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ABSTRACT 
This thesis contains an investigation in materials and methods for coiled polymer 
muscles where the end application in mind is to be integrated in a textile structure 
such as an exo-skeleton glove. Previous artificial muscle fibres have proved little 
success due to performance, cost and scalability. For example, thermally controlled 
muscles of carbon nanotube material are expensive and muscles from shape 
memory metal shows difficulty in control. By instead using simple polymer fibres 
as thermally driven artificial muscles previous problems can be solved.  

In the present work, different materials such as a semi crystalline poly(vinylidiene 
fluoride) (PVDF), with two different molecular weights (MW), and a Shape 
Memory Polymer (SMP) of thermoplastic polyurethane (TPU) have been melt 
spun into monofilaments, cold drawn and twisted into coils. By changing parame-
ters of the melt spinning equipment, fibres of varying thicknesses and with differ-
ent molecular orientation were produced. Also a fishing line of fluorocarbons with 
a known functioning actuation has been used as a comparison. The fibres have 
been investigated using Differential Scanning Calorimetry (DSC), Dynamic Me-
chanical Thermal Analysis (DMTA) and Scanning Electron Microscopy (SEM).  

The results from this study indicate that fibres used as coiled artificial muscles 
need to contain a high degree of crystallinity (not amorphous), be cold drawn at 
high temperature, contain a high degree of orientation and encompass a uniform 
fibre diameter. In this study the material of a higher MW showed slightly better 
properties then the material of a lower MW. In PVDF, an interesting relaxation 
around 50-60°C was identified as relevant for the actuation properties.   

 

Keywords: Textile actuators, Soft robots, Coiled muscles, PVDF, SMP, Fibre Ani-
sotropy, Thermal actuation, α-relaxation.  



 

 

POPULAR ABSTRACT 
Imagine wearing a thin and lightweight glove made from textile that could help 
you move your fingers due to sensors and actuators all existing in the textile struc-
ture. Polymer fibres can be transformed into muscles by being twisted to such an 
extent that they start to nucleate into coils. The coiled fibres can then further be 
thermally actuated and contract when being exposed to heat and expand again 
when cooled, creating a displacement and movement. Depending on the polymer 
material chosen and different fibre processing parameters the coiled muscles can be 
optimised. This study has been conducted to find such parameters and to set a 
ground for future research in the area.   

The results from the study indicate that the fibre spinning process needs to be ad-
justed to produce fibres of uniform shape, which has shown to be of great im-
portance when used as precursor fibres for coiled polymer muscles. The fibres also 
need to contain rigid parts in terms of crystalline content and needs to be drawn to 
a high extent to achieve a high degree of chain orientation.  
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1. INTRODUCTION 
Actuators that transform energy input in terms of e.g. electrical, thermal, chemical 
or photonic to mechanical power similar to natural muscles have been investigated 
for a long time but without major breakthrough (Li, Haines et al. 2014). This af-
fects the on-going research around exo-skeletons, humanoid robots and prosthetic 
limbs making them absent of important details concerning their capabilities of 
adapting to unknown environments where for example robots need to interact with 
people (Pratt, Krupp et al. 2002, Li, Haines et al. 2014). Different fibrous materials 
such as metals and carbon-nanotubes have been used as muscle-like actuators but 
since they have a lot of drawbacks such as cost, scalability and performance there 
has been little success in further deployment. There is a great need for soft textile 
actuators, which can match the performance of human muscles that are low in cost 
and which can be manufactured with ease and in large volumes (Haines, Lima et 
al. 2014). Robots are typically built from, heavy non-flexible, rigid material mak-
ing their motions limited. Soft robots on the other hand are often elastic, light-
weight and can adapt much better to their surroundings in a safe way (Kim, Matson 
et al. 2014).  

Textile materials are becoming more and more attractive for technical applications. 
Smart textiles are described as textiles that can sense and respond to changes in the 
atmosphere around and are generally categorized into sensors and actuators (Van 
Langenhove 2007, Kirstein 2013). Shape memory polymer (SMPs) are used as 
material for smart textiles which can perform a programmed memory cycle when 
activated by an external stimuli such as heat (Hu 2013). Replacing previous heavy 
weight and energy consuming technical parts with lightweight and energy efficient 
material made out of textile has got a lot of attention over the last few years (Van 
Langenhove 2007, Kirstein 2013).  

In a recent publication by Haines, Lima et al. (2014), low-cost filaments (≈$5/kg) 
of fishing line and sewing thread were demonstrated as precursor fibres for textile 
actuators acting as artificial muscles. Mono- and multifilament fibres were twisted 
and coiled by different methods and demonstrated to perform a thermally induced 
contraction or expansion, depending on the direction of the twist. According to the 
authors, the actuation effect is due to the twisted fibres strive to untwist when being 
heated. The untwisting action is in turn explained by the thermal expansion behav-
iour of the fibres themselves, which generates a torque in the material and a me-
chanical movement of the muscle is observed. The research results from Haines, 
Lima et al. (2014) showed that inexpensive polymer fibres such as Nylon and Pol-
yethylene could quickly be turned into artificial muscles giving great non-
hysteretic torsional and tensional actuation after twisting and coiling. There are 
different ways of coiling where one relatively simple method is performed by 
twisting the fibre to such extent that it nucleates into coils (see figure 1). These 
muscles showed contractions to 49% and could lift loads over 100 times heavier 
than human muscles of the same dimensions.  
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Figure 1. A sketch of a straight and twisted polymer fibre, which when further twisted into 
a coil becomes a thermo responsive artificial muscle.  

The fibre form has many advantages when it comes to technical applications. It 
shows high anisotropy due to the high molecular orientation of the polymer chains 
in the fibre axis direction. This anisotropy gives fibres outstanding properties 
where increased stretching by drawing give stronger fibres (Gedde 1999, Tadmor 
and Gogos 2013). By choosing the material, control the fibre spinning process and 
adjust fibre parameters suitable for the chosen application area it is possible to tune 
the smallest part, the fibre, of a textile structure, which in turn can create large 
effects on the final product.  
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1.1 PROBLEM DESCRIPTION 
The research team, Haines, Lima et al. (2014), used already existing fibres of fish-
ing line and sewing thread where the information about processing parameters and 
material compositions were relatively unknown. This led to questions about the 
material used and how the different structures of the material can be adjusted to 
give the most preferable actuation for the application area chosen. In their research 
they used temperatures over 200°C to get large actuation strokes. For the material 
to be able to be worn by a person or be part of a robot that come in contact with 
people in the surroundings it cannot become too hot. The actuation temperature 
needs to come down to somewhere around 60°C to not cause damage on its sur-
roundings. To be able to find processing parameters and material information on 
how to create the most optimal precursor material for coiled muscles used in an 
exo-skeleton glove would establish a foundation for future research within the area, 
which could lead to a better life for people in need of prosthetics, exo-skeletons or 
interacting soft robots. 

  

1.2 RESEARCH QUESTIONS 
 
• Can a SMP of thermoplastic PU function as precursor material for coiled 

muscles? 
 

• Would changing the flow rate in the melt spinning process change the ten-
sile properties and actuation effect of the polymer muscles? 

 
• Does a difference in molecular weight affect the tensile properties and ac-

tuation effect of the precursor fibres made from PVDF?  

 

1.3 DELIMITATIONS  
Melt spinning will be used as the only fibre spinning process where monofilaments 
will be processed and not multifilaments. 

This study focuses only on thermally induced actuation with electro-thermal actua-
tion in mind for the chosen application area of exo-skeletons. 
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2. LITERATURE REVIEW  

2.1 ACTUATORS 
Actuators function by responding to input signals and transforming them into a 
motion of some kind (Janocha 2004). Industrial actuators such as combustion en-
gines, electric motors and hydraulic pumps change position between their compo-
nents and by doing so they create movement. Soft actuators are as it sounds made 
from soft, non-rigid materials and perform movements but with a more flexible 
motion through changes of relative position between their parts (Asaka and 
Okuzaki 2014).  

 2.1.1 SOFT ACTUATORS 
Research on soft actuators has been going on since the 6o’s. The research from the 
beginning focused mainly on cross-linked polymer gels, which are stimulated and 
actuated by different means such as pH, salt, heat, solvent, light and electric fields 
(Ahn, Kasi et al. 2008). It was not until 30 years later, in the 90’s, as research 
around soft actuators in terms of fibres became a more attractive research area. 
Then materials such as elastomers, carbon nanotubes, biomaterials and conductive 
polymers came into great context since the actuators could be easily processed and 
by cheaper materials than before. As stated in previous section, soft actuators pro-
duce a more flexible motion than conventional ones. The flexibility is due to the 
microscopic conformational changes on a molecular level, which creates a macro-
scopic deformation in the actuator material chosen. This adds to more attractive 
attributes such as reduced power consumption, higher mobility, more quiet, fewer 
mechanics, lower cost and more reliable products (Asaka and Okuzaki 2014). 

Actuators can be categorised by the type of output they have, such as shape 
change, optical change and change in viscosity etc. They can also be categorised by 
the type of stimuli that activates them such as electricity, air, magnetism, heat, pH, 
light, humidity etc. (Berglin 2006). By using heat as an actuation mechanism one 
can achieve mechanical movement in materials responding to a change in tempera-
ture. This can be achieved by using hot air, hot water or electrical heating. 
(Madden and Kianzad 2015) 

2.1.1.1 Electro-thermal actuation  
Electro-thermal actuation is often used when a thermal expansion is wanted, for 
example in micromechanical systems (MEMS) containing polymeric material 
(Bechtold, Rudnyi et al. 2006). Joule heating is a way of changing or converting 
electrical energy into thermal energy also called Ohmic- or electrical resistance 
heating. It can simply be described as the course of heat being released when an 
electric current passes through a conductor. Electrons are accelerated in the pres-
ence of an electric field and collide with other electrons and kinetic energy (heat) is 
released (Kaviany 2002).  

In a study about silicone based micro grippers by Krecinic, Duc et al. (2008)  it is 
stated that electro-thermal actuators perform large strains at low voltages. The rela-
tively low operating temperature required automatically brings relatively small 
power consumption.  
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When exposing the body to electro thermal heating and temperatures close to 60°C 
it is of importance to protect the skin by using a thermally insulating material be-
tween the skin and the heated material such as sheep wool, cellulose or polyure-
thane foam (Papadopoulos 2005).  

