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Abstract
Ultra-high molecular weight polyethylene (UHMWPE) is known as a lightweight material and
shows exceptional mechanical properties upon drawing, resulting for instance in the
production of high-performance fibers. One of the downsides of UHMWPE is its static behavior
thereby limiting its application range.
During this research project, UHMWPE films were developed which showed photoresponsiveness when being irradiated with light. To induce a photo-response, azobenzene
molecules were chosen as light-absorbing molecules and blended inside the polymer matrix.
Optical characterization of drawn photoswitch incorporated UHMWPE films showed a
preferred orientation of the polymer chains and azobenzenes along the drawing direction. The
orientation was improved further by increasing the draw ratio.
The photomechanical properties of the films were investigated in depth. Upon light exposure,
a fast (< 2 sec) and reversible photo-induced stress (up to 7 MPa) was obtained for these
azobenzene incorporated polyethylene films. It was shown that increasing the concentration
of the photoswitch and the draw ratio resulted in an increase of the photo-induced stress (1 7 MPa).
The absorption efficiency of the developed films was low because thin films (6-12 µm) were
produced. Transmittance values up to 80 % were measured, indicating that the thickness
and/or photoswitch concentration should be increased in order to improve the absorbance.
Despite the low absorption efficiency, high photo-induced stress values were achieved when
comparing the values to photo-induced stresses generated by liquid crystal (LC) materials.
Thermal analysis showed that the temperature inside the films increased during illumination
and that the photo-response is predominantly manifested because of a photothermal effect.
Further studies, using different photo-absorbing molecules, are however necessary to fully
understand the mechanism behind the photo-response of these materials.
Although the photo-induced stress of the developed UHMWPE films is high, the
photomechanical work (0.4 kJ/m3) of these films is rather low when being compared to other
photo-responsive materials. The large difference is mainly due to the high stiffness of the
UHMWPE films. Increasing the absorption efficiency can result in an improvement of the
photomechanical work.
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Introduction

Polyethylene (PE) is nowadays the most common plastic because it can be used in numerous
applications. The global production of PE in 2018 is estimated to be around 99.6 million tons.[1]
Changing the chain length and entanglement density of the polymer chains has led to the
development of several types of PE characterized by their differences in mechanical
properties. Ultra-high molecular weight polyethylene (UHMWPE) is the strongest type of PE
currently known and can be produced as high-performance fibers. These fibers can be
incorporated in many applications to enhance the mechanical properties of the original
material.
Researchers are still focussing on creating new applications where UHMWPE can be used
thereby looking at the possibility to convert these static materials into functional materials
which respond to external stimuli. Development of photo-responsive UHMWPE can result in
a change in mechanical properties when being exposed to light. A photo-absorbing molecule,
during this project a photoswitch is used, must be incorporated inside the UHMWPE material
to induce a photo-response.
The choice of the photoswitch (azobenzene, spiropyran, diarlyethene, etc.) depends on the
desirable photo-response (deformation, colour change, etc.) of the final device.[2] Spiropyrans
for instance can function as a photoactive sensor inside polymer materials because it
undergoes a color change upon exerting a stress on the material.[3] During this project, we
have developed drawn UHMWPE films which showed photo-responsiveness by incorporating
azobenzene molecules inside the polymer matrix.

1.1 Approach
The goal of this research project was to create drawn UHMWPE films which showed photoresponsiveness when they were irradiated with light. In order to develop such films, a photoabsorbing molecule had to be incorporated inside the polymer matrix. During this project, an
azobenzene derivative was used as the photo-absorbing molecule.
To establish good compatibility between the polymer matrix and the photoswitch, long alkyl
chains were attached to the azobenzene core. After obtaining UHMWPE sheets with a uniform
distribution of the photoswitch, films were drawn and studied. The photo-response of the
films was studied by analyzing the photomechanical stress. The photomechanical work
performed by these materials was calculated based on the photomechanical properties. To
optimize the photomechanical work, the photoswitch concentration and the draw ratio of the
films were increased.
1
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Theoretical Background

2.1 Polyethylene
2.1.1 Chemical structure
Polyethylene (PE) is a thermoplastic polymer containing covalently linked carbon atoms as its
backbone. Because the polymer consists only out of carbon and hydrogen atoms, the material
is non-polar and insensitive to hydrolysis. These properties induce advantages like good
chemical resistance and poor bonding to resins etc. Varying the chain architecture and
molecular weight (Figure 2.1) has led to the development of different types of PE structures.
These different types have other mechanical properties meaning that they are all used for
specific applications.[4,5]
b)

a)

c)

Figure 2.1: Most common polyethylene structures used in industries: a) LLDPE, b) LDPE, c) HDPE .

Linear-low density polyethylene (LLDPE) and low density polyethylene (LDPE) are
characterized by their low density (0.91 – 0.94 g/cm3) and low molecular weight (Mw < 50,000
g/mol). LLDPE is a linear polymer with a significant number of short branches while LDPE
contains long branched structures. These types of PE are predominantly used in applications
where the materials are not exposed to high loads such as plastic bags and food wrap films.[6,7]
High-density polyethylene (HDPE) has a lower degree of branching than LDPE and can, for
example, be used as high moisture barrier liners for dry food packaging and injection molded
containers.[6,7]
Ultra-high molecular weight polyethylene (UHMWPE) consists of very long polymer chains
having a high molecular weight (>3 x 106 g/mol). UHMWPE can achieve superior mechanical
properties when the PE chains are aligned in one direction. UHMWPE is a specialty polymer
that can be used in applications where the material must withstand high loads (fishing line,
body armor, cut-resistant gloves,…).[6] This work focusses on the use of UHMWPE because of
its excellent mechanical properties and low density (ρ = 0.97 g/cm3).
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2.1.2 Ultra-High Molecular Weight Polyethylene
For applications where the material is exposed to high loads, UHMWPE is used instead of
HDPE. To withstand these high loads, long polymer chains are needed because the weak (Van
der Waals) intermolecular forces between the chains don’t give much impact resistance to the
material. As already mentioned earlier, drawing of UHMWPE results in excellent mechanical
properties (Table 2.1) due to its high molecular weight and low degree of branching.

Material
Steel
PAN carbon fiber
S-Glass
Aramid
UHMWPE

Tensile
strength (GPa)
2
4.9 – 6.4
4.5
3 – 3.4
2.5 – 3.7

Tensile Modulus
(GPa)
200
230 – 294
80
70 – 185
70 – 133

Density
(g/cm3)
7.75
1.7 – 1.8
2.5
1.44
0.97

Table 2.1: Mechanical properties of some synthetic high-performance fibers.[8]

Table 2.1 illustrates that UHMWPE fibers have comparable tensile strength and modulus when
being compared to other high-performance fibers. The density of UHMWPE is however much
lower as is shown in the column on the right. Comparing the specific tensile strength (σ/ρ) and
modulus (E/ρ) of different materials is, however, more convenient in terms of energy
efficiency (Figure 2.2). Formula one cars, for instance, use all sorts of high-performance
materials to reduce their weight in order to decrease their fuel consumption.
Figure 2.2 shows that the specific strength and modulus of steel is much lower than that of a
UHMWPE fiber because the density of steel is much higher.

