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ABSTRACT: Electromechanical properties of piezoelectric materials allow the conversion from mechanical to 
electrical and vice versa. Today, ceramic and polymer based piezoelectric fibre composite (PFC) structures and films are 
available in the market and are in use in many sensor applications. However, there is no flexible piezoelectric material 
available in fibre form that would enhance the spectrum of possible applications. In this study, polyamide based Nylon 
11 (PA-11) flexible piezoelectric mono-filament was successfully extruded via a continuous process on a customised 
melt-extruder. 

YEÞÝL ENERJÝ TEKSTÝL UYGULAMALARI ÝÇÝN 
PIEZOELEKTRIK MONOFILAMENT ELDESÝ

 

ÖZET: Elektromekanik özellikleri sayesinde piezoelektirk malzemeler mekanik etkileri elektriðe ya da tam tersi 
þekilde dönüþtürebilmektedir. Bugün, seramik yada polimer esaslý piezoelektrik elyaf kompozit (PFC) yapýlarý ve 
filmleri piyasada bulmak mümkündür ve pek çok sensör uygulamalarýnda kullanýlmaktadýr. Ancak, lif formunda esnek 
bir piezoelektik malzeme bulunmamaktadýr ki böyle bir malzeme söz konusu uygulama alanlarýný da arttýrabilecek. Bu 
çalýþmada, geliþtirilmiþ eriyikten - çekim metodu kullanýlarak poliamid esaslý Nylon 11 (PA-11) esnek piezoelektrik 
monofilament baþarýyla çekilebilmiþtir. Piezoelektrik özelliði saðlayabilmek için, söz konusu polimer moleküler 
zincirin yeniden oryante olmasýna ve polimerin faz deðiþtirmesini saðlamak üzere eþ zamanlý olarak termal, mekanik ve 
elektriksel iþlem görmüþtür. Elde edilen filament 15 cm boyunda parçalara kesilmiþtir ve iki elektrodun arasýna 
yerleþtirilmiþtir. Daha sonra yapýnýn yükleme altýnda voltaja tepkisi araþtýrýlmýþtýr.

Anahtar kelimeler: piezoelektirik, poliamid 11, monofilament çekme, enerji derleme
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To gain the piezoelectric property, the polymer was processed under thermal, mechanical and electrical 
conditions, simultaneously which cause reorientation of the molecular chain and phase transformation of the polymer. 
Resulting filament was cut into pieces, 15 cm in length, and aligned in between two electrodes. The voltage response of 
the structure was then investigated under impact.
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1. INTRODUCTION

polymer based piezoelectric 
materials provide some advantages over ceramic based 
piezoelectric materials since polymeric materials are lead 
free, inexpensive, light in weight, flexible and easy to 
process. 

. To investigate the voltage 
response of produced flexible mono-filament, a 3-layer 
test specimen consisting of 2 copper sheets and the fibres 
aligned parallel to each other in between copper sheets 
which act as electrodes. The voltage response of the test 
structure was investigated under an impact load. Results 
showed that the poling process was successful and 
produced polyamide-11 filament was piezoelectric as well 
as flexible which makes it possible to be  textile 
structures to develop green energy generating fabrics for 
many applications.
 

2. PIEZOELECTRICITY

 

Energy harvesting from piezoelectric materials has gained 
a renewed interest due to increasing demand for alternative 
and green energy generation. Now there is a tremendous 
scope in the field of textile fabrics capable of generating 
'green' electricity. 
 

Piezoelectric materials are well known smart materials for 
energy conversion applications. Since the piezoelectric 
effect in ceramics was discovered more than two decades 
before it was discovered in polymers, ceramic based 
piezoelectric materials are in use for a wide range of 
applications. However,  

 

In this study, polymer based piezoelectric mono-filament 
material was successfully produced and tested under 
impact. Thermal, mechanical and electrical conditions 
were applied during the filament production process on a 
customised melt extruder

used in

 

Piezoelectricity is one of the possible green electricity 
generation methods since piezoelectric materials can 
generate an electric charge when an external stress is 
applied “direct piezoelectric effect” (Figure 1(a)) and 
conversely these materials undergo a shape change when 
an external voltage is applied “converse piezoelectric 
effect” (Figure 1(b)). 
 