2.1.1.2 Thermal conductivity of polymers  
Polymers have low thermal and electric conductivity. Metals on the other hand 
contain a large amount of free electrons, which gives the material high electric and 
thermal conductivity whilst the electrons in polymers are strongly covalently bond-
ed (Gilmore 2014). Polymers are instead often used as thermal insulators (Mark 
2007, Drobny 2012). Between the long polymer chains there are van der Waal 
bonds, which makes it difficult for the thermal energy to be transported through the 
long chains using atomic and molecular vibrations. What determines the thermal 
conductivity in polymers is the configuration of the polymer where the more ori-
ented polymer has a higher thermal conductivity. A polymer with a high degree of 
crystallinity and a high MW has a higher thermal conductivity than a polymer of 
more amorphous content and highly branched polymers (Kurabayashi 2001, 
Gilmore 2014). There are application areas where the polymer needs to have good 
thermal conductive properties such as in satellite devices and electronic encapsula-
tions, then the polymers are often blended with metallic or carbon based fillers 
(Mark 2007).  
 
Since polymers are not electrically conductive in nature they need an electrically 
conductive element to be able to be electro-thermally actuated. The fibre can be 
coated, wrapped or twisted together with a conductive material or simply touch a 
conductive material in its surrounding. Electro-thermally actuated polymer muscles 
made by fibres perform their actuation cycles at different rate depending on the 
size of the fibre, the larger the fibre diameter the lower the cycle rate. This is of 
importance when it comes to application areas where quick response is needed 
(Haines, Lima et al. 2014) (Madden and Kianzad 2015). 

2.1.2 POLYMER ARTIFICIAL MUSCLES  
Polymer artificial muscles as actuators are desirable where a muscle-like motion is 
wanted, for example in medical devices, robotics, prosthetics, toys, and biomimetic 
devises. The polymeric muscles exceed the properties of natural muscles in many 
aspects and the area of commercial application has yet not been fully explored 
(Mirfakhrai, Madden et al. 2007). Polymer fibres have a high degree of polymer 
chain orientation along the fibre creating anisotropy in mechanical properties as 
well as anisotropy in thermal expansion both needed for well functioning artificial 
muscles. It has been known for a long while that there is a trade-off between force 
production and contraction speed in muscles. Which means that if there is a need 
for high-speed actuation there is a decrease in force production (Bonser, Harwin et 
al. 2004) Table 1 lists properties typical for both human and artificial muscles of 
nylon and shape memory alloys (SMAs).  
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Table 1. Comparison of properties 
Property Natural muscles 

(Mirfakhrai, 
Madden et al. 

2007) 

Coiled muscles of 
Nylon 6.6  
(Haines, Lima et al. 
2014) 

Coiled muscles 
of SMA 

Strain (%) 20  50 200 (Holschuh and 
Newman 2014) 

Stress (MPa) 0.1 – 0.35 19 1.6 (Haines, Lima 
et al. 2014) 

Mechanical 
output power 
when con-
tracting 
(kW/kg) 

0.323 (Josephson 
1993) 

27.1  

Cycle life 
(number of 
reversible 
contractions) 

109 1.2 × 106 0.2 × 106 (Pelton 
2004) 

Modulus 
(MPa) 

10-60 1000  

Hysteresis in 
stroke (°C) 

 1.2 20 (Haines, Lima et 
al. 2014) 

  

2.1.2.1 Coiled polymer muscles 
When twisting a fibre or yarn it comes to a point when the fibre is twisted to such 
extent that coils starts to nucleate. Before the fibre reaches this point, when the 
fibre is only twisted it can work as a torsional artificial muscle and when it has 
been coiled it can work as a tensile artificial muscle. On a fully coiled fibre the 
neighbouring coils are in contact and actuated contraction is not possible, therefore 
the coils needs to be separated by an external stress or by decreasing the amount of 
twist keeping the same twisting load on. When producing polymer muscles by 
twisting them until coils starts to nucleate one type of muscle is performed called a 
homochiral muscle (figure 2) where twist and coil follow the same direction. When 
thermally actuating these muscles they perform a contracting movement.  

 

The coiled muscles can be compared by terms of spring index, which is the rela-
tionship between the mean coil diameter and the fibre diameter. By changing the 
spring index of the coiled muscles the tensile- and load-bearing properties can be 
tuned. When coiling the fibres they are exposed to plastic deformation and a lot of 

Figure 2. Shows a homochiral 
muscle where the actuation leads 
to contraction. cf (Haines, Lima et 
al. 2014) 
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twist can be removed form the fully coiled muscle without losing the amount of 
coils. The more twist removed the shorter the muscle and the more flexible dis-
placement of the muscle is achieved. Although an increase in flexible displacement 
leads to a decrease in load bearing properties (Haines, Lima et al. 2014). 

When separating the coils by an external stress and heating it, a contraction will 
occur. When cooling the muscle, which is still exposed to a stress, the muscle will 
then go back to its original state, this is what creates an actuation cycle. The cycle 
rate is dependent on the rate of heating, the rate of cooling, the amount of twist 
inserted and the thermal expansion behaviour of the precursor fibre (Madden and 
Kianzad 2015).   

Haines, Lima et al. (2014) stated in their work that the thermally induced tensile 
actuation of the coiled polymer muscles was due to the large torque deriving from 
untwisting of the precursor fibre. To get as large tensile actuation, fibres that could 
generate large thermal contractions in fibre length automatically creating an expan-
sion in fibre diameter were of interest since they would generate large torque and 
rotation upon heating. The large torque and untwist is in turn due to the anisotropic 
thermal expansion behaviour in fibres. 

2.2 ACTUATOR MATERIAL 
2.2.1 SHAPE MEMORY POLYMERS (SMPS) 
SMPs can be of thermoplastic or thermoset materials. What they both have in 
common is that they contain cross-links or covalent net-points, which are responsi-
ble for the permanent shape. They can be of four different kinds; i). Chemically 
cross-linked glassy thermosets, ii). Chemically cross-linked semi crystalline rub-
bers, iii). Physically cross-linked amorphous thermoplastics and iv). Physically 
cross-linked semi crystalline block copolymers. They also contain switchable seg-
ments, which are the reason for the creation and maintaining of the temporary 
shape. When heating a SMP above its switching transition temperature, Ttrans, then 
creating a temporary shape and cooling the material below its Ttrans the temporary 
shape is fixed. Then by heating the SMP again above its Ttrans the material goes 
from its temporary shape back to its recovered permanent shape. Ttrans can be either 
the materials glass transition temperature or its melting temperature (Hu 2013). 
According to Liu, Chun et al. (2002) another benefit of SMPs is that the transition 
temperatures can be custom-made to their area of application and the requirements 
put upon them. The activation stimuli for SMPs are so far dominated by heat where 
the SM properties are controlled by the transition temperatures (Gall, Kreiner et al. 
2004). Most SMPs are only able to create a one-way shape memory effect since the 
programming only contains one step but researchers try to overcome this limitation 
and have now come up with SMPs that have a two-way shape memory effect, alt-
hough only functioning with a constant external load applied (Westbrook, Mather 
et al. 2011). 

2.2.1.1 Shape memory fibres (SMFs) 
SMFs show many attractive properties for textile applications since they can create 
fabrics with self-regulating structures and perform differently based on the stimuli 
from their surroundings. Not only do they encompass high mechanical properties 



 

 8 

but also a high shape recovery force due to its molecular orientation. Since the 
SMFs shows stimulus sensitivity other application areas might be beneficial to the 
fibres such as biomedical materials, high performance sensors, actuators and micro 
grippers. Compared to films of the same material, fibres have better mechanical 
properties and shows much higher shape recovery stress (Hu 2013). 

2.2.2 POLYMER FIBRE STRUCTURE 

2.2.2.1 Chain orientation and anisotropy  
Polymers are unique in many ways and one is their ability to orient their molecular 
chains. The long linear chains can be oriented in such way that highly anisotropic 
properties can be obtained. This is achieved by aligning the chains in one direction, 
such as in fibre spinning. The molecular chains have strong covalent bonds along 
the chain axis but weaker secondary bonds in the other direction (Gedde 1999). 
The direction of the molecular chain axis controls both thermal and mechanical 
properties of a polymer system (Ii, Tashiro et al. 1987). Depending on the pro-
cessing technique the orientation of the polymer chains will be different in the ma-
terial (Ajji, Matthews et al. 1999, Gedde 1999). In oriented polymer materials there 
are always parts where the orientation is more significant, in injection-moulded 
products the core is for example always more disoriented than the more oriented 
surface. In semi crystalline polymers the crystalline segments are differently ori-
ented than the amorphous segments. When a polymer material is melted the chains 
can orient due to external forces such as mechanical or electric but when the exter-
nal force is removed the chains will re-orient themselves in the most thermody-
namically stable state, which is un-oriented. How quickly the oriented chains be-
come un-oriented, depends for example on the shape of the molecules and the size 
of the chains and the molar mass. By quickly cooling the oriented polymer melt the 
orientation can be preserved (Gedde 1999) 

Chain orientation can be achieved through liquid or solid-state processes where the 
solid-state process is a process of plastic deformation (Josefson and Delin 2000). 
When the orientation in a material increases the anisotropy also increases. Drawing 
of glassy amorphous polymers can only be done with limited strain. Semi crystal-
line polymers are more optimized for orientation with its malleable amorphous 
segments (T>Tg) and oriented crystalline segments. Orientation of semi crystalline 
polymers can be created by extrusion, cold drawing and rolling (Gedde 1999) Ori-
entation of amorphous polymers can for example be achieved through fibre spin-
ning  and cold drawing (see figure 3) (Kaursoin and Agrawal 2007). 

 

2.2.2.2 Thermal expansion of oriented fibres 
In materials such as metals the expansion upon heating is isotropic, meaning that it 
expands equally in all directions (Madden and Kianzad 2015). In an anisotropic 
polymer fibre, molecular chains are aligned in the direction of draw. The chains are 

Figure 3. Chain alignment 
of amorphous copolymers 

after melt spinning (as-
spun) and after cold draw-

ing. cf (Kaursoin and 
Agrawal 2007) 
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in a low entropy state since they are highly organized. When adding heat to the 
material the molecules that are able to move (amorphous material) will do so to 
create as much disorder as possible and achieve a higher entropic state. This 
changes the dimensions of the fibre as it shortens in length and increases in width 
(Ii, Tashiro et al. 1987, Wright, Lautenschlager et al. 2004). Another view of ther-
mal expansion is found in a report by Steinmann, Walter et al. (2011) where melt 
spun PVDF fibres were studied and were they found a change in thermal expansion 
of the crystal mesophase perpendicular to the fibre chain axis creating an increased 
fibre diameter and a decreased fibre length.  

2.2.2.3 Viscoelasticity  
Amorphous and semi crystalline polymers are viscoelastic, meaning that they con-
tain both viscous and elastic parts. The viscosity of the material above its glass 
transition temperature (Tg) depends strongly on the length of the molecular chains.  
When decreasing the temperature below Tg there will still be molecular motion in 
terms of side-group rotations (Peterlin 1971). The MW of a polymer is decided by 
the amount of repeating units, if there are many repeating units the polymer will 
get a higher MW than one with a few repeating units. It is important when creating 
polymers to take into account the different polymeric properties that come with a 
different MW such as melt viscosity and tensile strength.  For some polymers an 
increase in MW is equal to an increase in tensile strength. This can be explained by 
the addition of more chain entanglements restraining the material from deforming 
in direction of stress exposure (Callister 2007).  