Figure 2.2: Overview of some materials which can be used in industry as a replacement for steel due to
their superior mechanical properties.[8]
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The Young’s modulus (E) is an indicator for the stiffness of the material because it represents
the linear relationship between the applied stress (σ) and resulting strain (ε) before inelastic
behavior (2.1.1). High strength and high Young’s modulus materials, like for instance drawn
UHMWPE fibers, are therefore very stiff.
𝜎 = 𝐸𝜀

(2.1.1)

Studies have shown that there is a linear correlation between the Young’s modulus and the
draw ratio (λ). Figure 2.3 evinces that the mechanical properties of UHMWPE can be enhanced
by increasing the draw ratio of UHMWPE.[11]

Figure 2.3: Relationship between the Young’s modulus and the draw ratio of a polyethylene filament. [11]

The draw ratio represents how many times the material has been stretched. It is the ratio of
the length of the drawn material to the initial length. An increase of the draw ratio leads to an
improved orientation of the macromolecular chains and results in a material with anisotropic
properties. The mechanical properties increase along the drawing direction while the
properties perpendicular to the drawing direction decrease.[12,13]
PE is a flexible polymer meaning that the polymer chains tend to fold during crystallization and
solidification from the melt and solutions. These folded structures must be converted into
chain-extended polymer chains to increase the stiffness and strength of the material.[14]
High-performance PE fibers can be produced by a process called solution (gel) spinning (Figure
2.4) to achieve high strength and high Young’s modulus UHMWPE fibers. During this process,
PE is first dissolved in a solvent to make sure that the long polymer chains are disentangled.
The disentangled structure was preserved during crystallization, leading to the production of
a gel. The disentangled chains are unravelled by a subsequent drawing process just below the
melting point of the material resulting in high-performance fibers.[14]
4

Figure 2.4: Schematic representation of the production of UHMWPE fibers by solution (gel) spinning. [14]

In laboratories, oriented UHMWPE films are mostly produced by drawing of a sheet which was
prepared via gel-casting. The sheet consists of crystalline and amorphous regions. The lamellar
crystals are preferentially aligned with the chain axis perpendicular to the surface of the sheet.
Drawing of the sheet at a temperature just below the melting point of UHMWPE results in the
unwinding of the lamellae and will lead eventually to the formation of microfibrils which are
oriented along the drawing direction. This drawing step results in crystalline films consisting
of highly oriented PE chains.[15]
One of the major disadvantages of UHMWPE is its thermal stability since UHMWPE is a
polymer material with a relatively low melting temperature. The melting point of undrawn
UHMWPE is around 130°C depending on the crystal morphologies and molecular weight.
Because of this low thermal stability, UHMWPE can’t be used at temperatures close to or
above its melting point, therefore restricting its application window.[4,16]
Another disadvantage is the pronounced time dependence of the mechanical properties of
drawn UHMWPE films and fibers. PE is a viscoelastic polymer, therefore, showing timedependent behavior. It behaves as an elastic material under short loading time, but shows
creep and stress relaxation under long-term loading time. The creep and stress relaxation
behavior can be explained from a molecular point of view. The time-dependent response is
manifested due to slippage of the polymer chains which is caused by their weak intermolecular
interactions.[16-18]
UHMWPE fibers can be used to create cut-resistant gloves. The fibers are suitable for this
application due to their limited compression strength and low friction coefficient which makes
the fibers slippery. While being stretched, extreme curvature occurs at the deformation zone
because the filaments move in the transverse direction and spread out over the cutting edge
rather than being cut (Figure 2.5).[4]
5

Figure 2.5: SEM image of a UHMWPE filament stretched over the sharp side of a razor blade. [4]

UHMWPE fibers are also of major interest in the use of high impact resistant composite
materials like for instance ballistic protective materials. Armors based on UHMWPE fibers are
not only more flexible than an aramid based armor but weighs also 30 to 50% less for the same
performance conditions.[19,20] The applications mentioned above are just a few examples
where UHMWPE is used as the main material in its fibrillary form.
UHMWPE can also be used in a non-fibrous form, for instance in arthroplasty as total joint
replacements. These impact resistant objects can easily be prepared because UHMWPE can
be shaped in all sorts of structures by heating the material above its melting point.[21,22] It can
also be incorporated in composite materials to enhance the mechanical properties of the
original material and to reduce the weight of the structure.

2.2 Azobenzene photoswitches
There have been a lot of studies on light-driven polymer actuators which were based on
azobenzenes acting as photoreversible molecules. This photo-reversibility stems from the fact
that azobenzene can be present in two different geometrical conformations (cis and trans
state) when being irradiated with light (Scheme 2.1).
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hν
hν’, T

Scheme 2.1: Isomerization of the azobenzene core under the influence of heat and light.

The trans isomer can be converted into the cis isomer (and vice versa) by photo-isomerization.
Cis to trans isomerization can additionally occur via thermal relaxation since the trans isomer
is more stable than the cis isomer. Both the excitation energy of the light (thus the wavelength)
and the thermal relaxation time are important parameters regarding future applications based
on azobenzene structures. These parameters can be changed by substitution of the
azobenzene structure.[23]

2.2.1 Substituted azobenzenes
Most of the reported polymer actuators based on the use of azobenzene derivatives, acting as
a photoswitch, need ultraviolet or blue light to perform actuation. In the ideal case, the
oscillation of photo-actuators is driven by sunlight because ultraviolet-driven actuators limit
the lifetime of the potential device due to degradation of the environment and the
photoswitch itself.[24] Introducing substituents will modify the photophysical and
photochemical properties of the photoswitches.[23,25]

Absorption shift
Substitution of azobenzene structures leads to a shift in the absorption spectrum. Due to this
absorption shift, photo-isomerization occurs at different wavelengths.
The effect of introducing fluorine substituents on azobenzenes (Scheme 2.2) has been studied
by Kumar et al. by incorporating them inside a liquid crystal network (LCN).[24] It was shown
that the use of ortho-fluoroazobenzene as a photoswitch induces photo-actuation in the
visible light while a non-fluorinated azobenzene photoswitch could not induce oscillation in
the visible light region. This study points out the importance of introducing fluorine atoms on
the azobenzene core in order to switch the absorption spectrum to the visible light region.

Scheme 2.2: Chemical structure of the ortho-fluoroazobenzene derivative reported by Kumar et al.[24]
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The example described above shows that introducing substituents on an azobenzene unit can
result in a significant shift of the absorption spectrum.[25-27] Photo-isomerization is induced by
the excitation of electrons from the n and the π orbital to the π* orbital as is shown in Figure
2.6. The energy of the incoming light should be equal to the energy difference between the
orbitals in order to promote excitation of electrons.
In case of the fluorinated azobenzenes, the fluorine atoms are causing a shift of the molecular
orbital energy levels (Figure 2.6) when they are placed in the ortho position with respect to
the N=N bond. This shift results in a lower excitation energy and therefore excitation is
promoted at longer wavelengths.

trans-azobenzene

cis-azobenzene

trans-ortho-fluoroazobenzene

cis-ortho-fluoroazobenzene

Figure 2.6: Representation of the molecular orbitals and corresponding energy levels leading to photoisomerization of ortho-fluoroazobenzene (bottom) and azobenzene (top).[26]

Thermal relaxation time
Not only the absorption characteristics are influenced by substitution of the azobenzene
building block. The thermal relaxation time of the cis -> trans isomerization is affected as well.
The cis form of the ortho-fluoroazobenzene (Scheme 2.2) shows a half-life of 2 years (DMSO,
25°C).[27] Both substitutions in the ortho and para position influence the thermal half-lives (and
absorption spectra) of azobenzene derivatives (Table 2.2).
Compound
Azobenzene

τ1/2 (h)
4

ortho-fluoroazobenzene
ortho-fluoroazobenzenediester

92
15

Table 2.2: Experimental half-lives (τ1/2) of several azobenzene derivatives measured in acetonitrile at
60 °C. τ1/2 represents the time necessary to isomerize 50 % of the molecules from the cis to the trans
state.[27]
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Table 2.2 and 2.3 clearly show that the substituent type has a large influence on the relaxation
time.[28] The values in Table 2.3 indicate that the presence of one hydroxyl group in the ortho
position with respect to the azobenzene unit results in a very short relaxation time of the cis
isomer.

Scheme 2.3: Molecular structure of the substituted azobenzene derivatives represented in Table 2.3.

