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Summary 
Functional drawn polymer composites for thermal management 

and actuators 

Thermal management is vital to extending the lifetime and maintaining the performance 

of a variety of electronic devices, including solar cells, light-emitting diodes (LEDs), and 

microchips. With the widespread application of electronics, effective thermal management 

with thermally conductive materials has become a major technological challenge. 

Commodity polymers, including polyethylene, polystyrene, and polypropylene, have been 

explored extensively at large scales over the past decades due to their low density, ease of 

processing, high electrical resistivity, and corrosion resistance (Chapter 1). Although the 

thermal conductivity of commodity polymers can be enhanced by adding high thermal 

conductive additives, the increase in thermal conductivity is limited to less than one order of 

magnitude (< 10 W m-1 K-1), resulting from the high thermal interface resistance between the 

additive and the polymer matrix. Furthermore, most polymer composites become non-

transparent with reduced mechanical properties due to the addition of the fillers. These 

shortcomings limit their application as thermal management windows and (photo-)thermal 

actuators. In this thesis, high thermal conductivity is obtained in drawn polymers and drawn 

composite films with high visible light transmission, at least in some cases, and the potential 

applications of these materials as photo-thermal actuators were explored.  

Chapter 2 reports ultra-drawn films of ultra-high molecular weight polyethylene 

(UHMWPE) blended with a wide range of low molecular weight, monodisperse waxes which 

exhibit Mn-dependent thermal conductivities. A new model correlating molecular weight, 

draw ratio, and thermal conductivity is presented and validated against the experimental 

results, which can be used to predict thermal conductivities of future drawn polyethylene 

films using draw ratio and Mn. 

In Chapter 3, highly thermally-conductive, ultradrawn UHMWPE films containing a 

low concentration of graphene and a commercial UV absorber are presented. Such 

ultradrawn composite films show a visible light transmission of ~ 85% and a metal-like 

thermal conductivity of ~ 75 W m-1 K-1. The high thermal conductivity of these composite 

films is attributed to the high chain orientation and chain extension of polyethylene and the 

strong interaction between additives, which opens new possibilities of managing heat 

transport in windows and devices. 

To achieve the high thermal conductivity of drawn polar polymer films and to gain further 

insight into the mechanism of heat conductivity, drawn polyvinyl alcohol containing 

graphene oxide and a co-additive interacting via hydrogen bonds are reported in Chapter 4. 

The thermal conductivity of drawn composite films with 5 wt% graphene oxide and 1 % co-



 

 

additive is approximately 3-fold higher than that of neatly drawn polyvinyl alcohol films, 

resulting from the simultaneous orientation of polyvinyl alcohol and graphene oxide and the 

hydrogen bonds at the interfaces. 

Three-dimensional anisotropic polyethylene films with graphene, BZT, and NIR dyes are 

prepared as light-responsive grippers and diving-surfers in Chapter 5. The anisotropic films 

are cut perpendicular to the film drawing direction and self-bend due to the concentration 

gradient of additives. Under UV and NIR light illuminations, the films unbend and can act 

as grippers for grasping cargo. The films can also be driven to dive and ‘surf’ in a solvent 

under UV or NIR light. In addition, the films can be used as cargo transporters when surfing 

over the surface of the solvent.  

To integrate the negative thermal expansion and high mechanical properties of drawn 

polyethylene in drawing direction, drawn commodity polyethylene films with graphene, 

BZT, and NIR dyes as photo-responsive, stress-generating actuators are also demonstrated 

in Chapter 6. Under NIR light illumination, the drawn commodity polyethylene composite 

films show actuation stresses of approximately 35 MPa with only a change in small strain (< 

1%). This actuation stress is also generated under UV and blue light, indicating that the drawn 

commodity polyethylene films could be used as light-driven metal-like actuators. 

Finally, a technology assessment is presented in Chapter 7. The low-cost polymers are 

explored with potential new additives and the possible applications of highly thermal-

conductive polymer films in thermal management and light-driven actuators are discussed. 
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1.1 Introduction 

Thermally conductive materials (TCMs) are integrated into electronics, including solar 

cells, batteries, thermo-electrics, light-emitting diodes, and transistors where heat dissipation 

impacts the performance and lifetime of the devices.[1–7] Traditional TCMs such as metals, 

ceramics, and carbon-based materials exhibit excellent isotropic thermal conductivities. For 

instance, copper has a thermal conductivity (TC) of ~ 400 W/(m K), silver ~ 430 W/(m K), 

and graphene ~ 5000 W/(m K) (see Figure 1.1).[3,8,9] However, these high-density TCMs 

generally are heavy, absorb, reflect or scatter light, and have high electrical conductivity and 

costs, which limit their application. Traditional TCMs, for instance, require the consumption 

of more fuel by transports, aircraft, and spacecraft, with the potential of forming electronic 

short circuits due to their high-density and electrical conductivity. These TCMs are semi-

transparent or opaque, which cannot be used in the screens of electronics to release inside 

heat. For some applications, TCMs with high thermal conductivity, high electrical resistance, 

low density, low-cost, and/or high transparency are desirable for thermal management. 

TCMs based on polymers are attractive due to their low densities, corrosion resistance, 

high electrical resistance, and ease of processing.[1,2,5–7,10] However, normal polymers have 

TCs on the order of only 0.1 W m-1 K-1 (Figure 1.1).[2,5] The TC of polymers has been 

increased through the incorporation of thermally conductive additives like graphene,[8,11–13] 

carbon nanotubes (CNTs),[9,14,15] and boron nitride (BN) nanomaterials.[16–18] In such 

composites, the mass and/or volume fractions of additives are usually high, typically ≥ 40%, 

achieving TCs on the order of 1 - 10 W m-1 K-1 (Figure 1.1). However, this increase often 

comes at the expense of higher costs, complex manufacturing processes, and deterioration of 

the mechanical and optical properties of the polymer composite.[19] 

Anisotropic polymers have been explored over the past few decades because of their 

tunable, high one-dimensional TC per unit density with corresponding high electrical 

resistivity (Figure 1.1). We will first present basic polymers and methods for generating 

anisotropy in the materials. Then, thermal conductivity in anisotropic polymers is discussed 

both from fundamental and experimental viewpoints, including the role of the chemical 

structure, chain orientation, temperature, and chain length/molecular weight, with a special 

emphasis on structure-property relationships. Finally, some key challenges and prospects of 

anisotropic thermally conductive polymeric materials for various applications will be 

discussed. 
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Figure 1.1 (a) Specific and (b) absolute TC of different materials as a function of density. Here, PE: bulk 

polyethylene, PP: bulk polypropylene, PMMA: bulk poly(methyl methacrylate), PC: bulk polycarbonate, PA 6: 

polyamide (Nylon 6) fiber, PU: bulk polyurethane, PVC: bulk polyvinyl chloride, PBT fiber: poly p-phenylene 

benzobisthiazole, Aramid fiber: poly-p-phenylene terephthlamide (Kevlar®), PBO fiber: polybenzoxazole (Zylon®), 

SWCNT: single-wall carbon nanotubes, MWCNT: multi-wall carbon nanotubes, Al2O3: aluminum oxide, TiO2: 

titanium dioxide, CaCO3: calcium carbonate, SiO2: silicon dioxide, LCNs: liquid crystal networks, PE-1: Dyneema® 

fiber (DSM), and PE-2: Spectra® fiber (Honeywell).[5,8,10,11] 
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1.2 Achieving anisotropy in polymeric materials 

Anisotropy in traditional polymers is typically generated via post-processing (stretching, 

spinning, or similar techniques), via spinning of lyotropic solutions of rigid polymers, or 

directly by the alignment of reactive liquid crystal monomers before polymerization (Figure 

1.2, with the processing of traditional polymers in green and liquid crystal networks in 

orange). 