In viscoelastic polymers (basically all polymers) the elastic behaviour is described 
by how the material directly deforms when exposed to a load or stress and reversi-
bly comes back to its original dimensions when the stress or load is released. This 
change in strain is independent of time in the elastic part, the viscous part on the 
other hand makes the materials strain rate dependent on time and loses energy 
when a stress is applied and later removed. When performing measurements on 
polymers it is of importance to stay in the linear viscoelastic region (LVR) of the 
material, meaning that the relation between stress and strain is linear (Lin 2003)  

Some semi crystalline polymers contain a crystalline α relaxation, which is a relax-
ation in the material occurring at different temperature depending on the type of 
polymer (Gedde 1999). It can be seen as a general softening of the polymer 
(Steinmann, Walter et al. 2011), where the α relaxation involves slippage of poly-
mer chains within the crystals making it possible for materials to plastically deform 
and achieve a higher orientation of the chains. This is what makes some polymer 
fibres more suitable for high draw ratios when being exposed to cold drawing. 
Drawing is then often performed at temperatures between the α relaxation process 
and the melting temperature (Tm) of the material (Gedde 1999). The relaxation 
process increases young’s modulus and affects the thermal response of the material 
(Steinmann, Walter et al. 2011).  
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2.2.3 MATERIALS USED IN THIS STUDY 

2.2.3.1 Thermoplastic Polyurethane (TPU)  
The development of thermoplastic polyurethane originates from the Second World 
War when a substitute for rubber was in great need since rubber was expensive and 
hard to find. The first elastic polyurethane showed better mechanical properties 
than rubber but with the drawback of quickly breaking down in the presence of 
water and heat. In the 70’s the production of polyurethane products started to grow 
and has continued to grow until today. Polyurethane Elastomers (PUs) are general-
ly created by reacting a diisocyanate (aliphatic or aromatic), a long-chain diol and a 
smaller molecule chain extender in form of a diol or a diamine (Prisacariu 2011). 
The final polymer is a copolymer containing hard segments (HS) and soft segments 
(SS) (see figure 3). The SS has a Tg lower than room temperature and the HS has a 
Tg above room temperature (Schmidt, Chowdhury et al. 2011). The HS can be 
shaped like spheres 5-20 nm or needles 5 nm thick and 50-300 nm long. Covalent- 
and hydrogen bonds in the urethane link the HS and SS together by crosslinks. 
What gives the Polyurethane its rubber-like behaviour is the highly flexible chains 
which contains a low amount of intermolecular interaction and crosslinks which 
disables sliding of the chains (Prisacariu 2011).  

 

The crosslinking can be of either physical or chemical character. PUs with physical 
crosslinks are more favourable when it comes to manufacturing and recycling since 
they can be destroyed upon heating (multiple melting possibility) whilst for chemi-
cal crosslinks that is not possible. One can find PUs as thermoplastics and thermo-
sets on the market. The thermoplastic PU is much easier to process than the ther-
mosets of PU and rubber, because of its physical crosslinks. PUs show great specif-
ic properties such as high abrasion and chemical resistance, high hardness for a 
given modulus and superb mechanical and elastic properties (Prisacariu 2011). 

PUs are often used as shape memory polymers due to their attractive block copol-
ymer structure. By choosing a specific diisocyanate and macrodiol it can be devel-
oped to fit the specific application area. The polymer is often constructed with 
distinct phase-segregated materials to get a HS which is rigid and creates great 
crosslinks and a SS with a low Tg to start off the shape recovery (Hu 2013). 

2.2.3.2 PVDF 
Fluoroplastics have some unique properties compared to other polymers, such as 
chemical inertness, hydrophobicity, low friction coefficient and resistance to ele-
vated temperatures. These properties are all due to the very strong C-F bond (see 
figure 4). Fluoroplastics are often used in application areas of chemical processing, 

Figure 3. Molecular structure of a polyurethane copolymer. cf (Meier 2014) 
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nuclear reactors, motor vehicle engines and space applications where most hydro-
carbon based materials would not function. PVDF is often seen in keyboards, 
printers and insulation layers in electrical cables. Average fluoropolymers acquire 
low mechanical strength but PVDF has the highest modulus of all and compared to 
the other perflourinated polymers it has a higher resistance to creep under load and 
longer fatigue resistance. PVDF is famous for being piezoelectric, meaning that it 
generates an electric field when deformed and opposite, deforms when an electric 
field is applied to it (Uchino 2010).   

 

PVDF homopolymer is a semi crystalline polymer where the amount of crystallini-
ty can vary from 35-70% depending on the processing technique and the thermo 
mechanical history. The toughness and mechanical strength of the polymer is high-
ly affected by the amount of crystallinity. The molecular weight, molecular weight 
distribution and morphology of the polymer chains and crystalline areas are param-
eters affecting the properties of the polymer. PVDF is polymorphic which means 
that it can crystallize in four distinct forms α, β, γ and δ. These different forms can 
be found in various amounts in the material and depend on the crystalline structure, 
which in turn depends on processing parameters. The α and β phases are the most 
common ones in normal manufacturing where α is formed in melt processing and 
the β phase shows in deformed melt processed goods. The piezoelectric effect 
comes out of a rather large net polarity in the β phase crystallites (Uchino 2010). 
When drawing PVDF fibres and exposing them to high stresses one can find mi-
crovoids in the material created in the neck which gives a more opaque look to the 
fibre (Kang, Kim et al. 2010). PVDF material containing a larger amount of voids 
might show a more brittle behaviour and fracture easily (Leaver and Cunningham 
1987). 

The previously described crystalline relaxation was studied in PVDF by 
Steinmann, Walter et al. (2011) who found the α relaxation occurring at 50-60°C 
where the α-phase crystallites softened allowing for chains to extend. 

2.3 FIBRE PROCESSING  
2.3.1 MELT SPINNING 
Most common ways of fibre spinning are dry-, solution- and melt spinning where 
the latter is the commercially most used and popular fibre spinning process. Due to 
the simplicity of the process it is also the most economically favourable process 
since there are no solvents existing in the fibre spinning process. During fibre spin-
ning one is able to control important structuring of the polymer chains which ef-
fects the properties of the final product drastically (Tadmor and Gogos 2013) 
(Rawal and Mukhopadhyay 2014, Zhang 2014). In general features (see figure 5) 

Figure 4. Molecular struc-
ture of a PVDF polymer 
chain. cf (Eisenmenger, 
Schmidt et al. 1999) 
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the material is melted and extruded through one or multiple fine, capillary holes 
inside a spinneret and stretched by adding an adaptable external force to the ex-
truded material. The material is extruded, cooled and solidifies into filaments. For 
the filaments to achieve strength for application usage they are further stretched by 
drawing which orients the molecular chains along the axis of the fibre (Tadmor and 
Gogos 2013).  

 

It is most common to melt spin polymers that when being exposed to cooling and 
drawing creates crystalline segments, since totally amorphous polymer structures 
show a decrease in mechanical performance, especially the tensile properties in 
comparison (Penning, van Ruiten et al. 2003).  

In melt spinning the polymer melt is strained and the molecular chains in its nor-
mally isotropic state of equilibrium goes through a process of orientation (see fig-
ure 6). The higher the molecular weight the longer it takes for the chains to relax 
and therefore they create more crystallised content while being oriented (Gedde 
1999). When melt spinning there are certain settings that can be adjusted which 
affects the orientation of the polymer chains as well as the level of crystallinity in 
the semi crystalline materials. When melt spinning at lower speed the spinning 
stress is also low and with increasing spinning stress the orientation increases. This 
does not affect the crystallinity but when spinning at high speed the high spinning 
stress can lead to stress induced crystallization. What does affect both crystallinity 
and orientation is the temperature. When spinning at higher temperature the time it 
takes for the fibres to cool down is longer which creates a higher polymer chain 
relaxation, which in turns lowers the orientation. The crystallinity is affected in 
such way that it is increased since it has more time to crystallize at a higher tem-
perature (Agrawal 2011). 

 

Figure 5. Schematic drawing of the melt 
spinning process. cf (Lund 2013) So
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The melt spinning process can be further controlled and when processing monofil-
aments it is common to use water as a quenching method, which cools more effec-
tively and creates a more homogenous fibre (Tadmor and Gogos 2013).  In a patent 
by Ohira, Munakata et al. (2000) with the title Vinylidene fluoride resin monofila-
ment and fishing line prepared therefrom it is written that PVDF mixed with a 
plasticizer is extruded through a monofilament spinneret then quickly and sequen-
tially quenched in water (30-60°C). Further exposed to drawing, first with a draw 
ratio of 5 in a glycerine bath at 160°C then a second time in a glycerine bath at 
170°C with a draw ratio of 1-1.2 and finally heat set at a temperature of 85°C 
which created a relaxation of 2-10%. This creates a high strength, uniform fibre 
with a high degree of orientation. 

2.3.1.1 Spinnability 
Not all polymers are spinnable, there are some requirements that have to be met. 
One is that the long polymer chains when being exposed to spinning stress and 
extension can perform highly stretchable behaviour without breaking (Tadmor and 
Gogos 2013). Another requirement is that the fibre forming process needs to be 
thermodynamically stable. When the material is going from the polymer melt to the 
fibre shape (elongated) the entropy of the polymer chains goes from high to low 
since the chains from the beginning are in a random state and later highly ordered. 
Another requirement is that the polymer melt should be able to withstand defor-
mation well since it is extruded and stretched at high speeds. The resistance to de-
formation is of great importance when working with such small cross sections and 
is controlled by relaxation- and deformation rates. There is a need for an appropri-
ate relaxation time for the solidification process to be controlled and therefore 
avoid ductile and cohesive failure (Agrawal 2011). 

Figure 6 Schematic drawing 
of molecular structure devel-
opment in melt spinning of 
semi crystalline polymers. cf 
(Tadmor and Gogos 2013) 
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According to Rawal and Mukhopadhyay (2014) a high take up velocity gives a risk 
of a higher spin-line stress due to the fact that polymeric fluids are naturally vis-
coelastic and the fibres risk of breaking increases. The more stretched and thin the 
fibres get the more oriented the polymer chains become. To get thinner threads 
with high molecular orientation without breakage it is more efficient to slow down 
the throughput rate rather than increase the take up velocity. 

2.3.2 COLD DRAWING 
Cold drawing can be done in-line, meaning in one connecting processing line when 
spinning the fibres directly, or separately after the melt spinning process. This is 
for example always done to commercial semi crystalline polymers (Tadmor and 
Gogos 2013).  