Figure 1(a) Direct piezoelectric effect; mechanical energy is 
converted to form electrical energy, (b) Converse piezoelectric 
effect; electrical energy causes deformation in the shape of 
piezoelectric material.

Since the discovery of piezoelectricity in ceramics and 
polymers, various studies have been carried out on 
structural changes [1-3], poling [4-9] and energy 
harvesting applications [10-13]. Materials that have direct 
piezoelectric property are mostly used for energy 
harvesting which describes the process of extracting 
energy from the environment then converting and storing it 
in the form of electrical energy. The generated electrical 
charge of a piezoelectric material under a mechanical 
stress can be expressed in terms of dielectric displacement, 

2D (charge per unit area, C/m ) (Eqn.1).

(1)

where “d “ is the piezoelectric charge coefficient (C/N) ij
2and “ó “ is the stress (N/m ). “i“ is the direction of j

polarization and takes terms 1–3 and “j“ is the direction of 
applied stress having subscripts 1–6. 
 

Numbers shown in Figure 2 indicate directions and define 
the modes of piezoelectric charge coefficient. Modes 31 
and 33 are two coupling modes of the piezoelectric 
material. When a force is applied the perpendicular 
direction to the poling direction, the piezoelectric voltage 
coefficient acts in the mode 31 (d ). If the applied force is 31

parallel to the poling direction, the piezoelectric voltage 
coefficient acts in the mode 33 (d ) which generally yields 33

a higher coupling coefficient. Numbers 4, 5, and 6 present 
per unit shear stress applied. 

 

Figure 2. Defining the modes of piezoelectric material
 
Lead Zirconate Titanate (PZT) has been pre-eminent due 
to its high piezoelectric coefficient among other 
piezoelectric materials, with a piezoelectric strain 
coefficient (d ) of -100pC/N [14] while poly(vinylidene 31

fluoride) (PVDF) has d of about 30pC/N [15] which is the 31 

highest piezoelectric strain coefficient as compared to any 
other polymers. Polyamide-11 (PA-11) has much lower d  31

constant which is reported to be 6pC/N [16] at room 
temperature and 20pC/N at 120°C [17].  Although ceramic 
based piezoelectric materials have higher piezoelectric 
coefficients and are more well-known for their 
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applications, polymer based piezoelectric materials
provide some advantages over ceramic based piezoelectric 
materials. Furthermore, in the energy harvesting area, 
polymeric piezoelectric materials can generate higher 
voltage and power than ceramic piezoelectric materials 
under certain conditions, such as low impact and moderate 
wind [18].
 

In this work, Polyamide based PA-11 piezoelectric mono-
filament has been produced [19] under thermal, 
mechanical and electrical conditions by using a 
customised melt extruder. Resulting flexible PA-11 mono-
filament was cut and aligned between two copper electrode 
sheets and the voltage response of the structure was 
investigated. Results showed that the poling process was 
successful and generated mono-filament was piezoelectric 
as well as flexible which makes it possible to knit or weave 
into textile structures to develop green energy generating 
fabrics for many applications.
 

3. MATERIALS AND METHOD
 

Polyamide-11 is a semi-crystalline polymer which may 
exist at least in five different polymorphs; á-phase, â-
phase, ã-phase, ä-phase and ä'-phase [3] and they can be 
intercoverted. However, the â-phase is the most important 
polymorph of PA-11 because of being responsible for the 
piezoelectric property of the polymer. PA-11 polymer is 
naturally in non-piezoelectric á-phase. To gain the 
piezoelectricity, molecular chain of the polymer must be 
re-oriented and transformed from á-phase to piezoelectric 
â-phase during filament production by application of 
stress, heat and electrical field.
 