Substitution
R1, R2, R3 = -OCH3
R1 = -H, R2, R3 = -OH
R1, R2, R3 = -OH

τ
19 h
2.0 x 106 ms
33 ms

Table 2.3: Relaxation times (τ) of the substituted azobenzene core shown in Scheme 2.2 (Toluene,
25°C).[28]

During this project, we focus on the ortho-hydroxyazobenzene derivative OH-Azo-C12, shown
in Scheme 2.4, as the photo-absorbing molecule.[29]

Scheme 2.4: Chemical structure of the photoswitch OH-Azo-C12.[29]

The main reason why we use an ortho-hydroxyazobenzene derivative is because of its short
thermal relaxation time caused by a large difference in stability between the cis and trans
isomer. The higher stability of the trans form is caused by an intramolecular hydrogen bond
which is only present for the trans state thereby providing additional stabilization of the trans
isomer.
Because of the short relaxation time of ortho-hydroxyazobenzene derivatives, it is impossible
to obtain a quantitative absorption spectrum for the cis isomers of these dyes while using
conventional spectroscopic techniques. This means that back-isomerization happens so fast
that all photoswitches return almost directly to the trans state.[30]
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2.3 Photo-responsive polymer materials
2.3.1 Photo-actuation in LC materials
Many research projects have been investigating the photo-actuating behavior of LCNs. The
photo-induced deformation of the LCNs depends on the orientation of the director (Figure
2.7).[31,32]

Figure 2.7: Macroscopic deformation (bottom) due to the isomerization of the photoswitch (top). The
chromophore orientation results in contraction in the alignment direction and expansion in the
perpendicular direction.[31]

Illuminating the LCN with light of the proper wavelength causes trans -> cis photoisomerization of the azobenzene structures which induces bending of the rod-like azobenzene
molecules. This bending behavior results in an order decrease which is macroscopically visible
as a structural deformation.[31,33]
The deformation of the film can be reversed by thermal relaxation of the molecules or by
irradiating the sample with another light source. These stimuli induce cis -> trans photoisomerization of the photoswitches and lead to the recovery of the initial structure.
As mentioned before we use ortho-hydroxyazobenzene derivatives because of their short
relaxation time. This means that there is no need of using a light source to induce photoisomerization in order to return to the original state of the material. The material should
recover its original state as soon as the light source which induces trans -> cis isomerization is
removed.[28,34] Gelebart et. al. developed fast and reversible photo-actuating LCNs by using
azobenzene structures which have a short relaxation time. They observed that using intense
light led to a significant temperature increase inside the material, therefore resulting in an
even shorter relaxation time of the photoswitch.[34] This heating effect upon irradiation shows
10

that not only photochemical but also photothermal effects are of great importance to
understand the origin of the photo-response caused by these materials.[35]

2.3.2 Photo-responsive polyethylene-incorporated systems
In the last paragraph of this chapter, some research projects are highlighted which combine
photoswitches and PE together to develop photo-responsive systems.
Ryabchun et al. developed photo-actuators based on stretched porous PE and an azobenzenecontaining LC polymer network. The stretched porous structure of the PE film functions as a
director for the photoactive molecules. Introducing the LC materials into the porous films
results in a uniaxial orientation of the azobenzene structures after drying. The orientation of
the molecules is along the stretching direction of the PE films. Thermo-polymerization was
carried out to create a network out of the monomeric LC mixture. A fully reversible and
repeatable bending-unbending process was observed by using a UV (364 nm) light source
(Figure 2.8). The bending direction was towards the light source because of the uniaxial
orientation of the azobenzene molecules and the presence of a gradient of cis-isomer
concentration throughout the film thickness.[36]
Mesogen groups orientation direction

Bending direction

UV
Light

Temperature
or Vis-light

Scheme of cis/trans-isomerization of azobenzene groups

Rod-like
Bended
trans isomer cis isomer
Figure 2.8: Schematic representation of bending-unbending process of the composite material
described above.[36]

Liu et. al. investigated the photomechanical behavior of flexible LDPE substrates coated with
a layer of molecular azobenzene chromophores. Microgrooves were created on the surface of
the LDPE film in one direction to induce alignment of the photoswitches. The films were
immersed in an azobenzene solution and after evaporation of the solvent a bilayer film was
obtained, consisting out of aligned azobenzene crystals on top of an LDPE film.[37]
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Irradiation of these bilayer films with UV light resulted in a precise control during bending with
a recovery of the initial shape by thermal relaxation in the dark. The bilayer films showed a
photo-induced stress of 0.2 MPa upon irradiation with light (365 nm).[37]
Yamada et al. developed a light-driven plastic motor which converts light energy into
photomechanical work.[38] An azobenzene-containing liquid crystal elastomer (LCE) was
developed and laminated on top of a flexible PE sheet. Instead of the conventional photoactuator, a light-driven plastic motor was developed which exerts a rotational motion when
being irradiated with light. By illuminating the bilayer film with UV (366 nm) and visible light
(> 500 nm) at the same time, the photo-responsive bilayer films exerts contraction and
expansion forces respectively, thereby resulting in a rotational motion (Figure 2.9).[38]
a)

b)

Figure 2.9: a) Schematic representation of the light-driven plastic motor designed by Yamada et al. b)
Snapshots of the plastic motor taken at different moments to indicate the rotational motion (yellow
line).[38]

All the examples shown above, made use of azobenzene structures and PE films and showed
that combining these materials together can result in systems doing photomechanical work.
However, none of the above-explained systems used UHMWPE films in the photoactive
systems.
Bilayer films were developed wherein the azobenzene structures are located in one layer and
the PE is used as the other layer. In this project drawn photo-responsive UHMWPE monolayer
films were developed. The monolayers were created by incorporating the azobenzene
molecules into the PE matrix. After successfully developing these monolayer films, photomechanical studies were carried out to check if these films could exert significant photomechanical work upon light exposure.
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3

Experimental

3.1 Materials and methods
All chemicals and reagents were purchased from commercial sources and used without further
purification. The UHMWPE powder (Mw = 3.5 x 106 g/mol, Mn = 450 - 500 kg/mol) was supplied
by DSM.
UV-Vis absorption measurements were recorded by a Perkin-Elmer UV-Vis/NIR Spectrometer
Lambda 750 apparatus. Solutions of the photoswitch were measured by using a quartz cuvette
with a width of 1 cm. As a background, a chloroform solution was measured without dye
content. Drawn UHMWPE films were measured by pressing the film between two quartz
slides. To avoid surface scattering during the measurements, a drop of silicone oil was added
on top of the film. A single quartz slide was used as a reference.
Polarized optical microscopy images were obtained by using a Leica DM2700M optical
microscope with a polarizer and analyzer (POM) at an angle of 90°. The drawing direction of
the film was aligned with one of the polarizers. Wide- and small-angle X-ray scattering (WAXS,
SAXS) measurements were performed at the BM26B-DUBBLE beamline at the ESRF.[39,40]
The mechanical properties were measured at room temperature on a Zwick Z100 tensile
tester. At least three samples were measured for every test to check the reproducibility.
Differential Scanning Calorimetry (DSC) was carried out under nitrogen flow using a DSC Q1000
instrument. Three cycles of heating and cooling between a temperature range from 0 to 200°C
were applied. The polymer films were heated and cooled at a constant rate of 10°C/min while
the heating and cooling rate for the azobenzene sample was 5°C/min.
The photomechanical behavior of the samples was investigated by irradiation with a highintensity LED (Thorlabs M405L2-C2) having a wavelength of 405 nm. A LED driver (Thorlabs
DC4104) made it possible to regulate the energy of the focused light beam (500 mW cm-2).
IR images were taken with a Fluke Ti32 IR fusion technology camera to check the temperature
of the illuminated films.

3.2 Gel-casting
The UHMWPE films, containing a specific amount (0.5, 2.0 % w/w) of the photoswitch OH-AzoC12, were prepared via gel-casting.[11,31] In a conical flask, 200 ml xylene was added together
with 1.0 % w/w of UHMWPE (2.0 g) with respect to the mass of the xylene solution.
Next, the corresponding weight-by-weight percentage (% w/w) of OH-Azo-C12 was added with
respect to the mass of the UHMWPE. 0.5 % w/w anti-oxidant, with respect to the mass of
UHMWPE, was added to prevent oxidation of the sheets when being stored over a long period
of time. Pentaerythritol Tetrakis(3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate) was chosen
as the anti-oxidant for all the prepared sheets.
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After degassing the composition for 1h at room temperature, the conical flask was placed in
an oil bath having a temperature of 120 °C. The mixture was stirred until a viscous liquid was
obtained and poured into an aluminum tray. After the solution was cooled down and all the
xylene was evaporated, a gel-casted sheet was obtained. These gels were used as starting
materials for the drawn films studied in this project. Due to small dimension differences of the
aluminum trays, the thickness of the undrawn film varied. The average film thickness of the
prepared undrawn gel-casted sheets can be found in Table 3.1.