Necking is a phenomenon often seen as a failure in plastic industry whilst in fibre 
spinning it is what makes the elongation of the fibres possible, although it is tricky 
to get a draw ratio in the stable neck, which is also called natural, draw ratio ( λn). 
The neck will only show in materials, which contain crystallinity, hence in semi 
crystalline polymers. When cold drawing completely amorphous materials without 
any sign of crystallinity the fibre will show a flow deformation behaviour and fi-
nally break by becoming thinner (Agrawal 2011). When the natural draw ratio has 
been achieved around the nucleation point of the neck the plastic deformation stops 
at that point whilst it continues to propagate along the length of the fibre at a stable 
engineering stress (Séguéla 2007). What happens on a molecular level has been 
described by Tadmor and Gogos (2013) and can be seen in figure 7. 

 

Figure 7. Schematic illustration of the structure development in the fibre during cold draw-
ing. cf (Séguéla 2007). 

Crystal lamellaes held 
together by amorphous tie 
chains 

Necking 

Lamellaes are breaking up, 
strain softening 

Lamellaes are slipping and 
aligning, strain hardening. 
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First lamellas start to slip past each other except for the ones parallel to the draw 
direction, which is the reason for anisotropic spherulites. The necking begins and 
the amorphous content between lamellas is mainly exposed to the induced stress. 
When the amorphous tie molecules are almost completely stretched the lamellas 
start to tilt and later break up by the chains pulling and unfolding. When the mate-
rial is further stretched the lamellar chains slip next to each other in the draw direc-
tion and align themselves forming fibrils where crystal blocks and lengthened 
amorphous content lay side by side (Zhang 2014). The higher the molecular weight 
of the material the more lamellas stack up next to each other, leaving less space 
between the crystalline lamellas. The draw ratio increases with the average dis-
tance between the lamellas and hence the higher the draw ratio the lower molecular 
weight (Peterlin 1971). The draw ratio (λ), which describes the amount of draw in 
the fibre is explained by equation 1. 

𝜆𝜆 = !
!!
≈ !!

!
      (Eq.1) 

In fibre drawing L is the fibres length after drawing and L0 is the length of the fibre 
before drawing, which is comparable to the ratio between the cross-sectional area 
of the fibre before drawing A0 and the cross-sectional area of the fibre after draw-
ing. A normal draw ratio of semi crystalline polymers lay around 4-10 but there are 
polymers, which can be drawn with ratios up to 40, for example linear polyeth-
ylene (Gedde 1999). 
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3. MATERIALS AND METHODS 

3.1 MATERIALS  
The bulk material used was one SMP of TPU from Lubrizol called Tecoflex EG 
72-D, and two semi crystalline PVDF homopolymers from Solvay Solexis called 
Solef 1006 and Solef 1008. Table 2 shows information about the two PVDF mate-
rials used (given by the supplier); Weight average molecular weight (Mw), Melt 
flow Index (MFI), Polydispersity Index (PDI) and melting temperature (Tm). The 
only information about Tecoflex given by the manufacturer was the processing 
temperature of around 205°C.  

Table 2. Information about Solef 1006 and 1008 
 Solef 1006 Solef 1008 
Mw (g/mol) 176×103 244×103 
PDI (UN) 2.0 2.1 
MFI* 
(g/10min)  

40 8 

Tm (°C) 171-172 171-172 
* At 230°C under a load of 2.16kg 
 
A fishing line with the brand name Spider Wire EZ Fluoro manufactured by Pure 
Fishing Inc., was used in the study to compare its properties with the melt spun 
PVDF fibres. It had a known diameter of 150 µm and is the same fibre used in the 
study by Haines, Lima et al. (2014) where it is told to perform actuation upon heat-
ing both as a straight fibre and as a coil. No material specification or processing 
method was of knowledge. 

3.2 METHODS 
First the methods that concern the fibre spinning process and coiling of the fibres 
are listed followed by characterization methods for the melt spun fibres as well as 
the fluorocarbon-based fishing line. 

3.2.1 DRYING OF TECOFLEX GRANULATES 
Tecoflex EG 72-D granulates were dried in a vacuum oven (Vacucell from 
Medcenter Einrichtungen GmbH) with the use of a  vacuum pump (MZ 2CNT 
from Vacuubrand GmbH). Granulates were dried at 65°C for 4 hours and later 
stored in a desiccator to keep granulates dry before processing. 

3.2.2 THERMAL GRAVIMETRIC ANALYSIS (TGA) 
A TA Instruments (TGA Q500) was used to see the degrading behaviour of Teco-
flex EG 72D. The material was tested after being dried in the vacuum oven. The 
temperature was set to ramp up to 500°C with a rate of 20°C/min.  

3.2.3 MELT SPINNING  
The melt spinning equipment used was a Fourné Polymertechnik KS25 laboratory 
piston spinning system (see figure 8). The main difference in settings was the flow 
rate, which gives a different exit speed in die and in turns give a different melt 
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draw ratio (see table 3) The Technical data for the instrument can be found in Ap-
pendix 1. 

All PVDF materials were melt spun with three different flow rates 0.5, 1.0 and 
1.33 cm3/min and cold drawn separately afterwards. When melt spinning PVDF the 
machine was first heated up to the processing temperature before feeding the mate-
rial into the machine. Solef 1006 was processed at a temperature of 200°C and 
Solef 1008 at a temperature of 240°C, the processing temperatures were set differ-
ent to be able to process the materials with three different flow rates. When pro-
cessing Solef 1008 below 240°C it had too much resistance to flow and would not 
be able to process and for Solef 1006 at temperatures above 200°C too little re-
sistance to flow was seen and no drawing of the melt could be accomplished. The 
first godet has a limited speed of 28 m/min and when using the fastest flow rate of 
1.33 cm3/min for extruding Solef 1006, the godet had to keep its highest speed 
(28m/min) to create a drawing of the melt.  

Tecoflex was only melt spun with a flow rate of 1.33 cm3/min. In the first trials, 
melt spinning Tecoflex 72-D was unsuccessful due to a large amount of air in the 
melt. To avoid this, the procedure was modified so that the heated cylinder was 
first filled with argon gas for 10 minutes. Then the material was fed into the cylin-
der when the machine was still cold and afterwards the heat was turned on. The 
argon gas was kept filling the space until the piston came down to meet the materi-
al. The processing temperature of Tecoflex was set at 205°C according to the man-
ufacturer. 

The spinneret used for all materials was for monofilaments and had a diameter of 
1mm. Below the spinneret the fibres were quenched by an airflow of 100 Pa over a 
length of 1000 mm perpendicular to the fibre axis. The fibres were then drawn 
down to a godet set at an even speed of 28 m/min and the material was led diago-
nally to a second godet which kept at a speed of 28.5 m/min to keep the material 
from slacking and finally the fibres were winded up on a winding bobbin. The 
temperature of the two godets was kept at the same temperature for all PVDF ma-
terials, at 30°C. When melt spinning Tecoflex both the godets had a temperature of 
28°C. 

Since Solef 1006 and Solef 1008 were melt spun at the same flow rates it will fur-
ther be mentioned by the MW and the flow rate such as 1008/0.5 or 1006/1.33. 

Table 3. Calculated data for melt spinning  
 Solef 1006  

 
 

Solef 1008 
 

Tecoflex  
 

Flow rate, qc 
(cm3/min) 

0.5 1 1.33 0.5 1 1.33 0.5 1 1.33 

Exit speed in die, v0* 
(m/min) 

0.637 1.274 1.694 0.637 1.274 1.694 - - 1.694 

MDR** 44 22 16.5 44 22 16.5 - - 16.5 

* v0 = !  ×  !!    
!  ×  !!

 
 

** MDR = v1/v0 
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3.2.3.1 Measuring diameter 
The diameter was measured at five places over the fibre length with a thickness 
measurement device called EV 01F from Elastocon AB. 

3.2.4 COLD DRAWING 
For offline solid-state drawing, two godets from Fourné Polymertechnik GmbH 
were used together with a wind up roller (see figure 9). The first godet was kept at 
its lowest speed of 3 m/min while the second godet was adjusted to meet the need-
ed natural draw ratio, to create a neck in the fibre and hold a uniform fibre shape. 
To find the natural draw ratio the second godet was slowly increased in speed until 
the fibre broke and then speed values below that point were observed to find a sta-
ble natural draw ratio. The settings for each material can be found in table 4.   

 

 
Table 4. Cold drawing parameters 
 Solef 1006  

 
 

Solef 1008 
 

Tecoflex EG 72-D 
 

Fibre type Mono ∅ 1mm Mono ∅ 1mm Mono ∅ 1mm 
Flow rate, qc 
(cm3/min) 

0.5 1 1.33 0.5 1 1.33 First 
drawing 

Second 
drawing 

ν1 , roller 1 
(m/min) 

3 3 3 3 3 3 3 6 

Figure 7. Schematic drawing of 
Fourné Polymertechnik KS25 
laboratory piston spinning sys-
tem. 

Figure 9. Schematic 
drawing of the cold 
drawing line-up 
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ν2 , roller 2 
(m/min) 

14 18.5 21 11 17.5 21.5 7 12.8 

T roller 1 (°C) 80 80 80 80 80 80 50 50 

T roller 2 (°C) 28 27 29 27 27 28 26 25 

SSDR* 4.67 6.17 7.0 3.67 5.83 7.17 2.3 2.13 

Total Draw 
Ratio** 

206 136 116 161 128 118 38 35 
38+35=73 

*v2/v1 

** MDR×SSDR 
 
3.2.4.1 Measure of diameter 
The diameter was measured at five places over the cold drawn fibre length with a 
thickness measurement device called EV 01F from Elastocon AB. Also the Spider 
wire fishing line was measured as a comparison. 

3.2.5 COILING 
Coiling of the fibres was performed using an instrument for blending chemicals 
from Heidolph Instruments called RZR 2020. A steel rod with a diameter of 10 mm 
containing a small hole with a diameter of 3mm in the end was especially made for 
this method and placed in the instrument with 100 mm of visual length (see figure 
10). A metal thread was tied to the hole of the rod to create an appropriate holder 
for the fibre (see figure 11). Each fibre had a length of 400 mm and was attached in 
one end to the steel rod via a metal paperclip. In the lower end of the fibre an ap-
propriate weight was attached, via a paperclip, and manually hindered from un-
twisting. The blender was set to 400 rotations per minute. To get as similar samples 
as possible the length was measured both when samples were fully coiled under 
load and also after when taken out to naturally un-twist. The time from straight 
fibre to fully coiled was registered so that a similar amount of twist was inserted in 
each coil of the same material. When the samples were taken out of the twisting 
device to untwist it was held in one end to naturally let go of tension and untwist. 
To get as equal coiled fibres as possible an observed median was set for each 
measured category. For fully coiled fibres under load a variance of ±3mm was set, 
for the coiled fibres after naturally untwisting a variance of  ±3mm was also used. 
The time measured to fully coiled muscle was set to have a maximum variance of 
±20s (=133 rpm). Each coiling attempt was noted to see how many attempts that 
turned into usable coils since there was a lot of breakage and uneven fibres. The 
twisting load used for each fibre was chosen manually (see table 5) by trial and 
error since a too low load would make the fibres snarl and too high a load would 
lead to breakage of the fibre when twisting. The Spring Index was calculated and 
noted. 