For the production of piezoelectric PA-11 mono-filament 
via a continuous process on the melt extruder, PA-11 
polymer was provided in powder form Nylon Colour Ltd, 
UK. 100% PA-11 powder was first processed in 
ThermoFisher Scientific Prism EuroLab 16 twin-screw 
compounding equipment to from polymer pellets. PA-11 
pellets were dried in vacuum oven for 5 hours and then 
directly fed into melt extruder. Pellets melted in melting 
screw which consisted of thermally controllable 3 barrels. 
The temperature inside the feeding screw was 20°C higher 
than the melting point of the polymer and it was even 
higher at the extrusion die. During the extrusion process, 
temperature of melting screw and extrusion die was kept 
above melting point of the polymer until it left the die as a 
single filament. The extruded mono-filament was first air 
cooled with a blower and then water cooled on the initial 
stage rollers.
 

Figure 3 shows the poling process of PA-11 mono-filament 
on a customised melt extruder. Piezoelectric polarization 
(poling) is a critical step to induce piezoelectric behaviour 
in the extruded mono-filament. Temperature, drawing 
ratio and applied electric field play an important role in the 
polarisation and consequently for piezoelectric properties 
of the fibre.

 

 

Figure 3. Polymer based piezoelectric filament generation via a 
continuous process on melt extruder (a) flexible piezoelectric fibre 
which generates voltage when a mechanical stress is applied.
 

Conversely to conventional piezoelectric polymer and 
ceramic material production, poling process was carried 
out on the melt extruder while the filament was also being 
stretched beyond its yielding point. In other words, the 
filament was poled in-line, so the need of a post poling 
process was eliminated. A high voltage was applied across 
the filament where it passes through two electrodes. The 
gap between the electrodes is another important parameter. 
If the gap between the electrodes is big then the applied 
electrical field on the filament is small and less effective to 
align the dipolar moments which is crucial for 
piezoelectric effect. Once the filament passes through the 
electrodes, where the electrical field, heat and stress 
applied simultaneously, it becomes piezoelectric. Finally, 
the filament is wound up on a coil. 
 

4. PREPERATION OF TEST SAMPLES
 

To test and prove the piezoelectric property of produced 
PA-11 filament and to investigate its voltage generation 
characteristic under an external stress, a basic structure 
was prepared. Extruded and poled polymer filament was 
cut into several pieces of 15cm filaments and embedded 
between two thin sheets of aluminium or copper, as shown 
in Figure 4, which act as electrodes. 
 

The fibres were placed close to each other such that the top 
electrode would not contact the bottom one. The top and 
bottom electrodes act as positive and negative terminals 
for the energy generating piezoelectric fibre composite 
(PFC) device. 

 

Figure 4. (a) Setup to measure the voltage generated by 
piezoelectric PA-11 fibres embedded between two (b) copper or (c) 
aluminium electrodes

Vatansever, et al.
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Polarity of the fibre was taken into account during the 
preparation of test specimen, because the voltage 
generated by the fibre structure would be higher when all 
the fibres were aligned with all the positively charged sides 
on one electrode and negatively charged sides on the other 
electrode. It was reported previously [21] that in 
piezoelectric fibre composites (PFC) the distance between 
the fibres is important. It was also found that there is an 
optimum distance to diameter ratio between the fibres that 
results in the highest voltage generation and reduces 
possible arcing losses.
 

5. IMPACT TEST EQUIPMENTS AND TEST 
PARAMETERS
 

The voltage response from the samples was recorded using 
a digital oscilloscope. The experiment carried out under 
random impact applied. The piezoelectric fibre composite 
samples were placed on to a metal support in Instron 
Dynatup 9200 series impact test ring (shown in Figure 5) 
and a weight of 1.02kg was dropped from various heights. 
Prepared test samples containing aligned piezoelectric 
fibres in between two conductive sheets were located on a 
metal substrate which was held by 4 clamps to prevent any 
movement and position change during the experiment.
 