 

 

Figure 1.2 Classification of anisotropic polymer materials based on the final fabrication process. 

 

For standard polymers, post-processing (the final fabrication process before achieving 

anisotropic materials, excluding drying or annealing) can involve solid- or gel-stretching, 

melting- or solution-spinning, spinning from lyotropic solutions, electrospinning of a 

solution, or nanoporous template wetting techniques where melted polymers are squeezed 

through nanopores by, for example, hot gas flow. Such processing results in the extension of 

individual polymer chains along one direction, increasing crystallinity, and the shrinkage of 

amorphous regions in the polymer. Polymers that have been made anisotropic with post-

processing include drawn polyethylene (PE) films, micro- and nano-fibers, polyamide 

nanofibers, polybenzoxazole fibers (PBO, Zylon®), poly-p-phenylene terephthlamide fibers 

(Kevlar®), polyhydroquinone diimidazopyridine fibers (PIPD), and poly p-phenylene 

benzobisthiazole (PBT) microfibers. These polymer films and fibers often exhibit extremely 

high orientation, crystallinity, corrosion resistance, and specific strength per unit density, and 

sometimes even high visible light transmission, all of which are indicators that these films or 
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fibers have the potential of high TC. Also, some commercial fibers, like PBO, PBT, and PE 

fibers, have high-moduli,10 which are used widely in industry and daily life. 

Due to the high TC of nanomaterial fillers such as graphene,[8,13,20,21] CNTs,[5,9] and BN[16-

18], drawn composites of these nano-fillers in highly-aligning matrix hosts have the potential 

to achieve much higher TC than isotropic composites. However, poor interaction between 

fillers and matrix often causes serious phonon scattering at interfaces,[22–24] resulting in low 

thermal transport and/or light transmission, even in drawn composites at high draw ratios. 

First aligning reactive liquid crystal (LC) monomers and subsequently photo-

polymerizing them yield anisotropic LC network (LCN) films.[25–31] Alignment of the LC is 

possible by using rubbed surfaces, photo-alignment layers, flow fields, and/or electrical or 

magnetic fields.[25–31] In addition, enhanced alignment can be achieved by exploiting the 

different LC phases, which include nematic, chiral nematic, smectic, and columnar (discotic) 

nematic phases, all of which vary in the intermolecular alignments and orientations and 

degrees of molecular anisotropy, with the specific phase trapped in the LCN film dependent 

on the polymerization temperature. In a discotic nematic phase, the discotic molecules 

possess full translational and rotational freedom around their short molecular axis (disc 

normal).[32] Generally, the degree of orientation of planar LCNs is described by the order 

parameter[33] and/or Herman’s orientation function.[34] The order parameter, S, is generally 

described by the equation 𝑆 =
𝐴𝑝𝑎𝑟 − 𝐴𝑝𝑒𝑟

𝐴𝑝𝑎𝑟 + 2𝐴𝑝𝑒𝑟
⁄ , where Apar and Aper are the 

absorbance of light polarized parallel and perpendicular to the alignment of the monomers, 

respectively. For perfectly aligned LCs, S is 1, while S = 0 represents a random, isotropic 

phase. S is dictated by the chemical nature of the reactive LC and on the LC phase. In the 

case of smectic phases, for example, which have greater positional and orientational order 

than the nematic phase, the S can be relatively high.[35] 

Various anisotropic polymers and their composites are fabricated through the above-

mentioned methods, presenting high crystallinity and chain orientation, and achieving high 

thermal conductivity. However, there is a large difference in crystallinity, chain orientation, 

and intermolecular interaction, resulting in different TC, which will be discussed below in 

detail. 

 

1.3 Thermal transport in anisotropic polymer materials 

The theory of thermal transport in crystals and glasses has been developed over many 

years, including the Debye model, Cahill-Pohl/Einstein model, Boltzmann transport model, 

Allen-Feldman model, and their modified forms, by empirical methods or measuring 

crystalline and amorphous silicon.[36–40] For instance, the Cahill-Pohl/Einstein model of 

minimum phonon thermal conductivity is widely successful as the lower limit for fully dense 

amorphous and disordered materials.[40] The Boltzmann transport model and Allen-
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Feldman’s model are also used to describe the low heat conduction of silicon and 

thermoelectric materials based on first-principles simulations from physics.[37,38] It is 

generally assumed that heat transport in solid insulators, either crystalline or disordered, is 

dominated by the dynamics of lattice vibrations (phonon).[38] 

To easily and directly represent the relationship between thermal transport and chemical 

structure, we consider the Debye model, even though it is simple and empirical. The thermal 

transport in isotropic polymers is dominated by phonon scattering, which can be roughly 

described by the Debye equation, 

 

𝜅 = (𝐶𝑝𝑣 𝑙)/3                  (1.1) 

 

where κ is the thermal conductivity and Cp is the specific heat capacity of the polymer, v is 

the phonon velocity, and l is the mean free path of phonon transport. In most polymers, l is 

rather short due to the strong phonon scattering caused by defects or voids, grain boundaries, 

and interaction with other phonons, leading to the generally low TC of unaligned polymers.[1] 

Similarly, interfaces and/or gaps between additives and matrix lead to strong phonon 

scattering in polymer composites.[1] Thus, to achieve high TC, anisotropic polymers must 

decrease the phonon scattering. 

In anisotropic polymers, the thermal conductivity is also anisotropic and, therefore, 

should be represented by a matrix in which all components are represented in three 

dimensions. To describe thermal transport in anisotropic polymers, theoretical models must 

include factors related to the chemical structure of polymers, including chain length, number 

and branching of side chains, and intermolecular interactions.[41–47] Simulations predict that 

the maximum TC of a single polyethylene (PE) chain, one of the simplest polymer structures 

imaginable, is up to 350 W m-1 K-1 when the chain length is more than 1 µm. This theoretical 

value for a single polyethylene chain is several orders of magnitude larger than the values of 

bulk PE and increases with respect to chain length (L) (Figure 1.3a).[43] Similar phenomena 

are observed in other polymer chains, including poly(p-phenylene), poly(methylene oxide), 

poly(ethylene oxide), and poly(phenylene ether). In these cases, the logarithmic TC (log10TC) 

increased linearly with the logarithmic chain length (Log10L) (Figure 1.3b).[41,44] The slope 

(β) of a plot of log10TC against Log10L indicates the competition between diffusive (scattering) 

and ballistic (quantized thermal resistance independent of length) phonon transport: 

predominantly ballistic phonon transport leads to β = 1, while predominantly diffusive 

phonon transport leads to β = 0.[44] The different β and TC of polymer chains give indications 

of the effects on thermal transport of bond-strength/mass disorder and interaction between 

molecules (Figure 1.3c).[44] Additionally, it found that there is an interchain distance-

dependent TC in isotropic polymers, revealing the mechanism of different TC in various 
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polymers and the positive effect of entanglement.[48] However, the interchain distance-

dependent TC is negligible in oriented polymers because the TC of oriented polymers is 

dominated by the intrinsic TC of molecular chains.[48] Furthermore, the entanglements in 

anisotropic polymers are negative to chain orientation during stretching. 

