the yarn used by Lund, (2013). The yarn used in this study has a slightly 

different core. This will also result in a deviation of the actual outcomes from the 

estimate.  

The model on voltage prediction indicated that the voltage generated increases 

rapidly when there is a small change in strain. This indicated a sensitive sensor, on 

basis of the definition of a sensitive sensor.  

What should be considered, however is that the calculation is for only one 

repeating unit of which there are two. This means that the extension will be greater. 

The formulas were entered in an Excel sheet and numerous combinations were 

investigated, within limitations. One of the interesting findings was that the width 



38 

 

of the block could be decreased without a tremendous effect on the sensitivity. This 

is a positive development because of the limited space available.  

The final sample (sample 10) is based partly on previous conducted experiments 

and the mathematical prediction. The size between blocks for example is 

determined in prior work but the width of the blocks itself was reduced after the 

mathematical calculations. By sewing the two layers together the position of upper 

and lower blocks stays stable. The top area was coated completely to create a more 

cohesive look. However, this resulted in troubles attaching the upper blocks. These 

small design and construction hiccups demonstrate that this design is still 

experimental.  

6.6 DMA testing.  

If the results from Table 7 are compared with the predictions in Table 4, the 

amount of force needed to get each extension can be extracted. The stress/strain 

ramp shows very similar results for samples 10.2, 10.3 and 10.4. Sample 10.1 

deviates slightly from the others, which could be due to the placement in the 

machine. Despite this deviation presented repeatability seems possible. It is seen 

that under increasing stress there is continuous strain. This could mean that the 

yarn keeps extending creating an increasingly higher voltage.  

In the frequency sweep the strain in most samples had a peak relatively early in the 

test. In the test of sample 10.4 the strain had a peak in the end. This variation could 

be due to placement in the machine. Samples 10.1, 10.2 and 10.4 show 

resemblance indicating good repeatability. Sample 10.3 did not show similar 

numbers as the other samples even in repeated testing, consequently it is likely a 

flaw in the sample. The flaw could have several causes e.g. damage of PVDF 

sheath, bad connection inner electrode. This defect in one of the samples gives the 

indication that there is a real error margin even though careful production.  

DMA testing on the block sensor samples gives valuable information about their 

functioning. 

A male fingertip has a sensitivity average at 0.55 g (0.0054 N) (Jones & Lederman, 

2006). The lowest value measured during the frequency sweep is 0.012% strain, at 

0.5 Hz. The force required for this strain was 0.003 N. The averaged mV measured 

at this frequency was 0.4 mV. This means that the sensor is sensitive enough 

compared to the male fingertip sensitivity threshold. Compared to the female 

sensitivity threshold (0.0002N) the sensor is not as sensitive.  

To increase the sensitivity more piezoelectric PVDF filaments could be used. 

According to Lund, (2013) increasing the tex will help generate a better signal. 

Furthermore, the extension could be increased by using higher blocks, if so this 

could lead to block instability and increased discomfort for the wearer.  

The issue can be raised whether in fact the fingertip sensitivity threshold is the 

correct goal value. To grasp an object and determine the correct pressure of grip 

the haptic feedback is different than when feeling a surface. The block sensor 

should be compared to non-textile sensor to characterize the properties. This is not 

done in this thesis due to time restrictions.  
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All tests were executed in a laboratory environment, in real world applications 

there are several other factors involved e.g. temperature, humidity and movement. 

Each one of these factors can influence the performance of the piezoelectric PVDF 

yarn, increasing the difficulty of calibration. It is therefore important that the 

behaviour of the piezoelectric PVDF yarn is carefully characterized in multiple 

situations.  

6.7 Glove production 

The glove produced was made with the help of traditional textile production 

processes. The glove is sewn inside-out, turning of the block sensor was not ideal. 

Due to the bend the fabric made some of the thermoplastic blocks came loose. 

Shorter thermoplastic blocks or better attached blocks could solve this issue. In 

addition, it was fairly difficult to correctly place the top layer over the bottom 

blocks. This could be overcome by applying the upper blocks after sewing process, 

to ensure correct placement.  
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7 Conclusions  
The sensor created with the help of piezoelectric PVDF yarn over block structures, 

gives the most sensitive result. The fabric used was knitted however a more 

dimensional stable fabric increases the sensitivity. This is due to the fact that a 

dimensional stable fabric that is still able to stretch will force the piezoelectric 

PVDF yarn to deform rather than the fabric itself. A coated outer electrode 

provides the best coverage of the piezoelectric PVDF yarn increasing sensitivity, 

contributing to a better result. 

The block sensor is, in configuration of sample 10 as sensitive as the pressure 

threshold for an average male fingertip. The lowest values picked up during DMA 

testing show a measurable signal at average 0.0065 % strain, 0.003 N, which is 

lower than the sensitivity of the average male fingertip.  