The coiled monofilaments had nucleation points starting at one place of the fibre, 
top, bottom or somewhere in the middle along the fibre. It was observed that if the 
nucleation point took place neither at the top or the bottom, the fibre had an irregu-
larity along its length where nucleation of coils would occur. Often when this hap-
pened it would finally break or contribute to an uneven coiled muscle and therefore 
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all coils that had a nucleation point somewhere except top or bottom where re-
moved to not affect further testing results. 

The SMP fibre proved unsuitable for coiling since one coil was obtained out of 
twelve attempts and will not be viewed as a result.  

Table 5. Twisting and coiling parameters 
 Solef 

1006/0.5 
Solef 
1006/1.0 

Solef 
1006 /1.33 

Solef 
1008/0.5 

Solef 
1008/1.0 

Solef 
1008/1.33 

Twisting 
load (g) 

4.5 10 15 5.5 10 15 

Start out 
length un-
loaded (mm) 

400 400 400 400 400 400 

Average 
length after 
fully coiled 
under load 
(mm) 

86.8 94.5 95.4 90.3 94.8 98.0 

Average 
length after 
natural un-
twist (mm) 

64.8 69.8 69.9 63.3 67.8 70.8 

Average 
twist after 
fully coiled * 
(nr of turns)  

2217 1856 1541 1843 1410 1203 

* 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴  𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = !!!!!!...!!
!

× !""
!"

  
 

 

 

  

 

 

 

 

 

 
 

 

 

 

Figure 10. A schematic 
drawing of the coiling 
instrument. Figure 11. A 
close up on the metal rod 
and fibre holder. 

Figure 10 

Figure 11 
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3.2.5.1 Measure of diameter 
The diameter of the coils was measured with a Nikon Optical Microscopy. 

3.2.6 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR) 
A machine called Nicolet iS10 from Thermo Scientific was used with a smart iTR 
configuration. The test was performed to see if the Spider wire was made from 
PVDF or another fluorocarbon. Observations were taken of the characteristic ab-
sorption bands of α-phase at 615, 766, 795 and 976 cm-1 and β-phase confor-
mations at 840 and 1279 cm-1 (Bormashenko, Bormashenko et al. 2004). 64 scans 
were performed in room temperature on both the fishing line, one as-spun and one 
cold drawn Solef 1008/1.33.  

3.2.7 DIFFERENTIAL SCANNING CALORIMETRY (DSC) 
DSC tests were performed to characterise the degree of crystallinity in all fibres 
and some coils. The equation used to calculate the amount of crystallinity was: 

Χ! =   
∆!!
∆!!!

×100%   (Eq. 2) 

The tests were carried out by the use of an equipment from TA instruments 
(Q1000). Each sample was prepared by carefully winding the monofilament or coil 
around a pair of tweezers and placing the sample between a pan and a lid of alu-
minium. The weight of the pan and lid was measured as well as the weight of the 
sample. PVDF samples were programmed with a start temperature of -50°C and 
run with a ramping rate of 10°C/min up to 200°C then cooled with the same ramp-
ing rate down to -50°C and heated up to 200°C a second time. Three samples were 
tested of each sample group.  

3.2.8 DYNAMIC MECHANICAL THERMAL ANALYSIS (DMTA) 
The tests were carried out on Q800 Dynamic Mechanical Analysis equipment from 
TA instruments using a tension clamp for films. In all tests the fibres were placed 
in the middle of the bottom and upper holder of the clamp. Three different types of 
tests were performed; stress-strain, actuation and contraction characteristics, which 
can be seen below. 

3.2.8.1 Stress-Strain 
Tests were carried out at room temperature on the fibres to find the linear viscoe-
lastic region and to see the difference in elastic modulus between the materials. 
Each fibre diameter was typed in, DMA Controlled Force was used and the force 
was set to ramp 1N/min to 10N, or until the fibre ruptured. The machine was set to 
have a pre-load force of 0.01N to make the fibre straight and to be able to measure 
the length before start. The machine measures nominal stress and strain, which 
means that the diameter is assumed to keep the same size from the start through out 
the whole experiment. Three samples were tested of each sample group and placed 
in the machine with a length of around 2cm for straight fibres and 1cm for coils. 
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3.2.8.2 Actuation 
Straight fibres and coils of PVDF were tested to find actuation curves where the 
heating and cooling rates could be controlled. The test was executed to get similar 
actuation curves as were displayed in the research report by Haines, Lima et al. 
(2014) where they had performed controlled heating and cooling cycles using a 
Thermal Mechanical Analysis (TMA) apparatus. It was of interest to see how the 
precursor fibres and coils behaved when exposed to controlled heating and cooling 
and whether or not it was possible to get curves showing none or very little hyste-
resis in tensile actuation. Liquid nitrogen was used to cool down the oven with a 
controlled cooling rate. The equilibration temperature was set to 30°C for all tests 
and for each test only one parameter was changed. At least three tests were run of 
each sample group and placed in the machine with a length of around 2cm for 
straight fibres and 1cm for coils. 

Parameters adjusted were: 

- Maximum temperature 
- Actuation load 
- Ramp rate of temperature 
- Materials 
- Number of actuation cycles 

 
The exact settings for each test can be found in Appendix 2. 

3.2.8.3 Contraction characteristics 
This test is based on a thermo-mechanical test by Grebowicz, Brown et al. (2001) 
where contraction of poly(trimethylene terephtalate) (PTT) fibres was studied us-
ing a TMA apparatus and measuring contraction between different temperatures 
when the fibres were exposed to varying loads. As stated by Haines, Lima et al. 
(2014) a larger contraction gives a larger diameter expansion which in turn creates 
a larger untwist of the fibre and greater actuation of the coiled muscle.  

In this test the contracting behaviour of the cold drawn PVDF fibres (including 
spider wire) was observed between 35-55°C when ramping the temperature from 
30°C to 70°C with a ramping rate of 15°C/min. The test was performed with two 
different static loads 0.005N and 0.03N. 

It was of importance to make sure that the temperature around the clamp and the 
oven came down to 25.0 degrees before running the next test otherwise the ma-
chine would rise in temperature too fast and not equilibrate at 30°C. 

3.2.9 SCANNING ELECTRON MICROSCOPY (SEM) 
An instrument from JEOL called JSM-5310LV was used to examine the surface 
topography of some coiled muscles and straight fibres of Solef 1006 and 1008. The 
samples were mounted on a specimen stub next to each other and placed in the 
scanning electron microscopy where they were observed under low vacuum, dry 
and without any pre-treatment.  
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3.2.10 OPTICAL MICROSCOPY 
Pictures were taken under microscope (Nikon SMZ800) to study the appearance of 
the spider wire together with the two thickest fibres of each MW group (Solef 
1006/1.33 and Solef 1008/1.33).   
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4. RESULTS  

4.1 RESULTS TGA 
The result from the TGA (figure 12) displays ramping of 20°C/min up to 400°C. 
There was no degradation occurring before 300°C and the dried Tecoflex was safe 
to process at a temperature of 205°C.  

 

Figure 12. Result from the TGA test of Tecoflex. 

4.2 RESULTS MELT SPINNING AND COLD DRAWING 
4.2.1 MELT SPINNING 
The fibre diameters after melt spinning (figure 13,) increases with the higher flow 
rate (for PVDF). A larger diameter is found in all samples of Solef 1008 with a 
higher MW than Solef 1006. Melt spinning of Tecoflex produced a fibre with a 
smaller diameter compared to Solef 1006 and 1008 processed with the same flow 
rate of 1.33 cm3/min. The fibres vary a lot in diameter and among the melt spun 
PVDF the fibre with the largest coefficient of variation (CV) was Solef 1006/1.0 
with a CV of 15.2% and the smallest variation in diameter of all PVDF fibres was 
Solef 1008/1.33 with a CV of 8.7%. The diameter of Tecoflex was more uniform 
than all the other melt spun PVDF fibres with a CV of 3.72%. All calculated 
means, standard deviations (SD) and CV’s of the as-spun fibres can be found in 
Table 6 below.  

Table 6. Calculated statistics for as-spun fibres. 

	  

Solef	  
1006/0.5	  

Solef	  
1006/1.0	  

Solef	  
1006/1.33	  

Solef	  
1008/0.5	  

Solef	  
1008/1.0	  

Solef	  
1008/1.33	  

Teco-‐
flex	  

Mean	  (μm)	   121	   157	   201	   132	   177	   224	   127	  
Standard	  Devia-‐
tion	  (μm)	   10.6	   23.8	   22.4	   12.0	   15.6	   19.5	   4.7	  
Coefficient	  of	  
variation	  (%)	   8.7	   15.2	   11.1	   9.1	   8.8	   8.7	   3.7	  



 

 25 

 

4.2.2 COLD DRAWING 
The cold drawn diameters can be seen in figure 13. The variation in diameter is 
still proving a non-uniform fibre with the largest CV of the PVDF fibres was Solef 
1008/1.0 with 14.4% and the lowest CV found in the spider wire with a value of 
0.6%. Tecoflex showed a CV of 15.6%. All calculated CV of the cold drawn fibres 
can be found in Table 7 below.  

Table 7. Calculated statistics for cold drawn fibres. 

	  

Solef	  
1006/0.
5	  

Solef	  
1006/1.
0	  

Solef	  
1006/1.3
3	  

Solef	  
1008/0.
5	  

Solef	  
1008/1.
0	  

Solef	  
1008/1.3
3	  

Teco
flex	  

Spider	  
Wire	  

Mean	  (μm)	   35	   57	   84	   50	   69	   91	   86	   150.2	  
Standard	  Devi-‐
ation	  (μm)	   3.4	   5.6	   3.7	   2.6	   10.0	   4.0	  

14.
0	   0.8	  

Coefficient	  of	  
variation	  (%)	   9.6	   9.8	   4.4	   5.2	   14.4	   4.4	  

15.
8	   0.6	  

 

 

Figure 13. The average diameter of as-spun and cold drawn fibres of both Solef 
1006, 1008, Tecoflex and Spider wire. The average diameter as well as the SD for 
each sample group is displayed. 