 

 

Figure 1.3 (a) Simulated TC of a PE chain as a function of chain length (Reprinted with permission.[43] Copyright 

2008, American Physical Society). τ is the relaxation time in the simulation. (b) TC of different polymers as a 

function of chain length. The dashed lines are fits of the data. The slope β indicates the competition between diffusive 

and ballistic phonon transports. (Reprinted with permission.[44] Copyright 2012, American Physical Society) (c) 

Chemical structures of polymers. (d) Illustration of temperature and strain-dependent TC of a PE chain (Reproduced 

with permission.[47] Copyright 2013, American Chemical Society). (e) TC of PE chain and PE crystalline in 

directions parallel (TCz) and perpendicular (TCr) to the main chain extension as a function of strain. (Reprinted with 

permission.[45] Copyright 2018, American Physical Society)  

 



Chapter 1 

8 

 

Simple, single PE chains with the zig-zag structure seen in Figure 1.3d show a switchable 

TC, undergoing a temperature-induced phase transition from the crystalline state at 300 K to 

an amorphous state at 450 K due to the different degrees of segmental order of the flexible -

CH2 segments along the polyethylene chains, induced either by strain or temperature.[47] As 

a result, the TC increases with strain due to the higher degree of orientation of the PE chain. 

As mentioned previously, the presence of side-chains and the interaction between polymer 

chains also affect thermal transport. Normally, heavy and dense side-chains have a negative 

contribution to thermal transport.[46] On the other hand, strong intermolecular interactions, 

like hydrogen bonding and π interactions can decrease phonon scattering, leading to higher 

thermal conductivity. Furthermore, the TCr in the x- and y-directions (perpendicular to the 

chain extension direction) of PE films decrease slightly while the TCz in the chain direction 

increases upon the increasing strain (Figure 1.3e).[45] The decreasing TCr in the crystalline 

PE films is attributed to the decreasing intermolecular van der Waals (vdW) interactions with 

the increasing strain which enhances phonon scattering for inter-chain phonon 

transport.[42,45,48] 

 

 

Figure 1.4 Effects of microstructure on thermal transport in anisotropic polymers. 

 

The factors affecting thermal transport are summarized in Figure 1.4 based on the results 

of computer simulations. For instance, the defects, side chain (branch), and atom 



Introduction 

9 

 

mismatching in the main chain increase the phonon scattering, decreasing TC.[41,44,46] Chain 

entanglement is beneficial to the thermal transport in isotropic polymers; however, it is a 

negative factor for anisotropic polymers owing to the decreasing chain orientation and/or 

draw ratio induced by chain entanglement. On the other hand, chain orientation, crystallinity, 

and draw ratio are supposed to enhance the thermal transport and increase TC in anisotropic 

polymers, which is consistent with the effect of chain length (molecular weight). More 

importantly, the interaction between fillers and matrix is positive to TC[44] due to the 

decreasing thermal resistivity in the interfaces and boundaries. 

 

1.4 Thermal conductivity of anisotropic polymer materials 

1.4.1 Thermal conductivity of polymers with post-processing 

1.4.1.1 PE nanofibers fabricated by gel-stretching 

Stretched PE fibers can present much higher TC than in the unstretched state due to their 

high crystallinity and main chain orientation induced by the ultra-stretchability (draw ratio > 

100) and their simple chemical structure without atom mismatches to cause scattering.1,3-5,18-

30 The TC of a high-quality 100-200 nm diameter gel-stretched PE nanofibers with draw 

ratios of ~ 400 was found to be as high as ∼104 W m-1 K-1,[49] larger than the thermal 

conductivities of about half of the pure metals, including nickel, iron, and platinum. 

Remarkably, this value is about three times higher than previously reported for PE 

microfibers[50] and ~ 300 times higher than that of isotropic polyethylene (Figure 1.5a).[49] 

Similarly, the ultra-drawn PE nanofibers had diameters of approximately 100 nm and showed 

extremely high strength and temperature-dependent TC (Figure 1.5b and c).[51] Such 

temperature-dependent TC increases linearly as ~ T from 20 to 100 K, reaching a plateau of 

~ 90 W m-1 K-1.[51] In addition to high thermal conductivity, such PE nanofibers exhibit ultra-

high strength (11 GPa) as well, exceeding any other existing soft materials.[51] These results 

are explained by the high degree of chain orientation and reduction of the periodic boundary 

phonon scattering.[42,49] 

 

Figure 1.5 (a) TC of ultradrawn PE nanofibers as a function of draw ratio.[49] (b) TC of ultradrawn PE nanofibers 

with different diameters (D) and length (L) as a function of temperature. (c) TEM micrograph of a PE nanofiber. 

(Reprinted with permission.[51] Copyright 2018, Nature) 
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1.4.1.2 PE microfilms fabricated by solid-stretching 

Although ultra-drawn PE films possess similar crystallinity and chain orientation to ultra-

drawn PE fibers, ultra-drawn PE films have other potential uses due to their larger surface 

areas, high visible light transmissions, and relative ease of processing.[55] Drawn PE films 

fabricated by solution-extrusion and solid-drawing methods show increasing in-plane 

parallel TC with increased draw ratios, the maximum of TC measured being approximately 

62 W m-1 K-1 with a draw ratio of 110 using the steady-state method (Figure 1.6a).[52] 

Similarly, ultra-drawn PE films achieved by multi-stage drawing in the solid-state produce a 

TC of 65 W m-1 K-1 at a draw ratio of 410 (Figure 1.6b).[54] The tiny difference of TC in 

ultra-drawn PE films could be attributed to different crystallinity or chain orientation induced 

by the pre-process of PE films before stretching. 

 

 

Figure 1.6 (a) TC of ultradrawn PE films as a function of draw ratios (Reprinted with permission.[52] Copyright 

2019, Nature). Here, TDTR represents the time-domain thermal reflection method.[53] (b) TC of ultradrawn PE films 

with different molecular weights as a function of draw ratio (Reprinted with permission.[54] Copyright 2017, Elsevier 

B.V.). PE_2_4, PE_6_7, and PE_10_7 represent PE films with weight-average molecular weights (Mw) of 2000, 

6000, and 10000 kg/mol and molecular weight distribution of 4, 7, and 7, respectively.  