The amount of the impact was varied for the first test. Since 
the gravity and the mass of the test ring were constant, the 
different impact loads applied on the material by releasing the 
test ring from different heights, varying from 1cm to 10cm. 

Figure 5. Instron Dynatup 9200 series impact test equipment where an 
impact load of 1.02kg was dropped from various heights on to the 
produced PFC test specimens.

RESULTS AND DISCUSSION
 

Electrodes were connected to the oscilloscope and small 
impact loads were applied on to the structure. Figure 6 shows 
the voltage response of the structure under random impact 
loads. On the oscilloscope, x-axis shows the time which is 1 
second per division and y-axis shows the voltage generated 
by the fibre composite sample. Y-axis has a scale of 2V per 
division. The results obtained from the oscilloscope showed 

6. 

that an increase in the voltage generation was observed with 
an increase in the applied force.

Figure 6. Voltage response of the structure made of piezoelectric PA-
11 fibres when subjected to a random impact

To determine the repeatability of the results, the same test rig 
was used and the same load was released from 10cm of 
height on to the PFC test specimens twice and the voltage 
response was recorded. Figure 7 (a) and (b) show the voltage 
generated by piezoelectric fibres under an impact of 1.02kg 
released from 10cm. The x-axis in the figures present the 
time, 250ms per division, and y-axis shows the voltage 
generated by the fibre composite sample. Per division in y-
axis presents 2V. 

 

Figure 7. Voltage response of the structure made of piezoelectric PA-
11 fibres when the same amount of impact applied (reproducibility)

As seen from Figure 7(a), the peak voltage generated by 
the sample is 3.24V and then as a result of bouncing of the 
test ring, a peak voltage generation of 2.35 is observed and 
it decreased to 1.25V, 800mV and 550mV respectively. 
When the load was released second time the voltage 
response of the structure was similar to that of first test, 
with a peak voltage of 3.2V from the first impact and then 
with a decrease in generated peak voltage is observed as a 
result of decreased impact caused by bouncing. From the 
results, it is possible to say that produced piezoelectric 
fibres showed piezoelectric properties and converts 
mechanical energy in form of volts and the peak voltage 
generated by the structure was reproducible when the same 
impact was applied. 
 

These impact test results proved that resulting PA-11 fibres 
had piezoelectric property and able to convert mechanical 
energy into electrical energy. An individual fibre cannot 

a b
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generate enough energy to power small electronic devices 
for wearable applications. However, produced flexible 
piezoelectric fibres can be used to make smart woven 
fabric structures [22] as well as knitted fabrics and 3D 
textile structures. The obvious advantage of producing 
flexible piezoelectric fibres is to be able to produce large 
area active surfaces by incorporating piezoelectric fibres in 
wearable technologies. 
 

CONCLUSION
 

A piezoelectric mono-filament was produced in a 
continuous process which is less expensive and less time 
consuming. The resulting filament was lead free,  flexible,  
inexpensive,  less time consuming, easy to manufacture 
and easy to process. A basic structure consisting of two 
electrode sheets and PA-11 fibres embedded in between 
was built to test piezoelectric property of extruded 
filament. The voltage response was measured when the 
structure was subjected to an impact load. The results 
confirmed that the produced flexible PA-11 filament was 
piezoelectric and could generate a peak voltage of about 
3.24V under low impact loads. It was proved that the 
material shows the same voltage response when the same 
amount of impact was applied.
 

Since piezoelectric materials show fluctuating voltage 
generation, a rectifying circuit consisting of 4 diodes and a 
capacitor can be used to rectify the fluctuating voltage of 
various frequencies to a constant DC voltage. The constant 
voltage can then be either stored in an electrical storage 
device such as batteries and super capacitors or can be 
utilised on-line directly.
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