4.3 RESULTS COILING 
Table 8 shows the coiling results in terms of coil diameter, spring index and the 
amount of coils that could be used out of all attempts. The results indicate that the 
higher the MW and thicker the diameter the more stable coiling process. This pre-
dominantly occurred due to less breakage of fibres during twisting and coiling.  
 
Table 8. Twisting and coiling results 
 Solef 

1006/0.5 
Solef 
1006/1.0 

Solef 
1006 
/1.33 

Solef 
1008/0.5 

Solef 
1008/1.0 

Solef 
1008/1.33 

Coil diameter 
(µm) 

200 230 250 220 280 300 
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Spring Index* 5.7 4.0 2.9 4.4 4.0 3.2  
Usable coils/total amount 
of coiling attempts 

4/12 4/9 8/14 4/11 4/7 8/12 

 
* 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆  𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 =    !"#$%&%'  !"  !"#$

!"#$%&%'  !"  !"#$%
 

 
 

 

4.4 RESULTS FTIR 
The results from the FTIR can be seen in figure 14. The top graph shows the spider 
wire fishing line, the one below shows the as-spun fibre of 1008/1.33 and the low-
est the same fibre but cold drawn. The characteristics absorption bands of the β-
phase conformations are marked with a dashed line and the α-phase conformations 
with a dotted line. The spider wire fishing line shows a very similar graph as the 
cold drawn Solef 1008 with the same peaks, or no peaks for α and β. It is very clear 
that the as-spun fibre contains most α peaks and lacks the β peaks, which is more 
common in cold drawn fibres. 

 

Figure 14. FTIR results from Spider wire fishing thread together with one as-spun 
and one cold drawn fibre of Solef 1008/1.33. 

4.5 RESULTS DSC 
Figure 15 shows the results from the calculated degree of crystallinity in the PVDF 
materials, including Spider wire. It shows that there is a small increase in crystal-
linity in some of the fibres between as-spun and cold drawn (Solef 1006/0.5, 
1006/1.33, 1008/1.0, 1008/1.33). Also observed is a small difference in crystallini-
ty between the materials of different MW where the material of lower MW (Solef 
1006) contains a bit more crystallinity after melt spinning and cold drawing. The 

α α α β β α 
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Spider wire fishing line shows the lowest degree of crystallinity compared to the 
other cold drawn fibres. The largest CV was found in the cold drawn Solef 
1006/0.5 of 2.2% and the highest CV of 11.1% was found in the cold drawn Solef 
1008/0.5. All calculated CV from the test of degree of crystallinity can be found in 
table 9,10 and 11 together with the mean and SD. 
 
Figure nr 16 shows the result from DSC of Tecoflex which shows signs of crystal-
line melting observed around 53°C and 125°C. In the cold drawn fibre the first 
melting peak at 53°C contained an average degree of 7.83% crystallinity. The se-
cond melting peak contained an average degree of 1.47% crystallinity.  
 
In all PVDF materials (including spider wire), both as-spun and cold drawn small 
endothermic and exothermic peaks were observed around 50-60°C during heating 
and cooling (see Figure 17 and 18). These endothermic and exothermic peaks are 
occurring because of a mechanical relaxation in the material called α relaxation. 

 

 

Figure 15. Shows the degree of crystallinity in Solef 1006, 1008 and Spider wire. 
The same material has the same bar colour only with a different pattern for as-
spun, cold drawn and coiled fibres. All staple bars contain the average including 
the standard deviation (SD) of each sample group.  

Table 9. Calculated statistics for degree of crystallinity in as-spun fibres 

	  

Solef	  
1006/0.5	  

Solef	  
1006/1.0	  

Solef	  
1006/1.33	  

Solef	  
1008/0.5	  

Solef	  
1008/1.0	  

Solef	  
1008/1.33	  

Mean	  	   53.9	   54.8	   57.7	   52.5	   51.9	   52.4	  

Standard	  deviation	  	   3.2	   1.9	   1.5	   2.1	   0.8	   2.3	  
Coefficient	  of	  varia-‐
tion	  (%)	   6.0	   3.5	   2.3	   3.9	   1.3	   4.3	  
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Table 10. Calculated statistics for degree of crystallinity in cold drawn fibres. 

	  

Solef	  
1006/0.5	  

Solef	  
1006/1.0	  

Solef	  
1006/1.33	  

Solef	  
1008/0.5	  

Solef	  
1008/1.0	  

Solef	  
1008/1.33	  

Spider	  
wire	  

Mean	  	   60.3	   63.5	   65.8	   59.2	   57.3	   57.5	   49.7	  
Standard	  devia-‐
tion	  	   1.3	   6.5	   2.6	   6.6	   3.4	   2.3	   1.3	  
Coefficient	  of	  
variation	  (%)	   2.2	   10.2	   3.9	   11.1	   5.9	   4.0	   2.7	  
 
Table 11. Calculated statistics for degree of crystallinity in coiled muscles. 

	  
	  	  Coiled	  1006/1.33	   	  	  	  	  	  	  	  Coiled	  1008/1.33	  

Mean	   68,4	   58,4	  

Standard	  Deviation	   5,6	   5,1	  
Coefficient	  of	  variation	  (%)	   8.1	   8.8	  

 

 

Figure 16. DSC results of Tecoflex, where a small melting peak is observed around 
53 °C and another small melting peak around 125°C.   

First heating 
Second heating 
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Figure 17. Representative DSC thermograms of three Solef 1006 materials where 
the α relaxation peaks is found within the circles around 50-60°C. 

 

Figure 18. Representative DSC thermograms of the Spider wire as well as one as-
spun and one cold drawn Solef 1008/1.33. The α relaxation peaks are circled and 
visual around 50-60°C. 
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4.6 RESULTS DMTA 
4.6.1 RESULTS STRESS-STRAIN  
Figure 19, 20 and 21 show the result from the stress-strain test of the as-spun, cold 
drawn and coiled fibres. By observing the slopes of the curves the result shows that 
after melt spinning, the fibres of a lower MW have a higher young’s modulus (see 
figure 19). In each MW group the thinner fibres of PVDF (1006/0.5 and 1008/0.5) 
show a higher young’s modulus compared to the other fibres of the same MW. 
After cold drawing (figure 20) the results indicate that there is still a higher 
young’s modulus in the PVDF materials of a lower MW. In the figure it is also 
possible to see the spider wire fishing line, which has the lowest young’s modulus 
of all materials. When comparing the coiled results (figure 21) they show similar 
results as in the other figures, that the fibre melt spun at the lowest flow rate has 
the highest young’s modulus. Based on results, all cold drawn fibres were estimat-
ed to stay in the LVR, at a maximum load of 0.05N. 

 

Figure 19. Representative stress-strain curves of as-spun PVDF fibres.  
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Figure 20. Representative stress-strain curves of cold drawn PVDF fibres including 
Spider wire. 

 

Figure 21. Representative stress-strain curves of coils from one MW group, 
1006/1.33, 1.0 and 0.5. 
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4.6.2 RESULTS ACTUATION 
This test showed difficulties in performing actuation curves with little hysteresis in 
tensile actuation and comparable results. Four graphs are displayed below and 
three similar graphs with different settings can be found in appendix 3. When ob-
serving the graphs, contraction is viewed as the curve going down towards a more 
negative value and expanding is viewed as the curve going up towards a more posi-
tive value.  

Figure 22 shows difficulties in obtaining an actuation curve of straight Solef 
1006/1.33 fibres when changing the maximum temperature. The fibre heated to 
around 38°C only expanded, whilst the fibre heated to around 52°C contracted and 
expanded back (least hysteresis) and the fibre heated to around 64°C contracted but 
did not expand back. 

Figure 23 shows actuation curves of Solef 1006/1.33 where the difference is the 
ramp rate of temperature where the ramp rate of heating with 15°C /min and cool-
ing with 10°C /min showed the best actuation curve. 

Figure 24 shows irregular actuation cycles when heating coils of Solef 1006/1.0 
with a ramp rate of 15°C/min to 53°C and cooling with a rate of 10°C/min exposed 
to load of 0.03N.  

Figure 25 shows actuation cycles of coils of Solef 1008/1.0 when exposed to a load 
of 0.03N, a ramp rate of 15°C/min to 51°C and cooling with a rate of 10°C/min. 
The coils gave a non preferable result since they expanded when heated, although 
contracted a bit when cooled but with a large hysteresis of ≈0.10% strain at 35°C. 

 

 

Figure 22. The graph shows three curves with the same material (Solef 1006/1.33), 
ramp rate and load. The only difference is the maximum temperature.  

 

Heating 

Cooling 

 Max temp 38°C 
Max temp 52°C 
Max temp 64°C 
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Figure 23. Shows the same material (Solef 1006/1.33) with the same settings ex-
cept the difference in ramp rate (°C /min) both heating and cooling.  

 
 

 
Figure 24. Shows five coils of Solef 1006/1.0 performing irregular actuation cycles 
when exposed to the same actuation load, ramp rate of temperature and maximum 
temperature. 

15ì15î 
10ì10î 
15ì10î 
 

Heating 

Cooling 

Heating 

Cooling 
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Figure 25. Shows coils of Solef 1008/1.0 expanding upon heating and contracting 
slightly when cooled. The coils were exposed the same heating rate, the same max-
imum temperature and a load of 0.03N.  

4.6.3 RESULTS CONTRACTION CHARACTERISTICS 
The results from the contraction tests can be found in Figure 27 where the mean 
and SD are presented for each sample group. All fibres generally contracted more 
when exposed to a lower load of 0.005N. The results show differences in SD but 
there is a trend in larger contractions for all fibres of a higher MW (Solef 1008) 
compared to the equivalent fibres of a lower MW. Also the thinner and more ori-
ented fibre of Solef 1008 showed larger contractions than the other two fibres of 
the same MW. Spider wire, which is known to perform actuation both as a straight 
fibre and as a coil, shows contraction similar to the other fibres with no extreme 
values. The calculated CV of all fibres shows the highest CV of 115% in Solef 
1006/1.0 when exposed to a load of 0.005N. The lowest CV calculated was of 
0.4% in Solef 1006/0.5 when exposed to a load of 0.03N. All calculated means, SD 
and CV from the result contraction test can be found in table 12 and 13.  

Heating 

Cooling 
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Figure 26. Result from contraction characteristics showing how the fibres contract-
ed when exposed to two different loads. The average is presented as well as the SD 
of each sample group. 