 

1.4.1.3 Commercial microfibers fabricated by the wet-/solution-/melting-spinning 

process 

Highly-oriented polymer fibers with strong interchain interactions have the potential to 

be excellent thermal conductors.[10,56–59] For instance, the commercial fibers 

polybenzoxazoles (PBO, brand name Zylon®), poly p-phenyleneterephthlamide (Aramid, 

Kevlar® 149), polyhydroquinone diimidazopyridine (PIPD), (poly(p-phenylene 

benzobisthiazole)) (PBT), and polyethylene (brand names Dyneema® and Spectra®) not only 

exhibit high tensile moduli but also high TCs (Figure 1.7a), higher than most isotropic 

polymers and ceramics.[49] Commercial PE microfibers show a temperature-dependent TC 
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from 50 to 250 K, usually lower than that of PE nanofibers (Figure 1.7b),[49] a result of their 

relatively low degree of chain orientation and stronger periodic boundary phonon 

scattering.[42] As mentioned above, anisotropic PE films and fibers fabricated by different 

processes can show a large difference in thermal conductivity, which is mainly attributed to 

the different chain orientations (draw ratios) induced by the fabrication process. Usually, the 

PE nanofibers[49] fabricated by gel-stretching show greater chain orientation (draw ratios) 

than PE microfilms and PE fibers achieved by other methods,[52] and the PE microfilms could 

possess stronger periodic boundary phonon scattering than PE microfibers.[42]  

 

 

Figure 1.7 (a) TC of commercial PBO, PE (PE-1: Dyneema® fiber, PE-2, and PE-3: Spectra® 900 and 2000 fibers), 

Aramid®, PIPD, and PBT fibers as a function of tensile moduli and their chemical structures. The diameters of the 

fibers range from 10 to 30 μm. (b) TC of the same polymer fibers as a function of temperature. (Reproduced with 

permission.[10] Copyright 2013, American Chemical Society) 
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1.4.1.4 Nanofibers fabricated by nanoporous template wetting/electrospinning 

A PE nanofiber array fabricated by nanoporous template wetting had a maximum TC 

(14.8 W m-1 K-1) with a diameter of 100 nm, approximately 30 times greater than the TC of 

bulk PE (Figure 1.8a).[60] The single PE nanofibers in this array have an estimated TC 

slightly more than 20 W m-1 K-1 at room temperature, however, this value is considerably 

lower than that of gel-stretched PE nanofibers (~ 104 W m-1 K-1) [62] probably due to the 

relatively low orientation in PE nanofiber array. Pure polythiophene (PT) nanofibers 

fabricated by electropolymerization using nanoscale templates display a TC of ∼ 4.4 W m-1 

K-1, over 20 times greater than bulk PT.[56] This remarkable result is attributed to the 

enhanced chain orientation along the fiber axis obtained during electropolymerization.[56] PE 

nanofibers fabricated by electrospinning show an increasing TC with increasing 

electrospinning voltage (Figure 1.8b),[61] this increase attributable to the increase in 

crystallinity induced by the higher voltages. Over the temperature range of 100 to ~ 270 K, 

the TC of the PE nanofibers increases: further temperature increase results in TC decay as a 

result of increasing phonon scattering.[61] The semi-crystalline Nylon nanofibers fabricated 

by electrospinning exhibit a large, annealing time-dependent TC of 59.1 W m-1 K-1 due to 

the reduced configuration disorder after annealing, approximately 3 orders of magnitude 

higher than that of pristine Nylon nanofibers (Figure 1.8c and d).[59]  

 

 

Figure 1.8 (a) TC of PE nanofiber arrays fabricated by nanoporous template wetting and the estimated TC of single 

fibers as a function of temperature. (Reprinted with permission.[60] Copyright 2011, Elsevier B.V.) (b) TC of PE 

nanofibers with different electrospinning voltages and diameters as a function of temperature. (Reproduced with 

permission.[61] Copyright 2015, Royal Science of Chemistry) (c) TC of polyamide 6 (PA 6, Nylon 6) and polyamide 

11 (PA 11, Nylon 11) with different Mn as a function of annealing time. (Reproduced with permission.[59] Copyright 

2020, American Chemical Society) (d) Chemical structures of PA6 and PA11 fibers. 
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1.4.2 Thermal conductivity of liquid crystal networks 

Photopolymerized LCNs exhibit anisotropic properties, including thermal conductivity 

due to the anisotropic intermolecular-interaction and chain orientation.[63,64] As a result of the 

conjugated and extended π-system of the mesogenic core and length extension of the terminal 

aliphatic tails, the through-plane TC and the TC anisotropy ratio of LC polymer films reach 

3.56 W m-1 K-1 and 15, respectively.[63] Similarly, discotic LC (DLC) films prepared by 

thermal treatment and photo-crosslinking exhibit increased in-plane TC (3.8 W m-1 K-1 ) and 

anisotropy ratios (~ 38) resulting from the homeotropic alignment and high crosslinking 

density.[64] These values for the TC are low in comparison to other anisotropic systems, such 

as anisotropic PE films and fibers[51,52] due to the side chains and atomic mismatches in 

molecules, and a lower degree of orientation of LCNs. LC films incorporating photoisomers 

can be designed with properties that are tunable using external stimuli, including engineering 

variation in their TCs, visible light transmission, and actuation capability.[64–69] Typically, to 

achieve these responsive properties, the polymers are created from LCs doped with 

azobenzene (Figure 1.9).[69] Azobenzene is a photoisomer that can change from the extended 

trans- form to the bent cis-isomer upon exposure to UV light and can be returned to the trans 

form by exposure to longer wavelengths, such as blue light (see Figure 1.9a).[69] The TC of 

polymers doped with azobenzene is tunable: when the azobenzene transfers from planar 

(trans) to nonplanar (cis) states under UV illumination, the TC (λtrans/λcis) varies up to a factor 

of 3.5 (Figure 1.9b), a higher anisotropy ratio of TC than found in other responsive 

materials.[70–72] Although the thermal conductivity is low, these results indicate that LCN 

films could potentially be used to fabricate remote-controlled, switchable TCM ‘smart’ 

materials. 

 

 

Figure 1.9 (a) Schematic diagram of the structural transition in azobenzene polymers from the trans to cis states 

under UV light stimuli. (b) TC of azobenzene polymers in trans and cis states. (Reprinted with permission.[69] 

Copyright 2019, National Academy of Sciences) 
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1.4.3 Thermal conductivity of anisotropic polymer composites 

As mentioned in section 1.2, poor interaction between fillers and their matrix can result 

in serious phonon scattering at interfaces in anisotropic polymer composites,[22–24] resulting 

in low TC. Therefore, drawn composites with strong interaction between filler and matrix or 

with a low draw ratio have been produced to good effect.[73–76] The TCs of DLC were studied 

with different volumetric amounts of expanded graphite (EG) or BN (Figure 1.10a and b).[77] 

As expected, the TCs of both composites were enhanced with increasing volumetric quantity 

of fillers, based on both theoretical calculations and experimental measurements (Figure 

1.10 c and d). The DLC-EG composite exhibited a higher TC than the DLC-BN composite 

at the same volumetric content, although pure BN shows a higher TC than EG. This work 

revealed good interfacial affinity between EG and DLC, resulting in suppressed interfacial 

phonon scattering by the strong π-π interactions, while BN instead interacts with DLC 

through weaker vdW forces (Figure 1.10b). 

The effect of the simultaneous alignment of PE lamellae and graphene (GN) on the TC 

of their composites was investigated at low draw ratios (< 5).[74] It found the TC of drawn 

PE-GN composite increases upon increasing content of GN and increasing draw ratios: the 

weak vdW interactions between GN and PE chains suggest simultaneous alignment has great 

potential to achieve high TC in the drawn polymer composites.  