Photoswitch
concentration (% w/w)
0
0.5
2.0

Film thickness (µm)
160
170
155

Table 3.1: Average film thickness of the undrawn UHWMPE sheets.

3.3 Drawing of UHMWPE films
The films used in this project were created by drawing small pieces of a sheet prepared by gelcasting (section 3.2) until a draw ratio of 15, 30 or 45 was reached.[41,42]
Homogeneous pieces of the sheet were cut out and placed on a hot plate having a
temperature of 120 °C. This temperature was close to the melting temperature of UHMWPE
which allowed easy stretching and a good orientation of the films due to an improved mobility
of the molecular chains. The sample was clamped at both ends and drawn manually until the
desired draw ratio was reached. The draw ratio was determined by measuring the distance
between ink marks before and after drawing.

3.4 Photomechanical studies
The photo-responsiveness of the monolayer polymer films with and without the incorporated
photoswitch was studied by using a Zwick Z100 tensile tester. The length of the film was kept
constant (3 cm) however small changes in the film width and thickness occurred dependent
on the dimensions of the undrawn film. The undrawn films had small differences in mass and
dimensions, therefore, leading to a mismatch between the mass and film dimensions of the
films after drawing. The measured film dimensions and mass of the studied films were
reported in the appendix (section 9.3).
The Young’s modulus of the materials was tested with the tensile tester at room temperature
at a crosshead speed of 50 mm/min. To analyze the photo-mechanical behavior of the films,
the photo-induced mechanical properties were investigated. Films were cut with a length of 3
cm. After clamping the sample in the tensile tester, the film length between the clamps was
14

reduced to 2 cm. After clamping the ends of the films in the tensile tester, a pre-strain of 1.0
% and a pre-load of 0.3 N was applied. Keeping the strain of 1.0 % constant during the
measurement, induced stress relaxation of the UHMWPE films. The films were irradiated by
using a LED with a wavelength of 405 nm which was placed at a distance of 13 cm from the
sample. The lens was set on maximal focus to create an intense light bundle which irradiated
the whole film between the clamps. The same focus of the light beam was retained and the
distance from the sample to the LED was kept fixed during all the photomechanical
experiments. By holding the light focus and sample-to-LED distance fixed, the intensity of the
light was constant for all the tests (500 mW cm-2).

3.5 Bilayer film preparation
Photo-actuation was investigated by illumination of a bilayer film.[43] Two identical drawn films
(having the same draw ratio) were placed on top of each other in such a way that the angle
difference between the drawing direction of the films was 90°. The films were laminated
together using UV-curable glue (Norland UV Sealant 91). The glue was cured for 5 min and
resulted in a bilayer film as is shown in Scheme 3.1.
It should be noticed from Scheme 3.1 that the dimensions of the surface of the bottom
(yellow) layer (30 mm x 5 mm) are not the same as the dimensions of the top layer (5 mm x 5
mm).

UV Curing (5min)
UV curable glue

Scheme 3.1: Preparation method of the bilayer film. The parallel lines show the drawing direction of
the UHMWPE films.[43]
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4

Results and Discussion

4.1 Optical characterization
The optical properties of drawn UHMWPE films blended with OH-Azo-C12 (0.5 % w/w) have
been investigated by measuring the absorbance with a spectrophotometer. Figure 4.1 shows
the absorption spectrum of a solution of the photoswitch (OH-Azo-C12) in chloroform. The
peak maximum of the absorption spectrum is located at 390 nm.

Figure 4.1: Absorption spectrum of OH-Azo-C12 in chloroform ([OH-Azo-C12] = 4 x 10-5 M).

Based on this absorption spectrum we preferred to use an LED of 405 nm for all the further
studies since the absorbance (A) of the molecule is still high at this wavelength. Another
benefit of using this wavelength is the fact that it is located in the blue part of the visible
spectrum.
The molar attenuation coefficient (ε(405)) of the photoswitch was determined from the
concentration (c) of the photoswitch and the path length (l) of the light by using the LambertBeer law (4.1.1). The path length of the light is identical to the width of the cuvette (1 cm). The
molar attenuation coefficient of the ortho-hydroxyazobenzene OH-Azo-C12 was calculated at
405 nm ( ε(405) = 1.87 *109 m2/mol).
𝐴 = 𝜀(405) ∗ 𝑐 ∗ 𝑙

(4.1.1)

The absorption spectra of OH-Azo-C12 incorporated UHMWPE films are shown in Figure 4.2.
The measured films were drawn 15, 30 and 45 times at 120°C from an undrawn gel-casted
sheet.
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Figure 4.2: Absorption spectra of drawn UHMWPE films (0.5 % w/w OH-Azo-C12, Drawing temperature
= 120 °C). Draw ratio (λ): 15 (blue), 30 (red), 45 (green).

The difference in the absorption spectra of Figure 4.1 and 4.2 can be devoted to the change in
polarity or photoswitch aggregation. The environment around the azobenzene structures
changes from a solution to a gel, therefore, leading to different interactions between the
photoswitch and the environment.
In section 2.2 the statement was made that the relaxation time of ortho-hydroxyazobenzene
is very fast (millisecond range) when being compared to other azobenzene molecules. In order
to check the relaxation time of the photoswitch, OH-Azo-C12 should be converted from the
trans into the cis state. Photo-isomerization can be induced by irradiating the samples with a
light of an appropriate wavelength. To promote trans -> cis isomerization, the samples were
irradiated for 5 min with a 405 nm LED (Intensity = 500 mW cm-2). The samples were directly
measured after irradiation.
The relaxation time of the photoswitch was investigated for both the solution and a UHMWPE
film containing the photoswitch (2.0 % w/w, λ = 15) by promoting trans -> cis isomerization. A
population of cis isomers should cause a change in the absorption spectra. Both samples
showed however the same absorption spectra before and after irradiation with light, thereby
indicating that all the photoswitches were present in the trans state. One can assume that the
relaxation time of OH-Azo-C12 in solution is much faster than in the film. Inside the UHMWPE
film, the photoswitch will be trapped in the polymer matrix thereby limiting its rotational
freedom and thus increasing the time needed for back isomerization.[44]
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The dichroic behavior of OH-Azo-C12 was also studied since previous papers have shown that
the orientation of low molecular weight light-absorbing molecules in polymers can modify the
optical properties of the films.[41,45-47]
The absorbance of the films irradiated with polarized light was measured at different angles
in order to study the orientation of the photoswitches inside these films. Absorption spectra
(Figure 4.3) were taken with the polarization direction of the incident light parallel and
perpendicular to the drawing direction of the films.
Figure 4.3 shows that drawing of the film resulted in angular dependent absorption spectra.
The absorbance measured along the drawing direction is much higher than the absorbance
measured perpendicular to the drawing direction. The absorbance difference indicates that
the chromophores are aligned in the same direction as the polymer chains.
a)

b)

c)

Figure 4.3: Polarized absorption spectra of drawn UHMPWE films (0.5 % w/w OH-Azo-C12, Drawing
temperature = 120 °C) while applying polarized light in the direction parallel (blue) and perpendicular
(red) to the drawing direction. Draw ratio (λ): a) λ = 15, b) λ =30, c) λ =45.

UHMWPE films containing 2.0 % w/w of the photoswitch were made as well. The absorption
spectra of these films were also measured with and without polarized light and can be found
in the appendix (section 9.1).
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4.2 Absorption Efficiency
Having an idea about the absorption efficiency of the photoswitch-incorporated drawn
UHMWPE films is essential to explain how much energy of the incoming light can be converted
into photomechanical energy. The absorption efficiency of the films is related to the
transmittance (T) and the path length of the light (4.2.1).
A = − log(T) (4.2.1)
The path length of the light inside the film is equal to the thickness of the film. Making a plot
of the transmittance of the films (expressed in %) against the path length (µm) of the light
gives an idea about the absorption efficiency of the photoswitch incorporated films (Figure
4.4).