Table 12. Calculated statistics for contracting fibres exposed to 0.005N 

	  

Solef	  
1006/0.5	  

Solef	  
1006/1.0	  

Solef	  
1006/1.33	  

Solef	  
1008/0.5	  

Solef	  
1008/1.0	  

Solef	  
1008/1.33	  

Spider	  
wire	  

Mean	  	   0,34	   0,41	   0,14	   0,97	   0,43	   0,26	   0,46	  
Standard	  devia-‐
tion	  	   0.218	   0.469	   0.014	   0.189	   0.064	   0.022	   0.088	  
Coefficient	  of	  
variation	  (%)	   64.0	   115	   9.6	   19.4	   15.2	   8.7	   19.2	  
 
Table 13. Calculated statistics for contracting fibres exposed to 0.03N 

	  

Solef	  
1006/0.5	  

Solef	  
1006/1.0	  

Solef	  
1006/1.33	  

Solef	  
1008/0.5	  

Solef	  
1008/1.0	  

Solef	  
1008/1.33	  

Spider	  
wire	  

Mean	  	   0,25	   0,09	   0,16	   0,46	   0,25	   0,21	   0,14	  
Standard	  devia-‐
tion	  	   0.0001	   0.048	   0.065	   0.061	   0.13	   0.027	   0.032	  
Coefficient	  of	  
variation	  (%)	   0.4	   53.9	   41.1	   13.0	   51.7	   12.8	   22.5	  
 

4.7 RESULTS SEM 
SEM images showed that a coil of 1006/1.33 had distinct cracks in the surface (see 
figure 27 and 28). The same material with a higher MW did not show any fracture 
of the coil (figure 29). The results cannot say that it is the trend for all materials of 
a lower MW (due to few samples tested) but that the material has trouble with-
standing heavy shear forces occurring in the coiling process.  
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Figure 27. The image showing a coil of Solef 1006/1.33 with distinctive cracks. 

 

Figure 28. A close-up on a coil of Solef 1006/1.33 with distinctive cracks. 
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Figure 29. Showing a stretched a), and un-stretched b), coil of Solef 1008/1.33 
containing no cracks. 

4.8 RESULTS OPTICAL MICROSCOPY 
Figure 30 shows three fibres with the Spider wire on the top followed by a fibre of 
1006/1.33 and one of 1008/1.33. The fibres show a difference in appearance with a 
more opaque look of the two fibres melt spun in this study compared to Spider wire 
with a more transparent look. 

 

Figure 30 Spider wire at the top followed by Solef 1006/1.33 and Solef 1008/1.33  

(b) 

(a) 
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5. DISCUSSION 

5.1 DISCUSSION MATERIAL 
5.1.1 TECOFLEX 
Already in the melt spinning process the Tecoflex (SMP) showed difficulties of 
being processed. Extra adjustments were needed for processing such as the usage 
of argon gas, heating up the machine after feeding the material as well as a lot of 
breakage along the spin-line. Also in the cold drawing process Tecoflex showed a 
less functioning result with a lot of breakage and the continuous elongation in fibre 
length after being taken out of the machine. From the DSC results (figure 16) it is 
shown that Tecoflex, which was told to in a previous study by Schmidt, 
Chowdhury et al. (2011) to be totally amorphous has obtained some crystallinity 
from the melt spinning and small endothermic peaks can be seen in the material at 
two different temperatures. These are probably melting peaks of the two different 
segments of the co-polymer, which has achieved some crystalline content. The soft 
segments seems to have crystallized more than the hard segment, which can be 
seen in the graph where the soft segments have lower transition temperatures than 
the hard segments. The achieved crystallinity together with the HS of the co-
polymer could have given the material some stiffness but only one coil was pro-
duced out of twelve attempts. The fibres were too weak to coil and the shear forces 
created by twisting were too large and the material would easily break, making it 
non suitable as a precursor material for coiled polymer muscles. Sometimes it also 
kept elongating in the twisting devise due to the flow deformation behaviour of the 
fibre that keeps elongating and thinning out until it breaks. The diameter of Teco-
flex (figure 13) after melt spinning did not vary so much but after cold drawing it 
had the largest variation of diameters out of all cold drawn fibres which also affects 
the coiling process since it would create irregularities along the fibre length. 

5.1.2 SOLEF 1006 AND 1008 VS. SPIDER WIRE 
When comparing the Spider wire fishing line with the melt spun PVDF fibres pro-
cessed in this study it showed first of all a very homogenous fibre diameter seen by 
the results of the measured diameters in figure 13. Second of all the fibre had a 
very transparent look compared to the Solef fibres (figure 30) which all showed a 
more opaque colour. The opaque colour can occur because of the higher degree of 
crystallinity but also because of the micro-voids occurring in the fibres due to high 
drawing stresses (Kang, Kim et al. 2010). The SEM figures (figure 27 and 28) 
show that there are distinctive cracks in the coils of Solef 1006/1.33, which might 
occur because of the microvoids. It is explained in the literature that these mi-
crovoids might increase the materials brittleness and more easily lead to breakage 
(Leaver and Cunningham 1987). This is not a wanted feature when fibres need to 
withstand twisting and coiling and the amount of microvoids could probably be 
decreased by changing parameters of the cold drawing process where the fibre is 
exposed to less drawing stress such as drawing in multiple steps at high tempera-
tures (Agrawal 2011) (Ohira, Munakata et al. 2000).  

The Spider wire came with no known processing parameters or material specifica-
tions more than it was fluorocarbon based. The FTIR results (figure 14) show that 
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the fishing line is most likely made from PVDF and cold drawn since it shows 
almost identical β-phase conformations at the same wavenumbers as the cold 
drawn Solef 1008/1.33. The as-spun fibre only shows α-phase conformations, 
which are non-visual in either Spider wire or the cold drawn fibre. Fishing lines are 
produced under very controlled processing as described in the literature review 
where a patent by Ohira, Munakata et al. (2000) tells how the material is first 
blended with plasticisers creating more amorphous material. Then in the processing 
it is quickly quenched in water creating a more uniform fibre with a lot of amor-
phous content. When being exposed to cold drawing in steps in a glycerine bath at 
high temperatures close to its melting temperature it creates a high degree of orien-
tation under very controlled circumstances. When comparing the amount of crys-
tallinity from the DSC results (figure 15) the Spider wire shows the lowest amount 
of crystallinity out of all the cold drawn fibres which is probably due to the previ-
ously discussed processing settings. The results from the contraction characteristics 
(figure 26) shows that the fishing line contracts in a similar way as the other fibres 
not with any extreme values of high or low contraction.    

From the stress strain results (figure 20) the fishing line shows the lowest young’s 
modulus of all cold drawn fibres, which goes hand in hand with the lowest amount 
of crystallinity from the DSC test and the larger diameter of the fibre. Although 
when performing the stress-strain test the Spider wire was the fibre with the highest 
tenacity. Since the PVDF fibres in this study all showed a higher young’s modulus 
than the Spider wire there is an indication that the precursor fibres do not need such 
stiffness and such high amount of crystallinity as in the fibres of Solef 1006 and 
1008, it might even make it less processable as coiled polymer muscles.  

5.1.3 RELAXATION PROCESS 
The reversible relaxation process observed around 50-60°C, in the DSC-
thermograms (figure 17 and 18) of all PVDF samples is consistent with the α re-
laxation as described in the literature (Gedde 1999, Steinmann, Walter et al. 2011). 
It also matches the temperature where thermal actuation increases around 50-60°C 
as can be seen in figures 22 and 23. It seems thus that the alpha-relaxation of crys-
tallites aids in actuation, which in turn may explain the relatively good properties 
of PVDF as actuator material, as previously shown by Haines, Lima et al. (2014). 
It is discussable if what is written in theory by Steinmann, Walter et al. (2011) 
where they state that the relaxation process occurring at 50-60°C in PVDF only is 
due to the softening of α-phase crystallites, since in the DSC scans (figure 17 and 
18) obtained in this research shows that the softening also occurs in fibres which 
has been cold drawn. According to the FTIR graph (figure 14) the cold drawn fi-
bres does not contain any α-phase crystallites, only β-phase crystallites. 

5.1.4 ELECTRO THERMAL ACTUATION 
When it comes to electro thermal heating as an actuation effect, it is of preference 
to use a highly oriented semi-crystalline polymers over branched amorphous poly-
mers since it has a better thermal conductivity and would transfer the heat better 
through the fibre (Kurabayashi 2001, Gilmore 2014) and at a higher speed and 
therefore create a faster actuation cycle. Also thinner fibres are more preferable 
since they are quicker to both heat up and cool down. The actuation material would 
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then need to be either blended or coated with a conductive material or lay close to a 
conductive surface in a textile structure. 

5.2 DISCUSSION MOLECULAR WEIGHT AND ORIENTATION 
5.2.1 FIBRE PROCESSING 
The two PVDF materials Solef 1006 and Solef 1008 were compared by different 
means. The results from the fibre spinning (figure 13) showed fibres with varying 
diameters where the larger diameters came from the fibres of the higher MW (Solef 
1008). The higher processing temperature (which was needed) of Solef 1008 could 
affect the amount of entanglements in the melt, which questions whether or not 
Solef 1006 achieved a higher degree of oriented chains than Solef 1008 as as-spun 
fibres. Although between the fibres with the same MW the fibres processed at low-
er flow rates are most likely to have obtained a higher degree of orientation that the 
fibres processed at the highest flow rate since they achieved a higher MDR (Table 
3). When exposing the fibres to cold drawing larger draw ratios were obtained in 
two out of three fibres of Solef 1006 with a lower MW, leaving them with a higher 
degree of orientation according to theory. The result from the cold drawing indi-
cates that there are more entanglements due to the longer molecular chains in the 
material of a higher MW due to its lower draw ratios (in 2 out of 3 fibres) com-
pared to the material of lower MW. The results from the DSC thermograms (figure 
15) indicates that there is a bit more crystalline content in the material with the 
lowest MW after melt spinning which is not as distinct after cold drawing but more 
so after coiling. This leaves Solef 1008 with a bit more amorphous content. This 
theory is supported by the results from the stress strain tests where Solef 1006 
showed a higher young’s modulus in almost all cases, hence the more crystalline 
content the stiffer the fibre.  

5.2.2 COILING 
The coiling of the two materials showed a similar path with the thickest fibres be-
ing easier to coil than the thinner fibres. It could be the diameter affecting the more 
stable results of Solef 1008 but also the higher degree of crystallinity in Solef 1006, 
which might make the fibre more stiff and create more breakage when coiling. 
Also the microvoids possibly obtained in the cold drawing could have lead to the 
cracks seen in figure 28 and 29, which in turn creates more brittleness when ex-
posed to coiling. The coil of Solef 1008/1.0 (figure 29) showed no cracks and a 
more stable coiling process. The coil index (table 8) followed the same path for 
both materials as well with the largest numbers of the thinnest fibres (1006/0.5 and 
1008/0.5) explained by the more contraction of the thinner fibres when exposed to 
untwist. The stress-strain graph showing three coils (figure 21) shows that the coil 
made from the fibre with the highest total draw ratio (1006/0.5) is stronger than the 
other two coils with lower draw ratios. 