 

 

Figure 1.10 (a and b) Schematic diagram of the fabrication and interaction of DLC-GN and DLC-BN. (c and d) TC 

of DLC composites film with expanded graphene and BN as a function of volume content of additives. (Reproduced 

with permission.79 Copyright 2018, American Chemical Society) LC/C (liquid crystals with carbon black),[78] a-

C/EG (activated carbon powder with expanded graphite),[79] Epoxy/EG (epoxy with expanded graphite),[80] 

Epoxy/BN (epoxy with boron nitride),[81] PP/PDA-BN (polypropylene with polydopamine-functionalized boron 

nitride),[82] Epoxy/BN/Al2O3 (epoxy with boron nitride and aluminum oxide)[83]  
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1.5 Research aim and outline of the thesis 

Commodity polymers, including polyethylene, polystyrene, and polypropylene, are 

widely used in daily life and at large scales. These low-density, low-cost polymers typically 

only exhibit low thermal conductivity and static functional properties, limiting their 

application as high-end products. In this thesis, drawn polyethylene, polyvinyl alcohol, and 

their composites films as high thermal conductors are explored. Furthermore, the application 

of these thermally conductive polymers as photothermal soft actuators is investigated. 

Chapter 2 describes ultradrawn films of ultra-high molecular weight polyethylene 

(UHMWPE) blended with a wide range of low molecular weight poly waxes which exhibit 

number average-molecular weight (Mn) dependent thermal conductivities. A new model 

correlating molecular weight, draw ratio and thermal conductivity is presented and validated 

against the experimental results. Through this model, there is new potential for designing 

drawn polymers with high thermal conductivity using draw ratio and Mn. 

To solve the weak interaction between drawn polymer matrixes and additives, a highly 

thermally-conductive ultradrawn UHMWPE film containing a low concentration of graphene 

and a commercial UV absorber (BZT) was explored in Chapter 3. Such ultradrawn 

composite films show a visible light transmission of ~ 85% and a metal-like thermal 

conductivity of ~ 75 W m-1 K-1, which opens new possibilities of managing heat transport in 

windows and devices.  

The effect of interaction between matrix and additive on thermal conductivity was studied 

in Chapter 4 using drawn polyvinyl alcohol and graphene oxide composite films. The 

thermal conductivity of drawn composite films with 5 wt% graphene oxide is approximately 

50-fold higher than that of neat undrawn polyvinyl alcohol films. 

Chapter 5 demonstrates the use of a three-dimensional anisotropic commodity 

polyethylene film containing graphene, BZT, and near-infrared absorbing dyes as light-

responsive actuators. The soft actuators are cut perpendicular to the film drawing direction 

and self-bend due to the concentration gradient of additives. Under UV and NIR light 

illuminations, the films unbend and can act as a gripper for grasping cargo. The films can 

also be driven to dive and ‘surf’ in isopropanol under UV or NIR lights. In addition, the films 

may be used as a cargo transporter when it is surfing on the surface of a solvent. This work 

demonstrates that commodity polymers can be used as soft actuators and robotic devices and 

the high thermal conductivity of composite films is able to improve the response time of 

photoresponsive actuators.  

To integrate the negative thermal expansion and high mechanical properties in the 

drawing direction, Chapter 6 reports drawn commodity polyethylene films with graphene, 

BZT, and NIR dyes as photo-responsive, stress-generating actuators. Under NIR light 

illumination, the drawn commodity polyethylene composite films show actuation stresses of 
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approximately 35 MPa with only a change in small strain (< 1%). This actuation stress is also 

generated under UV and blue lights, indicating that the drawn commodity polyethylene films 

could be used as light-driven metal-like actuators. 

Chapter 7 provides the assessment of the results in this thesis and the potential 

applications of the low-cost commodity polymers as high thermal conductive polymer 

materials for thermal management, and soft actuators. 
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  Chapter 2 

The Role of Polyethylene Wax on the Thermal Conductivity of 

Transparent Ultradrawn Polyethylene Films 
 

 

 

Abstract Transparency and thermal conductivity of ultradrawn ultrahigh molecular weight 

polyethylene films containing different contents of low molecular weight polyethylene wax 

(PEwax) are explored from experimental and theoretical viewpoints. It is shown that the 

addition of PEwax decreases light scattering in all directions, resulting from a reduction of 

defects while having little effect on crystallinity or chain orientation of ultradrawn films. In 

general, upon the addition of PEwax, the thermal conductivity of ultradrawn films increases 

with the highest conductivity being 47 (W m-1 K-1) and subsequently decreases at higher 

concentrations. The thermal conductivity also depends on the draw ratio and number-average 

molecular weight (Mn) of the films. A model is presented which correlates the thermal 

conductivity of the films with the draw ratio and Mn, enabling an explanation of the 

experimental results. Hence, the thermal conductivity of ultradrawn polyethylene films can 

be predicted as a function of Mn and draw ratio. 

 

 

This chapter is largely reproduced from: 

Pan, X., Schenning, A. P. H. J., Shen, L., & Bastiaansen, C. W. M. The Role of Polyethylene Wax on the Thermal 

Conductivity of Transparent Ultradrawn Polyethylene Films. Macromolecules, 2020, 53, 5599. 



Chapter 2 

22 

 

2.1 Introduction 

Thermally conductive materials such as metals, ceramics, carbon materials, and polymer 

composites are receiving a lot of attention both from scientific and application points of view. 

Polymer composites are attractive due to their low density, ease of processing and chemical 

stability (as seen in Chapter 1).[1–4] In these composites, the intrinsically low conductivity 

of polymers is enhanced by adding thermal conductive additives. However, most polymer 

composites are non-transparent due to light scattering and/or absorbance by additives, which 

limits their applications. Most polymers are amorphous or semi-crystalline and their low 

thermal conductivity is usually attributed to phonon scattering.[2,5] Generally, phonon 

transport in isotropic polymers is influenced by many factors including the number of side 

chains, the chemical composition, and morphology.[2,3] The thermal conductivity of isotropic 

polymers is typically below 1 W m-1 K-1,[6] while anisotropic polymers with higher thermal 

conductivity can be obtained via a variety of techniques such as drawing.[7–10]  

The thermal conductivity of ultradrawn PE films in the drawing direction increases non-

linearly with increasing draw ratio[11],[12] while the transverse thermal conductivity slightly 

decreases.[12] A model has been derived by Ronca et al. to describe the non-linear thermal 

conductivity versus draw ratio of ultradrawn PE, which assumes that the thermal conductivity 

is governed only by the draw ratio.[11] Xu et al. reported that thermal conductivity also 

depends on the length of the crystal phase.[9] Furthermore, computer simulations suggest that 

the thermal conductivity of a single PE chain and bulk PE might also depend on chain length 

to some extent.[6,13–15] However, experimental evidence for chain length dependence of the 

thermal conductivity in drawn polymer films has not been reported to date. 