Figure 4.4: Transmittance (%) versus the path length of the light (µm) for drawn UHMWPE films
containing OH-Azo-C12 (0.5, 2.0 % w/w). Draw ratio (λ) = 15, 30, 45.

Figure 4.4 shows that the transmittance decreases for thicker films and a higher photoswitch
concentration. A shorter path length corresponds to a thinner film thereby implying a lower
absorbance. This means that the path length should be increased in order to absorb more
incoming light.
y = −53.02 ln(x) + 176.01
y = −88.62 ln(x) + 219.64

(4.2.2)
(4.2.3)

Formulas 4.2.2 and 4.2.3 represent the logarithmic formulas for the drawn UHMWPE films
with a photoswitch concentration of 0.5 and 2.0 % w/w respectively. The formulas were
19

derived be constructing a logarithmic trend line for the data points represented in Figure 4.4
(section 8.4). With these formulas, one can calculate for instance the necessary film thickness
to transmit only 10% of the light. The film thickness needed for a transmittance of 10 % is 22.9
and 10.7 µm in case of a UHMWPE film containing 0.5 and 2.0 % w/w of the photoswitch
respectively.

4.3 Film alignment
The orientation of the drawn UHMWPE film and the influence of the photoswitch on the
orientation of the polymer matrix was analyzed by using different characterization techniques
which are discussed below.
A first impression of the film alignment was obtained by investigating the films with polarized
optical microscopy (Figure 4.5).
a)

c)

b)

100 µm

100 µm

d)

e)

100 µm

100 µm

f)

100 µm

100 µm

Figure 4.5: Polarized optical microscopy images of drawn UHMWPE films without (top) and with
incorporated photoswitch (0.5 % w/w) (bottom). The arrow represents the drawing direction. Draw
ratio (λ): a,d) λ = 15; b,e) λ = 30; c,f) λ = 45.

These images show the fibrillary structure of the drawn films. There is no significant difference
noticeable between the images with increasing draw ratio. From these results, we can state
that the films are aligned along the drawing direction. Rotating the drawn UHMWPE films over
90° resulted in a black background.
The orientation of the polymer chains and photoswitches can be studied in more detail by
using scanning electron microscopy (SEM). Since SEM creates images at the nanometer scale,
the orientation of the polymer chains and photoswitches can be checked at higher
magnification and possibly give more information about the alignment of the films.
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WAXS measurements were recorded for drawn UHMWPE films containing 2.0 % w/w OH-AzoC12 (Figure 4.6).
a)

b)

c)

d)

Figure 4.6: WAXS patterns of drawn UHMWPE with OH-Azo-C12 (2.0 % w/w). Stretched films with draw
ratio (λ): a) λ = 1, b) λ = 8, c) λ = 15 , d) λ = 30 were measured. The drawing direction is indicated by the
arrow.

Figure 4.6a shows a circular pattern which corresponds to the undrawn film. Increasing the
draw ratio results in reflection spots corresponding to the orthorhombic crystal structure of
UHMWPE for all the drawn films. This indicates that drawing of the film converts the small
crystallites, present in the undrawn film, into crystals having an orthorhombic crystal
structure. No peculiarities were observed when comparing the measured films with WAXS
data from the literature. [15,48]
SAXS measurements were also recorded for photoswitch incorporated UHMWPE films (Figure
4.7).
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a)

b)

c)

d)

Figure 4.7: SAXS patterns of drawn UHMWPE with OH-Azo-C12 (2.0 % w/w). Stretched films with draw
ratio (λ): a) λ = 1, b) λ = 8, c) λ = 15 , d) λ = 30 were measured. The drawing direction is indicated by the
arrow.

The structural evolution of the films during drawing can be investigated from the SAXS data.[49]
Figure 4.7a shows a circular pattern corresponding to an undrawn film. This circular pattern
stems from the lamellae which are stacked with the polymer chains perpendicular to the
surface of the undrawn sheet.[15] Increasing the draw ratio (b,c,d) shows the disappearance of
this circular pattern due to the unraveling of the lamellae along the drawing direction. Figure
4.7 shows clearly the disappearance of the long period in function of the draw ratio. The long
period is equal to the sum of the thickness of one lamella and the length of the amorphous
part located between the lamella. From these images, we can conclude that the polymer
chains become more aligned when the draw ratio is increased.

4.4 Photomechanical behavior
The photomechanical behavior of the UHMWPE films was investigated by submitting the films
to a constant strain thereby inducing stress relaxation as was explained earlier (section 3.4).
The films were illuminated with a 405 nm LED having an intensity of 500 mW cm-2. Figure 4.8
shows a stress relaxation curve of an OH-Azo-C12 (0.5 % w/w) incorporated UHMWPE film. As
soon as the constant strain was reached, the stress signal decreased due to stress relaxation.
The stress relaxation behavior can be explained by the viscoelastic properties of the UHMWPE
film. The material becomes more liquid-like over a long period of time because the polymer
chains slip past each other corresponding to a decrease in stress.
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Figure 4.8: Stress relaxation curve of an OH-Azo-C12 incorporated (0.5 % w/w) UHMWPE film (λ= 15).
The film was illuminated with 405 nm light (500 mW cm-2).

After 100 sec the light was repeatedly switched on and off. The film was illuminated for 10 sec
and afterwards, the light source was switched off for 10 sec. This methodology was repeated
until the end of the experiment. Figure 4.8 shows clearly that illuminating the sample with
light will result in a photo-induced stress which is identical when switching the light on and
off. The response is reproducible over a long period of time without a decrease in stress. Based
on this observation we can conclude that no sample degradation occurred when illuminating
the sample with light. The photo-induced stress shows, however, a small increase of the stress
value in function of time due to the smaller contribution of the stress relaxation over time.
Figure 4.9 zooms in on the photomechanical stress induced by the light source.
a)

b)
Light off

Light on

Figure 4.9: a) Expansion of the photo-induced stress response shown in Figure 4.8. b) Expansion of the
stress pattern corresponding to one cycle of irradiation.
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Illuminating the film with light resulted in a steep and fast stress response. This photo-initiated
stress response was fast (1-2 sec) and the values for the stress increase and decrease were
equally large. There are two possible effects (photothermal and photochemical) which could
explain this photo-induced stress response. The possible effects are discussed here below
however at this point we are still not sure what the real mechanism is behind this photoinduced stress. Hypotheses are given below in case of a photochemical or photothermal effect.
More studies need to be carried out in order the explain the photo-initiated mechanism.
In case of a photochemical effect, irradiation of the samples will convert the azobenzene
molecules from the trans into the cis state. This will lead to a change in the dimensions of the
molecule. The photo-isomerization leads to contraction of the molecules along the film
direction thereby leading to an increase of the internal stress inside the film. These changes in
molecular dimensions can cause a macroscopic stress increase inside the film because the
azobenzenes are incorporated inside the polymer matrix. Trans -> cis and cis -> trans
isomerization of OH-Azo-C12 is very fast since no cis-isomer population was observed after
inducing photo-isomerization (section 4.1).
In case of a photothermal effect, the photo-induced stress is due to light absorption by the
photoswitch, resulting in heating of the film. After the light is removed, the sample cools down
again thereby causing a stress decrease. The photothermal effect of the films will be discussed
later on in this report (section 4.5).
The most important result from Figure 4.8 and 4.9 is that a photomechanical response was
generated for the films which was both large and fast. The average photo-induced stress for
UHMWPE films containing OH-Azo-C12 (0.5 % w/w) and drawn fifteen times was 1.9 MPa.
The stress values are however strongly dependent on the film dimensions and mass of the
samples. There is a small variation between these values for the tested films due to a small
difference in mass and thickness of the initial undrawn film. These differences are coming from
a difference in mass of the undrawn films. The dimensions and mass of the measured samples
and the corresponding value of the photo-induced stress response can be found in the
appendix (section 9.3). An uneven distribution of the photoswitch throughout the polymer
matrix and the drying conditions of the sheet can cause a small difference in the absolute
values of the photo-initiated stress.
Since we have shown above that the photoswitch incorporated UHMWPE films show photoresponsiveness upon illumination, some relevant parameters (azobenzene concentration,
draw ratio, photoswitch) which could influence the photo-initiated stress were studied in
more depth.
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4.4.1 Azobenzene concentration
The first method to optimize the photo-induced stress response is increasing the
concentration of the photoswitch in the film. During the earlier described stress relaxation
experiment (Figure 4.8 and 4.9) only 0.5 % w/w of OH-Azo-C12 was used. Increasing the
concentration of the photoswitch should result in an increase in photo-induced stress because
more light will be absorbed by the film. This hypothesis was confirmed by comparing UHMWPE
films containing 0.5 and 2.0 % w/w of OH-Azo-C12 with each other while keeping the draw ratio
for both films constant (Figure 4.10).
a)

b)

Figure 4.10: a) Photomechanical response of UHMWPE films (λ = 15) having a different OH-Azo-C12
concentration: 0.5 % w/w (blue), 2.0 % w/w (red). b) Photo-induced stress (expansion of Figure 4.10a).