The block sensor was integrated into a glove using traditional textile processing 

methods, indicating that it is possible to use the sensor in garments.  

7.1 Further research  

Knitting:  

- More investigation into high gauge knitted structures is required in order to 

see if the predicted higher stability is indeed accurate. 

- Different designs using special stitches should be further developed to 

orient this area. 

Block sensor: 

The block sensor seems to be working well, conforming the production to an 

industrial large scale process if possible.  

- More research toward increasing the sensitivity of the block sensor and or 

piezoelectric yarn is necessary if it is to be used in fingertip sensitivity 

applications.  

- An investigation into the possibilities of 3D printed or thermoplastic 

nonwoven structures for block production should be conducted. The block 

placement directly on the fabric will increase productivity as well as the 

textile feel of the sensor. 
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Appendix A 
Below the Oscilloscope results are shown. Note that the high peaks are not fully 

displayed, due to the size of the image.  

Oscilloscope result, Silver paint as outer electrode 

 

 

 

Figure 24, 4 cm silver paint as outer electrode 3 yarn compared 

In Figure 24 the tree tested yarns with silver paint as an outer electrode are tested. 

The signal is still visible after the initial peak, indicating sensitivity. Next to this 

here is little noise in the wave line. 
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Oscilloscope result, Handmade, silver yarn as outer electrode 

 

 

 

Figure 25, Handmade silver yarn as outer electrode compared 

In Figure 25 all three samples with silver yarn as an outer electrode are seen. Here 

the signal after the initial peak is less than for silver paint as an outer electrode 

while the initial peaks are comparable.  

Oscilloscope result, Machine made, silver yarn as outer electrode 

 

 

 

Figure 26, Machine made silver yarn as outer electrode compared 

In Figure 26 the yarn with machine twisted silver yarn is seen. Compared to both 

silver paint and the handmade yarn the signal is weaker. Both initial peaks and 

signal afterwards are lower and less defined.   
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Appendix B, Microscopic photo`s sample 2-3-4-5 
In the following section photos of machine hand knitted structures are presented. 

The photos display front and back of the material.  

Photo`s Sample 2  

 

Figure 27, Sample 2,1 

 

 

Figure 28, Sample 2,2 

Photo`s sample 3 

 

Figure 29, Sample 3 silicone coating 
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Figure 30, Sample 3,1 

 

 

Figure 31, Sample 3,2 

 

 

Figure 32, Sample 3,3 

Photo`s sample 4 

 

Figure 33, Sample 4 thermoplastic 
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Figure 34, Sample 4,1 

 

 

Figure 35, Sample 4,2 

Photo`s sample 5 

 

Figure 36, Sample 5,1 

 

 

Figure 37, Sample 5,2 
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Appendix C, shrink test  

 

Table 10, Result shrink test 1 

Yarn Before in cm After in 

cm 

% shrink 

1.1 4,9 4,1 16,33 

1.2 4,9 4,1 16,33 

1.3 4,9 4,2 14,29 

 

Table 11, Result shrink test 2 

Yarn Before in cm After in 

cm 

% shrink 

2.1 5 4,4 12 

2.2 5 4,3 14 

2.3 4,9 4,2 14,29 

 

Table 12, Result shrink test 3 

Yarn Before in cm After in 

cm 

% shrink 

3.1 5 4,1 16.33 

3.2 5 4,3 14 

3.3 5 4,2 14,29 

 

Table 13, Result re-shrink test 4 

Yarn Before in cm After in 

cm 

% shrink 

3.1 4.1 4,1 0 

3.2 4.2 4,2 0 

3.3 4.1 4,1 0 
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Appendix D, Oscilloscope measurement sample 6-7-8-9 

In this chapter the sample output is given. The samples are presented in 4.9 Block 

sensor.  

Oscilloscope result sample 6 

 

Figure 38, Sample 6.3 

Although there is clearly some noise in the signal the peaks are visible and 

consistent.  

Oscilloscope result sample 7 

These measurements are not shown in the same graph due to the fact that the lines 

will become too small for good comparison.  

 

Figure 39, Sample 7.2 

There is a little distortion in the beginning of the measurement, after this the peaks 

are clear and consistent.  
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Figure 40, Sample 7.3 

Clear and consistent signal. Less noise in the signal than for sample 7.2. 

 

Figure 41, Sample 7.4 

There is a lot of noise in this measurement, this makes the peaks less visible.  
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Figure 42, Sample 7.5 

As seen in Figure 42 the noise increases towards the end of the measurement. 

Nonetheless the peaks are visible. 