 

2.2 Results and Discussion 

2.2.1 Thermal conductive and transparent ultradrawn films 

Transparent ultradrawn UHMWPE (Mw ~ 4×103 kg/mol) with different ratios of PEwax of 

different Mn (PEwax B, Mn ~ 1000 g/mol; PEwax C, Mn ~ 3000 g/mol, and PEwax D, Mn ~ 4255 

g/mol) were fabricated by solution-casting, followed by solid-state stretching. The Mw of the 

PE films decreases linearly upon adding PEwax (Figure 2.1a) while the Mn of the films shows 

a sharp, non-linear decrease (Figure 2.1b). The polydispersity, ᴆ, displays an inverse, linear 

trend (Figure 2.1c), indicating that adding wax with low Mw and Mn has a little effect on Mw 

of PE-wax films but a large effect on Mn since short chains mainly contribute to Mn. To 

further characterize the structure of ultradrawn UHMWPE films before and after adding 

different PEwax, Raman spectra were recorded (Figure 2.2). The intensity ratio of Raman 

bands at 1128 cm-1 to 1060 cm-1 is representative of the orientation of ultradrawn films, while 

the ratio of integral areas of the Raman band at 1414 cm-1 to Raman the bands at 1293 cm-1 

and 1305 cm-1 represent the crystallinity of the films.[16] The Raman results indicate that 

adding PEwax has no obvious effect on the crystallinity or the orientation of the films while 

drawing increases the chain orientation and crystallinity. 
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Mw, Mn, and PDI were calculated by the following equations 

𝑀𝑤𝑓
= 𝑀𝑤𝑤

𝜑 + 𝑀𝑤𝑝
(1 − 𝜑)             (2.1) 

 

1

𝑀𝑛𝑓

=
𝜑

𝑀𝑛𝑤

+
(1−𝜑)

𝑀𝑛𝑝

                                 (2.2) 

 

PDI =
𝑀𝑤

𝑀𝑛
                                              (2.3) 

Here, Mwf, Mww, and Mwp are the Mw of the films, wax, and polyethylene, respectively. Mnf, 

Mnw, and Mnp are the Mn of the films, wax, and polyethylene, respectively. φ is the wax 

content in the film. 

 

 

Figure 2.1 (a) Mw, (b) Mn and (c) PDI (ᴆ) of pure PE and PE-wax films. 

 

 

Figure 2.2 (a) Raman spectra of PE and PE-wax films with draw ratios of 1, 30 and 70, (b) Ratio of integral areas 

of Raman band at 1414 cm-1 to Raman bands at 1293 cm-1 and 1305 cm-1 versus intensity ratio of Raman bands at 

1128 cm-1 and 1060 cm-1.  



Chapter 2 

24 

 

 

Figure 2.3 (a) Polarized visible light transmission of pure PE and PE-wax films at 550 nm. The angular axes 

represent the angle between the polarizer and the drawing direction of the films. (b-e) SALS (Vv) patterns of PE, 

PE-wax B, PE-wax C and PE-wax D films with 1 wt% wax and a draw ratio of 30. (f) Drawing directions of samples 

and polarizers in SALS images. 

First, the polarized visible light transmission was measured of the ultradrawn PE and PE-

wax films containing 1 wt% PEwax (Figure 2.3a). The transparency of the PE-wax films is 

higher than the PE films and displays angular independence. The PE-wax films exhibit a 

higher visible light transmission (over 90%), while pure PE film shows a lower visible light 

transmission (84%). However, ultradrawn PE-wax films with different waxes or Mn did not 

show the obvious difference between optical transmission (Figure 2.3). Small-angle light 

scattering (SALS) measurements reveal strong and weak light scattering in the pure PE and 

PE-wax films, respectively. In the past, the enhanced visible light transmission was attributed 

to the filling of microvoids with an elongated shape parallel to the drawing direction[17] and 

it is assumed that this is also the case here. The improved optical transmission of PE-wax 

films could be attributed to the decreasing voids inside drawn films and matched refractive 

indexes between PE and PEwax. 

Next, the thermal conductivities of the different ultradrawn UHMWPE and PEwax films 

were measured (Figure 2.4a-c). In the case of PEwax films with a draw ratio of 30 (Figure 

2.4a), the thermal conductivity of the films increased upon the addition of 1 wt% PEwax. PE-

wax D films exhibit a higher thermal conductivity than the PE-wax C and PE-wax B films, 

suggesting that the molecular weight of the wax has an effect on the thermal conductivity. 

Upon increasing the PE-wax content, the films showed a nonlinear decrease in the thermal 

conductivity (Figure 2.4a). In general, upon increasing the draw ratio from 30 to 100, the 

thermal conductivity increases (Figure 2.4a-c) and the highest conductivity of 47 (W m-1 K-

1) is observed for the PE-wax containing 1 wt % PEwax-D with a draw ratio of 100 (Figure 

2.4c and Figure 2.5a). 
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Figure 2.4 Thermal conductivity of PE-wax films as a function of contents of PEwax with fixed draw ratios (a-c). 

The pink dot represents the data of pure PE films (without wax) with draw ratios of 30, 70 and 100. 

 

 

Figure 2.5 (a-d) Thermal conductivity of PE-wax films as a function of draw ratios. a: pure PE and PE with 1 wt% 

waxes. b-d: PE with 1, 2 and 5 wt% waxes. In Figure 2.6, the dashed lines are the fitting curves using equation 1 

and the value of thermal conductivity with a draw ratio of 1 is set as 0.5 W m-1 K-1.[2,5,7]  

 

When displaying the thermal conductivity as a function of the draw ratio, a non-linear 

relationship is observed (Figure 2.5a-d), consistent with previous publications.[10,18] 

However, the thermal conductivity of ultradrawn films with high PEwax content did not 

increase further (Figure 2.5c-d).  
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The lower thermal conductivity of pure PE ultradrawn films could result from the phonon 

scattering (Figure 2.3) caused by defects such as nano- or microvoids inside the bulk PE 

films. Upon addition of 1% of PE-wax, these voids are filled, leading to less phonon 

scattering and enhanced thermal conductivity. However, PE-wax B films having a low 

molecular weight of PE-wax with a high draw ratio are an exception. The different PE-wax 

films show different thermal conductivity at the same draw ratio, and the films with the 

highest molecular weight PEwax (PE-wax D) outperform the other films. As the crystallinity 

and chain orientation in the PE-wax films is the same (vide supra), this reveals that the 

thermal conductivity also depends on the molecular weight of the wax. 

 

 

Figure 2.6 Thermal conductivity of PE-wax films with draw ratios of 30 and 70 as a function of Mn (a, b) and Mw 

(c, d). The red dashed lines are the curves fit using equation 2.4. When the draw ratio is 70 times, κ is close to κ1 

and κ2 is ignored. The values of parameters in equation 2.4 are obtained based on the thermal conductivity at a draw 

ratio of 70. The data of pure PE films are excluded due to their different morphology with PE-wax films. 
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Figure 2.7 Thermal conductivity of PE-wax films with a draw ratio of 100 as a function of Mn and Mw. 

 

To investigate the molecular weight dependence further, the thermal conductivity of PE-

wax films with different PEwax concentrations was plotted as a function of the number-

average molecular weight, Mn, and the weight-average molecular weight, Mw, at two draw 

ratios (Figure 2.6 and Figure 2.7). The plots show that the thermal conductivity of 

ultradrawn films increases with increasing Mn, while there is no such relationship with Mw. 