Figure 4.10 clearly indicates that increasing the concentration of the photoswitch results in an
increased photo-induced stress. The value of the photo-induced stress increased from 1.9 to
3.7 MPa for a photoswitch concentration of 0.5 % w/w and 2.0 % w/w respectively. This means
that the average value for the stress response increased with 1.8 MPa by increasing the
photoswitch concentration four times.
The slope of the photo-induced stress response shows that the photo-response time of the
film is not influenced by the concentration.
From these data, it can be concluded that increasing the concentration of the photoswitch
even further will result in a further increase of the photo-induced stress. This conclusion is
however only valid if the photoswitch content can still be blended homogeneously throughout
the film during gel-casting. Another remark is the optical density of these films thereby looking
at how much of the light is absorbed by the films. It is not useful to increase the concentration
of the photoswitch further if the light is already completely absorbed by the dyes inside the
polymer matrix.
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4.4.2 Draw ratio
As mentioned in section 2.1.2, the mechanical properties of UHMWPE films can be improved
by increasing the draw ratio of the UHMWPE films. In this paragraph, the influence of the draw
ratio on the photo-induced stress was studied in more depth. Figure 4.11 shows the stress
relaxation curves of UHMWPE films (0.5 % w/w OH-Azo-C12) having a different draw ratio. It is
clearly seen from this graph that the photo-induced stress increases with the draw ratio of the
polymer films.

Figure 4.11: Stress relaxation curves for drawn UHMWPE films containing 0.5 % w/w OH-Azo-C12.
Draw ratio (λ): λ = 15 (blue), λ = 30 (red), λ = 45 (green).

Increasing the draw ratio results in an increase in the initial stress (σ0) before stress relaxation
occurs. This stems from the linear relationship between the Young’s Modulus and the draw
ratio (Figure 2.3). The Young’s modulus of the materials increases with increasing draw ratio
because the polymer chains in the films become more aligned. The strain submitted to the
materials was constant for all the films thus the initial stress, which is actually the stress before
stress relaxation occurs, increased with increasing draw ratio. The Young’s modulus of
UHMWPE films with and without photoswitch can be found in the appendix (section 9.4).
Further drawing of the films, will result in an elevated photo-induced stress. One can argue
that the stress inside the system will increase when a disorder is created in a system of higher
order (higher draw ratio). The average photo-induced stress response and stress before
relaxation are highly dependent on the cross-sectional area and the mass of the films (section
9.3).
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The relationship between the draw ratio and the photo-induced stress is also valid for higher
concentrations. Figure 4.12 illustrates once again that an increase in draw ratio results in a
higher photo-induced stress. Figure 4.11 and 4.12 show again that an increase in draw ratio
or/and concentration doesn’t influence the response time of the film.

Figure 4.12: Stress relaxation curves for drawn UHMWPE films containing 2.0 % w/w OH-Azo-C12.
Draw ratio (λ): λ = 15 (blue), λ = 30 (red), λ = 45 (green).

Table 4.1 summarizes the average measured photo-induced stress for UHMWPE films with a
different concentration and draw ratio. The table shows once again the influence of the
concentration and draw ratio on the stress.
Photoswitch
concentration (% w/w)
0.5
0.5
0.5

Draw ratio
(λ)
15
30
45

Photo-induced
stress (MPa)
1.9
3.7
4.5

2.0
2.0
2.0

15
30
45

3.8
4.6
6.3

Table 4.1: Photo-induced stress for UHMWPE films with varying concentration and draw ratio.
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4.4.3 Photomechanical behavior of different films
To check the effect of the photoswitch on the photomechanical stress, UHMWPE films without
incorporated additive were studied under the same conditions. As is shown in Figure 4.13,
irradiation of the samples with the same wavelength (405 nm) and intensity (500 mW cm-2)
resulted in a large difference in photo-initiated stress.
a)

b)

c)
Light off

Light off

Light on

Light on

Figure 4.13: a) Photomechanical behavior of a UHMWPE film with OH-Azo-C12 (0.5 % w/w) (blue) and
without additive (black). b) Expansion of the OH-Azo-C12 incorporated (0.5 % w/w) UHMWPE curve. c)
Expansion of the pure UHMWPE curve.

The stress relaxation curves in Figure 4.13 indicate that a photo-absorbing molecule is required
to cause a significant photo-induced stress. The photomechanical response for the pure
UHMWPE film (Figure 4.13b) was only 0.06 MPa and therefore much smaller than the stress
response of a dye incorporated UHMWPE film (Fig 4.13a). The absorbance of the UHMWPE
film without additive at 405 nm was very low meaning that almost all the light passed through
the film. The stress increase is in this case only related to the heating of the film by illumination
with light. Increasing the draw ratio (Figure 4.14) didn’t result in a significant change in photoinduced stress for the pure UHMWPE films. Although a value for the stress is given above for
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the pure UHMWPE films, it should be pointed out that the stress change is so small that it
starts to interfere with the detection limit of the tensile tester.

Figure 4.14: Stress relaxation curves for drawn UHMWPE films without photoswitch: λ = 15 (blue), λ =
30 (red), λ = 45 (green).

4.5 Photothermal analysis
In the previous paragraphs, the photo-induced stress was varied by changing the material
properties (photoswitch concentration, draw ratio). The origin of the photo-response of the
films is however still debatable. For now, it is still unclear if the photo-responsiveness is due
to a photothermal or photochemical effect or if it is a combined effect.
To study a possible photothermal effect, the temperature increase inside the film was
measured upon illumination with light (405 nm, 500 mW cm-2). An increase in temperature
will correspond to a photothermal effect. The heating of the sample will, therefore, affect the
photo-induced stress. Figure 4.15 shows the temperature measured inside the photoswitch
incorporated UHMWPE films by using an infrared camera.
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a)

b)

c)

d)

Figure 4.15: Infra-red thermal images showing the temperature (°C) inside a UHMWPE film containing
OH-Azo-C12 (0.5 % w/w) upon illumination (405 nm, 500 mW cm−2). Draw ratio: a) λ = 1, b) λ = 15, c) λ =
30, d) λ = 45.

Based on Figure 4.15, we can conclude that the photomechanical stress can not only be caused
by the isomerization of the photoswitch but also by the heating of the sample. The measured
temperature is below the melting point of the film (Tm = 134.6 °C, section 9.2). This means that
the film doesn’t show degradation when it is illuminated by light. The absorbance of the films
will decrease with increasing draw ratio because the films become thinner (Figure 4.4). The
decreased film thickness results in more light passing through the film and a smaller fraction
of the light which can be converted into heat.
Another remark, which could explain (to some extent) the low temperatures inside the films,
is the thermal conductivity of the material. A single polymer chain behaves as a onedimensional conductor when heated up. This means that alignment of polymer chains in one
direction can result in an increase in the thermal conductivity of the material. Since UHMWPE
films consist of highly aligned chains, the thermal conductivity is larger when being compared
to other polymer materials.[50] The high thermal conductivity can influence the measured
temperature inside the films because heat is transferred more rapidly along the chains to the
environment with increasing thermal conductivity.
Increasing the concentration of the photoswitch should result in a temperature increase inside
the films. However, increasing the photoswitch concentration from 0.5 to 2.0 % w/w and
drawing of the photoswitch incorporated UHMWPE films didn’t result in a significant
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temperature increase. Comparing the undrawn sheets with each other clearly shows a
difference in temperature inside the films (Figure 4.16).
b)

a)

Figure 4.16: Infra-red thermal images showing the temperature (°C) inside an undrawn UHMWPE film
(λ = 1) upon illumination (405 nm, 500 mW cm−2). Concentration of OH-Azo-C12: a) 0.5 % w/w, b) 2.0 %
w/w.