5.2.3 ACTUATION 
The stress-strain graphs (figure 19 and 20) showed that Solef 1006 has higher 
young’s modulus in all fibre sizes compared to its equivalent fibres of Solef 1008. 
This is probably explained by the amount of crystallinity and the higher draw ratios 
of the fibre creating a more stiff fibre. The LVR area gave a maximum load of 
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around 0.05N for the fibres of the largest diameters. When performing actuation 
tests it showed difficulties to stay below that number in actuation load since the 
fibre would contract but not expand back again when cooled. A higher load was 
needed to pull the chains apart upon cooling of the straight fibres. When looking at 
the results from the actuation of the coils (figure 24 and 25) the load is only set to 
0.03N and was the lowest load found which created separation of the coils. At 
higher loads the coils only expanded when heated. The result showed that the coils 
from Solef 1006 gave very uneven results and the coils from Solef 1008 would 
only expand. The results from the actuation test showed that when exceeding 60°C 
the straight fibres would contract to such an extent that when cooling a large hyste-
resis in strain would show (figure 22). Even when ramping with different rates 
(figure 23) the fibres would respond differently due to the time that the molecular 
chains have to reorganize to achieve a higher entropic state. The best curve with 
the least hysteresis in tensile actuation showed when ramping with a rate of 
15°C/min and cooling with a rate of 10°C/min. For the application area chosen 
such slow ramping and cooling rates are not beneficial since one would wish to 
move finger with a faster speed. Although the machine could not heat or cool much 
faster leaving the cycle rate in need of further research. In general there is an indi-
cation from the actuation graphs that the largest difference in strain when ramping 
the temperature occurs at first around 50-60°C. It was easier to achieve actuation 
curves contracting and expanding around these temperatures as well. The actuation 
curves did not give much valuable data, which led to a simplification of the test 
where only thermal contraction was studied. 

5.2.4 CONTRACTION CHARACTERISTICS 
When observing the contraction characteristics a general idea is that the more con-
traction the better the actuation of the muscle since a larger contraction would cre-
ate a larger increase in width of the fibre which in turns creates a larger torque and 
a more displacement of the coiled polymer muscle. A trend is observed in figure 26 
where Solef 1008 contracts more than Solef 1006 under both loads. This can be 
explained by the slightly larger amount of oriented amorphous material in Solef 
1008 compared to Solef 1006, which might lead to more contraction. Out of the 
fibres of Solef 1008 the thinnest and most oriented fibre (according to theory) is 
the one contracting the most probably due to the combination of more amorphous 
content compared to Solef 1006 and the more oriented chains compared to the oth-
er fibres of Solef 1008.  The results varied greatly and it is difficult to say that the 
result is nothing more than an indication. This test needs to be further analysed 
using larger sample groups and a larger variation of loads.  

5.3 DISCUSSION ENVIRONMENTAL ASPECTS ON THE THESIS. 
Changing heavier and more rigid parts of a robotic system to lightweight and more 
flexible materials has an impact on both the environment and its social surround-
ings. By using polymeric material instead of metals or carbon nanotube materials 
energy consumption and cost will go down and a more reliable product will be 
achieved (Asaka and Okuzaki 2014). The electro thermal actuation is also to prefer 
since it generates actuation at quite low voltage and leads to low energy consump-
tions (Krecinic, Duc et al. 2008).  
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6. CONCLUSIONS 
A conclusion can be drawn that the SMP of thermoplastic PU in this study does not 
function as a precursor material for coiled artificial muscles since it was not stiff 
enough for the coiling process. More crystallinity than what was obtained in the 
spinning process is needed in the fibres to be able to withstand shear forces caused 
by twisting and to not keep on elongating after cold drawing.  

The study shows that by changing the flow rate in the spinning process a difference 
in tensile properties of the coiled muscles can be observed; the lower the flow rate, 
the higher orientation of the molecules after cold drawing, which leads to a more 
stiff fibre. It was also shown that the lower flow rates gave larger contractions and 
therefore thought to give a larger actuation effect compared to the fibres processed 
at the highest flow rate. 

The PVDF materials used in this study were of different MW (176×103 g/mol and 
244×103 g/mol). Even though the results showed large variations this study indi-
cates that it would be of benefit to use the material of a higher MW, which has a 
slightly higher amorphous content than the material of a lower MW. It contracts 
more when thermally actuated, has a less rigid structure with fewer breakage dur-
ing coiling and seems to contain less unwanted microvoids.  

The α relaxation in PVDF came as an additional finding to this study and is of 
great interest for the application area chosen since it could increase the actuation 
effect around temperatures below 60°C, although more research is needed to con-
firm this.  

A final conclusion is that the fibre spinning equipment used in this study was not 
suited for producing textile actuator fibres, adjustments needs to be made, such as 
in the production of fishing lines, to create fibres of a more uniform fibre diameter 
containing high molecular chain orientation. 

7. FUTURE RESEARCH 
This area is relatively new, which creates a lot of opportunities for future research. 
Some ideas are presented here:  

• The interesting α relaxation discovered in the PVDF materials in this study is 
of great interest for the application area of soft robots and exo-skeletons and 
would need more research, to study in which crystalline phase (α, β, δ and γ) 
the α relaxation occurs and if it could be optimized to meet the actuation effect 
wanted.  

 
• Since the fibre processing in this study proved non-functional for creating 

uniform precursor fibres for coiled polymer muscles a more controlled fibre 
spinning process would be of interest such as the process for production of 
fishing lines. To be able to find a stable processing method creating uniform 
fibres would open up to abilities of melt spinning more PVDF materials and 
test the degree of crystallinity and the actuation effect. 



 

 43 

 
• The cooling of the muscles is still not explored to such an extent. More re-

search needs to be put into finding better cooling solutions than only sur-
rounding air, which creates a relatively slow actuation cycle.  
 

• Further research in how to control the actuation cycle when heating is also of 
interest, to measure how much heat that is needed to perform a certain amount 
of displacement of the actuators. This includes studying thermal conductivity 
of the precursor materials and to see how various fibres, fibre orientation, fi-
bre size and amount of crystalline and amorphous content affects the thermal 
conductivity and the rate of the actuation cycle. 
 

• It is of great interest to also study more about the thermal expansion of semi 
crystalline fibres, to see how much an expansion in the axial direction, and 
contraction in the direction of draw is due to the amorphous or the crystalline 
content of the polymer and how it is influenced by the amount of oriented 
chains. 
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Appendix 1 

Technical data for Fourné Polymertechnik KS25 laboratory piston spinning system 

• Batch operation 
• Volume: 10-135 cm3 
• Tmax = 350°C 
• Spinnerets (l/d = 2) 

- Monofilament, ∅ = 1 mm 
- 25 filaments, ∅ = 0.25 mm 
- 30 filaments, ∅ = 0.3 mm 

• Throughput: 0.2-1.33 cm3/min 
• Titer range: 88-880 dtex 
• Quench air duct (l = 1000 mm) with spin finish application 
• Tempered coagulation bath 
• Two Godets, 

- Speed of Godet 1: 3-28 m/min 
- Speed of Godet 2: 7-70 m/min 

• Bobbin winder 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 50 

Appendix 2 

What should be taken into account when performing these tests is that the machine 
never ramped up to the maximum temperature when using ramping rates of 15 or 
10°C/min. So if a temperature of 60°C is needed then a maximum temperature of 
75°C would preferably be set. 

Name of test Material Equilibration 
temp (°C) 

Ramp 
rate 
(heating) 
(°C/min) 

Maximum 
temp (°C) 

Ramp 
rate 
(cooling) 
(°C/min) 

Load 
(N) 

Amount 
of 
cycles 

Maximum 
temperature 
 

Solef 
1006/1.33 

30 15 45 10 0.1 1 

 Solef 
1006/1.33 

30 15 60 10 0.1 1 

 Solef 
1006/1.33 

30 15 75 10 0.1 1 

Actuation 
load 

Solef 
1008/1.33 

30 15 60 10 0.09 1 

 Solef 
1008/1.33 

30 15 60 10 0.1 1 

 Solef 
1008/1.33 

30 15 60 10 0.11 1 

Ramp rate  
 

Solef 
1006/1.33 

30 15 60 15 0.1 1 

 Solef 
1006/1.33 

30 10 60 10 0.1 1 

 Solef 
1006/1.33 

30 15 60 10 0.1 1 

Materials 
 

Solef 
1006/1.33 

30 15 60 15 0.1 1 

 Solef 
1008/1.33 

30 15 60 15 0.1 1 

 Solef 
1006/1.0 
coils 

30 15 60 10 0.03 1 

 Solef 
1008/1.0 
coils 

30 15 60 10 0.03 1 

 Solef 
1008/1.33 

30 15 60 10 0.09 1 

 Solef 
1008/1.0 

30 15 60 10 0.09 1 

 Solef 
1008/0.5 

30 15 60 10 0.09 1 

Actuation 
cycles 

Solef 
1008/1.33 

30 15 60 10 0.1 3 

 Solef 
1006/1.33 

30 15 60 10 0.1 2 
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Appendix 3 

Additional graphs to the results from the actuation test are displayed below. Figure 
31 shows the same ramp rate, maximum temperature and actuation load for two 
PVDF materials of different molecular weight processed at the same flow rate. The 
material of a higher molecular weight contracts more than the material of a lower 
MW when exposed to a load of 0.1N.  

Figure 32 shows three different fibres with the same MW processed with different 
flow rates when actuated with the same actuation load of 0.09N, the same ramp 
rate and maximum temperature. The two thickest fibres (1008/1.33 and 1008/1.0) 
contracts whilst the thinnest fibre (1008/0.5) expands. 

Figure 33 shows multiple actuation cycles of the two materials of different MW. 
Solef 1006 is exposed to two actuation cycles showing less hysteresis in strain than 
Solef 1008 when exposed to three actuation cycles. The tests were run with the 
same settings in actuation load, ramp rate and maximum temperature. 

 
Figure 31 showing two the same settings for each material where the one with the 
higher molecular weight contracts the most when exposed to a load of 0.1N, the 
same ramp rate and the same maximum temperature. 

Solef 1008/1.33 
Solef 1006/1.33 



 

 52 

 

Figure 32. Shows the three different fibres of Solef 1008 (0.5, 1.0 and 1.33) with 
the same ramp rate, maximum temperature and load. The two thickest fibres gave 
the best actuation curves whilst the thinnest fibre only expanded when exposed to a 
load of 0.09N. 

 

 

Figure 33 shows two materials performing multiple actuation cycles when exposed 
to the same load of 0.1N, the same ramp rate and the same maximum temperature.  

 

 Solef 1008/0.5 
Solef 1008/1.0 
Solef 1008/1.33 