PE-wax films with similar Mw and content of PEwax show different thermal conductivities, 

indicating the thermal conductivity of ultradrawn films is more related to Mn than Mw.  

 

2.2.2 Model for thermal conductivity, Mn and draw ratio 

To shed light on the relationship between Mn, draw ratio and thermal conductivity of PE-

wax films, a model is developed based on the assumption that the extended-chain region 

mainly contributes to thermal conductivity in ultradrawn films and that the majority of 

regions in ultradrawn PE films are extended chain regions.[10] Thus, only the effect of the 

extended-chain region is considered in our model. 

The thermal conductivity (κ) in anisotropic polymers has been described by Ronca et al 

(equation 2.4):[11] 

 

1
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= (

1
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− 

1

𝜅2
) {

𝜆3

𝜆3−1
−

𝜆3

(𝜆3−1)
3
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tan−1 [(𝜆3 − 1)
1

2]} +
1

𝜅2
         (2.4) 

 

where  is the draw ratio, κ1 and κ2 the thermal conductivities of perfectly oriented polymers 

parallel and perpendicular to the chain axis, respectively, and they are considered as constant 
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typically. It was found that equation 2.4 can also describe our data at a constant Mn in each 

PE-wax system assuming that the thermal conductivity on unstretched PE-wax films is low 

(Figure 2.5b). However, this equation is not able to describe the different thermal 

conductivity values for the different PE-wax films (Figure 2.6a and b). 

As mentioned earlier, κ1 has been described in computer simulations as an exponential 

function of chain length (L).[13,14] However, the thermal transport is different in a single PE 

chain than PE films[19] as PE chains are difficult to be extended completely in polymer films 

without entanglements and kinks.[13,15] Therefore, in our model, κ1 is described by an 

exponential function of Mn instead of chain length. 

 

𝜅1 = 𝐵𝑀𝑛
𝛾                    (2.5)  

 

Here, B is a constant and its unit is W/(g/mol)γ m-1 K-1. γ indicates the competition between 

diffusive and ballistic phonon transport, where diffusive and ballistic phonon transport leads 

to γ = 0 and 1, respectively.[13] 

By combining equations 2.4 and 2.5, equation 2.6 describes both the dependence of the 

thermal conductivity as a function of Mn and draw ratio: 

 

1
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1
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In the case of a specific draw ratio, the thermal conductivity is described roughly by Mn 

following the equation below, which is consistent with that in a perfect stretched PE chain.[13] 

 

𝜅 = 𝐵𝑀𝑛
𝛾                   (2.7) 

 

The values of B and γ are approximately 0.206 ± 0.13 and 0.426 ± 0.052 by fitting the data 

in Figures 2.6a and b. 

When Mn was fixed, equation 2.4 is obtained from equation 2.5 while equation 2.7 is 

achieved from equation 2.6 with a fixed draw ratio. Equation 2.6 was verified using the 

ultimate thermal conductivity predicted by equation 2.4, revealing the good fitting between 
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equation 2.4 and equation 2.6 in different systems. These fitting results demonstrate the 

accuracy of our model and its feasibility in other polyethylene systems. 

According to our model, the draw ratio is the main factor determining thermal 

conductivity at low draw ratios, while Mn mainly contributes to the increase in thermal 

conductivity at high draw ratios. This indicates that polyethylene films with a high Mn could 

exhibit a high thermal conductivity at high draw ratios. The increased thermal conductivity 

in ultradrawn films with the high Mn could be attributed to less short chains, resulting in 

weak photon scattering.14 However, chain entanglements, side chains and defects inside of 

films show negative effects on thermal conductivity and these factors were not considered in 

our work (see also supporting information). The underlying mechanism was speculated. The 

thermal conductivity of (isotropic and anisotropic) polymers is governed by intramolecular 

and intermolecular phonon transport. In the case of most polymers, the intramolecular 

phonon transport along the macromolecular backbone is dominated which results in a high 

theoretical thermal conductivity for extended-chain molecules and/or extended-chain 

crystals with an infinite molecular weight.6,9,10,14 In real polymeric systems with a high 

molecular weight, the macroscopic thermal conductivity is usually restricted by 

intermolecular phonon transport between the chains which is facilitated by orientation and 

chain extension.1,2,15,20 Upon the addition of waxes with low contents, the interfibrillar voids 

in ultra-drawn polymers are avoided which decreases intermolecular phonon scattering and 

enhances thermal conductivity. With the increasing Mn of PE wax, the number of chain ends 

of PE wax decreases, resulting in less phonon scattering, which explains the observed semi-

empirical relationship presented in this study to a certain extent. The density/size of phase-

separated PE wax at low content could decrease when Mn of PE wax increases. 

 

2.3 Conclusions 

Highly transparent PE-wax ultradrawn films were fabricated by solution-casting and 

solid-stretching method. It was found that adding PEwax improves the visible light 

transmission (> 90%) of ultradrawn PE films via decreasing defects inside films while adding 

PEwax has a little effect on the crystallinity and orientation of ultradrawn films. It is revealed 

that the thermal conductivity of ultradrawn PE-wax films not only depends on the draw ratio 

but also on the Mn of PE-wax films. Furthermore, the thermal conductivity of PE-wax films 

predicted by our model is in good agreement with experimental results. The model shows the 

relationship between thermal conductivity, Mn and draw ratio and it is able to predict the 

thermal conductivity of drawn polymers by macroscopic parameters, such as Mn and draw 

ratio, which is vital for making transparent, high thermally conductive polymer films in 

optoelectronic devices where thermal management is crucial. 
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2.4 Experimental section 

Materials. UHMWPE (weight-average molecular weight (Mw) ~ 4×103 kg/mol and a 

polydispersity index (PDI or ᴆ ~ 7) was received from DSM (Geleen, The Netherlands). 

PEwax B (Mn ~ 1000 g/mol, ᴆ ~ 1.08) and PEwax C (Mn ~ 3000 g/mol, ᴆ ~1.08) were purchased 

from Baker Hughes Incorporated. PEwax D (Mn ~ 4255 g/mol, ᴆ ~ 3) was received from Mitsui 

Chemicals Incorporated (Japan). Paraffin oil and xylene were purchased from Thermo Fisher 

Scientific Incorporated (The Netherlands) and Biosolve BV (The Netherlands), respectively. 

All reagents were used without further purification.  

Fabrication. Firstly, UHMWPE powder (2 g), PEwax (0, 1, 2 and 5 wt% to UHMWPE/PEwax 

blend) and the antioxidant Irganox 1010 (0.1 wt% to UHMWPE) were added to xylene (200 

mL). After degassing via ultra-sonication for 30 minutes, the mixture was stirred at 

approximately 120 oC in an oil bath until the Weissenberg effect was observed. The solution 

was then cast into aluminum trays of approximately 144 cm2 after UHMWPE was completely 

dissolved. The solution-cast films were left at room temperature for several days to evaporate 

the xylene completely. Dry UHMWPE/PEwax (PE-wax) films were then cut into small strips 

and were stretched at ~ 120 oC. 