An explanation for the similar measured temperature inside the drawn films could be that the
difference in thickness between the films containing 0.5 and 2.0 % w/w of the photoswitch
will influence the amount of light absorbed by the film (section 4.2) thereby leading to a more
or less similar measured temperature.

4.6 Photomechanical work
In this section, the photomechanical work of the developed materials was calculated based on
the measured photo-induced stress. This should give a better understanding towards future
applications wherein these materials can be used. Table 4.1 represents an overview of the
work density of several stimuli-responsive materials. The work density of the films created
during this project was determined via the calculation method found in the appendix (section
9.5).
Material

Stimulus

Strain (%)

Modulus
(GPa)

Work Density
(kJ/m3)

LCN actuator[30]

UVA light
(100 mW cm-2)

2

1

200

LC gel[51]

Electric field
(25 MV/m)

2.0

0.1

20

Natural Muscle
(human skeletal)[52]

Glucose and
oxygen

40

0.9

70

UHMWPE film (0.5 %
OH-Azo-C12, λ =15)

Light (405 nm)
(500 mW cm-2)

0.01

18.3

0.1

UHMWPE film (2.0 %
OH-Azo-C12, λ =45)

Light (405 nm)
(500 mW cm-2)

0.01

46.1*

0.4*

Table 4.2: Comparison of the work density of several previously reported stimuli-responsive materials
with the photoswitch incorporated UHMWPE films developed during this project.(*The Young’s
modulus for the OH-Azo-C12 (0.5 % w/w) incorporated UHMWPE film (λ = 45) was used).
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From Table 4.2 it can be concluded that our developed materials have a work density which is
much lower compared to the other stimuli-responsive materials. The strain of the UHMWPE
films is very low because of the high stiffness of the material.
This low value limits its possible application range, but optimization of the photo-induced
stress of the material can result in a higher work density. The major benefit of the UHMWPE
films for their use in applications, when being compared to the other materials, is the low
density. We tried to develop a photo-responsive actuator based on this material to show a
possible application which will be explained in the next paragraph.

4.7 Photo-actuation
To demonstrate the possibility to use these materials in future applications, photo-actuation
was shown by irradiating a bilayer film developed from drawn photoswitch incorporated
UHMWPE films. Since illuminated monolayers films didn’t show any significant bending, a
bilayer film[43] (prepared as mentioned in 3.5) was irradiated with light (405 nm). The bilayer
was clamped on the top and the light was focussed on the bilayer film. From the moment of
irradiation, the film started bending until it reached a maximum. This position was retained
until the light was switched off. When the light source was removed, the bilayer film went
back to its original state. The duration of bending and unbending was equally fast (< 2 sec).
This process of bending and unbending could be repeated multiple times with the same degree
of (un)bending, indicating that the film didn’t show photo-degradation.
The direction of the bilayer film with respect to the light source was also important for the
bending behavior (Scheme 4.1).

405 nm

405 nm

Scheme 4.1: Schematic representation of the bending of the bilayer away (left) and towards (right) the
light source. The drawing directions of the films were perpendicular to each other: in-plane (yellow) and
out-of-plane (blue).[43]

Rotating the bilayer 180° resulted in a bending behavior in the other direction which means
that both bending away and towards the light can be accomplished. The observations
mentioned above are shown in Figure 4.17 and Figure 4.18.
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a)

b)

Figure 4.17: Bilayer film actuating towards the light: a) Starting position, b) Position at maximal bending.

a)

b)

Figure 4.18: Bilayer film actuating away from the light: a) Starting position, b) Position at maximal
bending.

Figure 4.17 and 4.18 show that it is possible to create photo-actuators based on photoswitch
incorporated UHMWPE films. This bilayer film is just one example of a possible application.
One can assume that other photo-responsive designs can be made with monolayer films
leading to all sorts of applications wherein this material can be used.
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Conclusions

The research goal was to create photo-responsive UHMWPE films by incorporating a
photoswitch inside the polymer matrix. Incorporation of the photoswitch (OH-Azo-C12) into
the UHMWPE polymer matrix was done successfully via gel-casting and drawing of the gelcasted sheets resulted in highly oriented films.
Photomechanical studies have shown that a photo-response can be induced by light exposure.
The photo-initiated stress was not only large but also fast making this material interesting for
a lot of applications. The photo-initiated stress was enhanced from 1 to 7 MPa by varying the
photoswitch concentration and the draw ratio of the photoswitch. Differences in the film
dimensions and mass have a significant influence on the photomechanical studies. One should
keep these values constant to reproduce the exact same value. Because this is experimentally
impossible, an average stress value was given based on multiple stress relaxation experiments.
The absorption efficiency of the photoswitch incorporated films should be taken into account
when analyzing the photo-induced stress. The absorbance of these films was very low,
especially for higher draw ratios. Increasing the film thickness should lead to a higher photoinduced stress because of an improved absorbance of the light. Increasing the photoswitch
content also resulted in a higher absorbance.
Thermal analysis was carried out to investigate the possible presence of a photothermal effect
which could contribute to the photo-induced stress. The temperature of the films upon
irradiation was still quite low because the films were very thin. It can however still be
concluded from the thermal analysis that there is indeed a photothermal effect. No observable
population of cis isomers was obtained by irradiating the films with light and measuring the
absorption spectrum afterward. This means that the relaxation time of the photoswitch inside
the film is still too fast to be measured with conventional spectroscopic techniques. No
conclusions can be drawn from our experiments if the photochemical effect contributes to the
photo-induced stress or not.
Comparing the work density produced by these films with other stimuli-responsive systems
shows that the work density is quite low which is predominantly caused by the high stiffness
of the material. Further optimization of the system is, however, necessary to increase the work
density.
In the last part of this thesis, a photo-responsive actuating bilayer film was developed. The
photo-responsive bilayer film was constructed by laminating monolayer UHMWPE films
together. Reversible and reproducible actuation was obtained by illuminating the bilayer film.
Overall, this research project has shown that UHMWPE films can be made photo-responsive,
but that more research should be carried out to investigate the photo-initiated mechanism
and to optimize the photomechanical work of these films.
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Outlook

Although it was possible to develop photo-responsive UHMWPE films, still some questions and
ideas remain.
The main focus of further research related to this topic should be the optimization of the
photo-induced stress. Optimization of the stress results in an increase in the photomechanical
work which is beneficial for future applications. The photoswitch concentration can be
increased further as long as the gel-casted sheets have a homogeneous distribution of the
photoswitch. Another possibility is increasing the thickness of the films to improve the
absorption efficiency.
The reproducibility could be improved by keeping the film dimensions of the gel-casted sheets
more constant which should result in drawn films with similar film dimensions. Small changes
in film dimensions and mass result in a significant difference in the stress values of equally
drawn films.
Investigation of the drawing temperature might also cause a difference in the photo-initiated
stress. A drawing temperature of 120 °C could influence the alignment of the photoswitches
inside the polymer film. Since the drawing temperature is slightly above the melting
temperature of the photoswitch, one can argue if an increased mobility of the photoswitch in
the matrix results in a mismatch in the alignment. Drawing below the melting temperature,
for instance at 100°C, should lead to an improved alignment of the photoswitches. A better
alignment might result in an improvement of the photo-induced stress.
Further studies regarding the photothermal effect should be carried out as well. The
photothermal effect can be investigated by incorporating a dye which doesn’t show photoisomerization but converts light energy efficiently into heat. If these dyes show a similar photoinitiated stress, then there is no specific need to use a photoswitch.
During this research project, we used light with a wavelength of 405 nm to induce photoisomerization. It is, however, more favorable to switch the absorption spectrum even further
to the visible region. Changing the structure of the azobenzene core causes an absorption shift.
Instead of using ortho-hydroxyazobenzenes, ortho-fluoroazobenzenes can be used. They
isomerize in the visible light region and have a very long relaxation time. This relaxation time
is very interesting since it is completely the opposite of the relaxation time of the orthohydroxyazobenzene structure used during this research project. Therefore comparing the
photo-response time of these materials could indicate if photo-isomerization has an influence
on the photo-response of the films.
The final step could be the production of photo-responsive UHMWPE fibers. The photoabsorbing molecules causing the photo-response should be blended homogeneously inside
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the polymer matrix during the manufacturing process. Since UHMWPE fibers can be drawn
further than films, the photo-induced stress of the fibers could be larger than the stress caused
by the films. The dimensions of the fibers can also be controlled better than the dimensions
of gel-casted films.
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Appendix