Oscilloscope result sample 8 

 

Figure 43, Sample 8.1, 8.2, 8.3 

In Figure 43 sample 8.1 (blue), 8.2 (green) and 8.3 (black) are displayed. The wave 

seen for sample 8.1 is mostly noise. Sample 8.2 gives a clear signal although, 

sample 8.3 gives an even better signal.  
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Oscilloscope result sample 9 

 

Figure 44, Sample 9.2 

The signal seen in Figure 44 is observable but not as clear as some of the other 

waves seen in other samples.  
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Appendix E, DMA test 

Stress/strain graph 

 

Figure 45, Stress/strain sample 10.1-4 

Frequency sweep  

 

Figure 46, Frequency sweep DMA, sample 10.1 
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Figure 47, Frequency sweep DMA, sample 10.2 

 

Figure 48, Frequency sweep DMA, sample 10.3-10μm amplitude 
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Figure 49, Frequency sweep DMA, sample 10.3-2 

 

 

Figure 50, Frequency sweep DMA, sample 10.4-10μm amplitude 
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Figure 51, Frequency sweep DMA, sample 10.3-20μm amplitude 

Oscilloscope measurement sample 10 

The signal is portrait in two segment due to the recording time of the oscilloscope. 

 

Figure 52, Oscilloscope measurement during DMA sample 10.1 

In Figure 52 the oscilloscope measurement for sample 10.1 in the DMA test can be 

seen. The different segments with increasing frequency can be distinguished. 
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Figure 53, Oscilloscope measurement during DMA sample 10.2 

There is a little more noise in this sample compared to sample 10.1. The different 

steps can still be seen.  

 

Figure 54, Oscilloscope measurement during DMA sample 10.3 

This sample seemed inactive. The measured signal is clearly less compared to the 

other samples.  
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Figure 55, Oscilloscope measurement during DMA sample 10.4 

The measured signal as seen in Figure 55 is clearly visible and the steps can be 

distinguished.  

The generated mV per yarn per frequency can be found in Table 14. The values are 

the average measured value.  

Table 14, mV generated during DMA frequency sweep 

Frequency in Hz Average voltage generated, 10 mV Amplitude 

Sample nr: 10.1 10.2 10.3 10.4 

0.5 0.4 mV 0.3 mV 0.3 mV 0.6 mV 

1.2 1.8 mV 4.3 mV 0.4 mV 1.1 mV 

1.9 1.9 mV 2.1 mV 0.3 mV 1.5 mV 

2.6 2.7 mV 1.6 mV 0.5 mV 2.8 mV 

3.3 3.3 mV 1.7 mV 1.6 mV 2.5 mV 

4 3.9 mV 2.1 mV 2.1 mV 4.8 mV 
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Appendix F, Sample description  

 

Table 15, List of samples 

Sample PVDF 

integration 

Knitted 

structure 

Outer 

electrode 

Note 

1 Knitted in 

contrast 

yarn 

Tricot Statex Sample suffered a dropped 

stitch making it unusable 

2,1, 2,2  Knitted in 

contrast 

yarn 

1x1 Rib Statex  

3 Knitted in 

contrast 

yarn 

Tricot Silicone 

coating 

 

3,1, 3,2, 

3,3  

Knitted in 

contrast 

yarn 

Tricot Statex  

4 Knitted in 

contrast 

yarn 

Tricot Thermopl

astic 

 

4,1, 4.2 Knitted in 

Statex 

Tricot Statex  

5,1, 5,2 Knitted in 

Statex 

1x1 Rib Statex  

6,1, 6,2, 

6,3, 6,4 

Yarn 

coated 

1X1 rib 

main 

fabric 

Silicone 

coating 

Single layer fabric, yarn is 

run over blocks unattached 

to fabric 

7,1, 7,2, 

7,3, 7,5, 

7,6, 7,7 

Yarn 

coated 

1X1 rib 

main 

fabric 

Silicone 

coating 

Double layer fabric, yarn is 

run over blocks in-between 

the two layers unattached 

to the fabric 

7,4 Yarn 

coated 

1X1 rib 

main 

fabric 

Silicone 

coating 

Double layer fabric, yarn is 

run over blocks in-between 

the two layers unattached 

to the fabric. Lengthwise 

8,1, 8.2, 

8.3 

Yarn 

coated to 

supporting 

fabric 

1X1 rib 

main 

fabric, 

supportin

g fabric 

Silicone 

coating 

Double layer: one layer 

main and one layer 

supporting. Yarn attached 

to supporting fabric run 

over blocks 

9,1, 9.2, Yarn 1X1 rib Silicone Double layer: one layer 
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9.3 coated to 

supporting 

fabric 

main 

fabric, 

supportin

g fabric 

coating main and one layer 

supporting. Yarn attached 

to supporting fabric run 

over felted blocks 

10,1, 10,2, 

10,3, 10,4, 

10,5, 10,6, 

10,7, 10,8 

Yarn 

coated to 

supporting 

fabric 

1X1 rib 

main 

fabric, 

supportin

g fabric 

Silicone 

coating 

Double layer: one layer 

main and one layer 

supporting, layers sewn 

together. Yarn attached to 

supporting fabric run over 

blocks 
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