9.1 UV-Vis absorption spectra

Figure 9.1: Absorption spectra of drawn OH-Azo-C12 (2.0 % w/w) incorporated UHMWPE films. Draw
ratio: a) λ = 15, b) λ = 30, c) λ = 45.

a)

b)

Figure 9.2: Polarized absorption spectra of drawn OH-Azo-C12 (2.0 % w/w)-incorporated UHMWPE films.
Draw ratio: a) λ = 15, b) λ = 30.

41

Figure 9.3: Polarized absorption spectra of a UHMWPE film (2.0 % w/w OH-Azo-C12 , λ = 15) at different
angles : 0, 15, 30, 45, 60, 75, 90°.

9.2 DSC data

Cooling

Figure 9.4: DSC curves of a UHMWPE film (λ =15) with OH-Azo-C12 (0.5 % w/w) (blue) and without
photoswitch (red). The DSC curve of the pure photoswitch OH-Azo-C12 (green) was measured as well.

Sample
OH-Azo-C12 / UHMWPE (15)
UHMWPE (15)
OH-Azo-C12

Melting Point (°C)
134.6
134.3
117.5

Table 9.1: Melting points of the samples shown in Figure 9.4.
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9.3 Photomechanical studies
Down below, an overview of the stress relaxation experiments is given for different
concentrations and draw ratios.
The photo-induced stress is dependent on the mass and the film dimensions. The film length
was kept constant (3 cm) and the mass (m) of the films was weighed with an analytical balance.
The film thickness was calculated by using the formula shown below (9.3.1). The density (ρ)
was assumed to be 970 kg/m3 and the volume (V) was calculated from the film dimensions.
The thickness could be calculated since the film width and length were measured with a ruler.

𝜌=

𝑚
𝑉

(9.3.1)

Draw ratio (λ)

Film mass
(mg)

Film width
(cm)

Film thickness
(µm)

Initial stress (σ0)
(MPa)

Photo-induced
stress (MPa)

15
15
15

0.884
1.051
1.114

0.35
0.4
0.3

8.7
9.0
12.8

79.3
88.9
82.0

1.5
2.0
2.1

30
30
30

0.612
0.672
1.030

0.4
0.3
0.3

5.3
7.7
11.2

131.7
117.0
95.6

4.4
3.8
2.9

45
45
45
45

0.401
0.450
0.602
0.698

0.3
0.3
0.25
0.3

4.6
5.2
8.3
8.0

252.8
200.4
141.0
138.1

3.5
6.3
3.4
4.9

Table 9.2: Stress values and film dimensions of UHMWPE films containing OH-Azo-C12 (0.5 % w/w).

15
15
15

Film mass
(mg)
0.762
0.826
1.012

Film width
(cm)
0.35
0.35
0.4

Film thickness
(µm)
7.5
8.1
8.7

Young‘s Modulus
(MPa)
107.4
123.2
86.6

Photo-induced
stress (MPa)
4.0
4.3
3.3

30
30
30
30

0.481
0.527
0.531
0.591

0.3
0.3
0.25
0.4

5.5
6.0
7.3
5.1

180.9
149.3
143.8
159.4

6.1
5.2
3.8
3.2

45
45
45

0.293
0.389
0.437

0.25
0.25
0.25

4.0
5.3
6.0

265.9
195.0
217.7

8.1
5.9
6.1

Draw ratio (λ)

Table 9.3: Stress values and film dimensions of UHMWPE films containing OH-Azo-C12 (2.0 % w/w).
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9.4 Determination of the Young’s modulus
In order to calculate the photomechanical work performed by the UHMWPE films, the Young’s
modulus of the UHMWPE films should be determined. Although the Young’s modulus of the
UHMWPE films at different draw ratios has been reported earlier, the values for the films were
checked and compared with these values. Figure 9.5 and 9.6 show the stress strain curves for
UHMWPE films without and with the photoswitch (0.5 % w/w) at different draw ratios (λ = 15,
30, 45).

Figure 9.5: Stress strain curves of drawn UHMWPE films without additive: λ = 15 (blue), λ = 30 (red), λ =
45 (green).

Figure 9.6: Stress strain curves of drawn OH-Azo-C12 (0.5 % w/w) incorporated UHMPWE films : λ = 15
(blue), λ = 30 (red), λ = 45 (green).
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The Young’s modulus can be directly calculated from the slope of the curves. The steepest
part of the curve was taken to calculate the Young’s modulus of the films (Table 9.4).

Draw ratio (λ)
15
30
45

Young’s Modulus
(MPa)
17.1
32.1
46.9

Draw ratio (λ)
15
30
45

Young‘s Modulus
(MPa)
18.3
30.8
46.1

Table 9.4: Young’s modulus for different draw ratios of UHMWPE films without (left) and with (right)
photoswitch (0.5 % w/w). The Young’s modulus was calculated from the slope of the curves of Figure
9.5 and 9.6.

The Young’s modulus of the films containing 2.0 % w/w were not measured, but based on the
table shown above no large changes are expected. Calculations of the photomechanical work
for these films were done by using the Young’s modulus for the 0.5 % w/w OH-Azo-C12
incorporated UHMWPE films.

9.5 Calculation of the photomechanical work
In this section, the calculation method used in this report to determine the photomechanical
work of the produced UHMWPE films, is explained in detail. Throughout the calculations, the
assumption was made that the material behaves as a fully elastic material (note: UHMWPE is
known to be a viscoelastic material).

∆𝜎 =
∆𝜀 =

∆𝐹
𝐴
∆𝜎
𝐸

(9.5.1)

(9.5.2)

The photo-induced strain (∆ε) was obtained by using the Young’s modulus (section 9.4) and
the photo-induced stress (∆σ). A stress strain curve can be constructed with these values
(Figure 9.7). The work performed by illumination of the samples is obtained by calculating the
area under the stress strain curve thereby correcting for the volume of the sample (V). This
value corresponds to the energy performed by the system which was caused by the
deformation of the sample upon irradiation.
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Figure 9.7: Stress strain curve for the illuminated sample. The assumption was made that the material
behaves elastically upon illumination with light.

This leads to a general formula 9.5.3 for the photomechanical work (W1 (J)) which can be used
for all the films since the photo-induced stress was measured and the Young’s modulus of
these materials are known. The volume (V) of the film can be calculated by using formula 9.5.4
from the mass (m) and density (ρ) of the film. For the calculations, the density is assumed to
be 970 kg/m3.
𝑊1 = ∬ 𝜎 𝑑𝜀 𝑑𝑉
𝑚

𝜌=

𝑉

𝑊1 = 0.5 ∆𝜎 ∆𝜀 𝑉

𝑊2 =
𝑊=

𝑊1
𝑚

𝑊1
𝑉

(9.5.3)
(9.5.4)
(9.5.5)

(9.5.6)
(9.5.7)

Integration of 9.5.3 leads to formula 9.5.5 which expresses the photomechanical work (W1 (J)).
Normalizing for the mass of the samples 9.5.6 gives another work output (W2 (J/kg)).
Normalizing for the volume results in the photomechanical work density (W (J/m3)), this value
was used in the report to compare different sorts of stimuli-responsive materials with each
other (section 4.6).
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