Analytical Techniques. The surface microstructure and roughness of the films were 

characterized by optical microscopy (Leica DM 2700M) and an Interferometer (FOGALE 

Nanotech Incorporated, France). The polarized transmittance of samples was measured in 

the range of 0-180 degrees at 550 nm on a Shimadzu (Japan) UV-3102 PC spectrophotometer 

with a 1-degree interval. During UV-vis measurement, the samples were sandwiched 

between two glass slides and coated with a few drops of paraffin oil to reduce the surface 

scattering of the samples. Small-angle light scattering (SALS) patterns were measured using 

a He-Ne gas laser (wavelength: 632 nm) and Vv patterns were obtained with the polarizer 

and analyzer parallel. Differential scanning calorimetry (DSC) experiments were performed 

on a TA Instruments Q2000 calorimeter at a rate of 10 oC/min between 25 oC to 180 oC. 

Wide-angle X-ray scattering (WAXS) measurements were performed on a Ganesha lab 

instrument equipped with a Genix-Cu ultralow divergence source producing an X-ray with a 

wavelength of 1.54 Å. Raman spectra were performed to characterize the crystallinity and 

chain orientation on a Raman Microscope (Witec Alpha 300 R). Thermal conductivity was 

measured by a setup based on the Angstrom method (Figure 2.8).[20] The thermal 

conductivity (κ) was calculated using the equation 2.8: 

 

𝜅 =  𝐶𝐻 × 𝜌 × 𝛼                 (2.8) 

 

Here, CH is the heat capacity (~ 1.8 J/kg K) of samples, ρ is the density (~ 1000 kg/m3) of 

samples and α is the thermal diffusivity (m2/s). 
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The thermal diffusivity (α) was calculated using Equation 2.9: 

 

𝛼 =  
(∆𝑥)2

2∆𝑡 𝑙𝑛
𝐴1
𝐴2

                         (2.9) 

 

Here, Δx is the distance between thermocouples (m), Δt (s) is the phase difference between 

the temperature of the thermocouples, A1 and A2 are the temperature amplitudes at the testing 

points 1 and 2 on the film. 

The heater temperature (T) was set following a sine function (equation 2.10): 

 

𝑇 = 10 𝑠𝑖𝑛(𝜋 𝑡𝑓) + 55                (2.10) 

 

Here, t is time (s), f is the frequency (s-1) and its value is 0.02. 

The schematic diagram and calibration of the setup are shown in Figure 2.8. 

 

 

Figure 2.8 (a) The schematic diagram of setup; the images of the measurement module of the system: front (b), side 

(c) and top (d) view of the experimental setup. 
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Chapter 3 

Transparent, High Thermal Conductivity Ultra-drawn 

Polyethylene/Graphene Nanocomposite Films 
 

 

Abstract Transparent, ultra-drawn, ultra-high molecular weight polyethylene 

(UHMWPE)/graphene nanocomposite films with a high thermal conductivity were 

successfully fabricated by solution-casting and solid-state drawing. It was found that the low 

optical transmittance (< 75%) of ultra-drawn UHMWPE/graphene composite films was 

drastically improved (> 90%) by adding 2-(2H-benzotriazol-2-yl)-4, 6-ditertpentylphenol 

(BZT) as a second additive. This high transmission was interpreted in terms of a reduced 

void content in the composite films and the improved dispersion of graphene both of which 

decrease light scattering. The high thermal conductivity is attributed to the π-π interaction 

between BZT and graphene. In addition, a high specific thermal conductivity of ~ 75 W m-1 

K-1 of ultra-drawn UHMWPE/graphene/BZT composite films was obtained which is higher 

than most metals and polymer nanocomposite. These transparent films are potentially 

excellent candidates for thermal management in various applications due to a combination 

of low density, ease of processing and high thermal conductivity. 

 

 

This chapter is largely reproduced from: 

Pan, X., Shen, L., Schenning, A. P. H. J., & Bastiaansen, C. W. M. Transparent, High‐Thermal‐Conductivity 

Ultradrawn Polyethylene/Graphene Nanocomposite Films. Advanced Materials, 2019, 31, 1904348.  
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3.1 Introduction 

Thermal management is vital to the lifetime and performance of a wide variety of 

electronic devices including solar cells, light-emitting diodes (LEDs) and chips (as seen in 

Chapter 1).[1–3] With the widespread application of electronics, effective thermal 

management with thermally conductive materials has become a major technological 

challenge. Therefore, new and high thermally conductive materials with a high visible light 

transmission are needed, especially for the thermal management of windows (as seen in 

Chapter 2).[3,4] 

In general, thermally conductive materials include metals, ceramics, carbon materials 

and polymer composites.[1,5–12] Compared with other thermally conductive materials, 

polymer composites have been explored extensively in the past decades due to their low 

density, ease of processing, high electrical resistivity and corrosion resistance.[2] Normally, 

the thermal conductivity of polymers is enhanced with highly thermal conductive additives 

but the increase in thermal conductivity is limited to less than one order of magnitude (< 10 

W m-1 K-1), resulting from the high thermal interface resistance between the additive and the 

polymer matrix.[2,5,7] Also, polymer composites with a high concentration of fillers are non-

transparent due to the visible light scattering and/or absorbance of fillers. 

Ultra-drawn, highly oriented and chain-extended polymers were studied extensively due 

to their high thermal conductivity and mechanical properties even without additives.[13–17] 

Solution-spun, ultra-drawn UHMWPE fibers have a thermal conductivity between 10 and 20 

W m-1 K-1 which is at least one order of magnitude higher than that of isotropic polymers.[17] 

The maximum thermal conductivity of ultra-drawn nascent UHMWPE films with a draw 

ratio of more than 200 is ~ 50 W m-1 K-1[16] and ultra-drawn nanofibers with a thermal 

conductivity of ~ 104 W m-1 K-1 were also reported with a draw ratio of ~ 410.[13] 

Unfortunately, the latter results were obtained with rather unpractical processing and/or ultra-

drawing procedures which limits the usefulness of these fibers and films. In addition, it is 

tempting to expect that composites consisting of highly oriented systems with inorganic 

fillers might have an even higher thermal conductivity.[2] However, inorganic fillers like 

graphene in ultra-drawn polymers usually cause defects and cracks at the interface between 

the filler and the highly anisotropic matrix.[18] These defects or cracks cause light scattering 

and premature fracture upon ultra-drawing.[19–21] In other words, it remains a challenge to 

fabricate transparent ultra-drawn polymer composite films with a high thermal conductivity 

without defects. 

 

3.2 Results and Discussions 

 UHMWPE films with draw ratios of 30 and 70 were fabricated by simple solution-

casting and solid-state drawing and the transparency of the films was studied using UV-vis 

spectroscopy. Both light scattering and absorption of light are influenced by film thickness 
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and in order to eliminate this effect the absorption was divided by the film thickness. Pure 

UHMWPE films (PE-30 and PE-70, respectively) exhibit a slight deviation from a flat curve 

(Figure 3.1a and b) which is usually attributed to light scattering in the drawn films 

originating from micro-voids parallel to the drawing direction.[22] The addition of graphene 

(GN) to the ultra-drawn UHMWPE films (PE-GN-30 and PE-GN-70, respectively) increases 

the scattering of light enormously. Previously, we found that the addition of 2 wt% of 2-(2H- 

benzotriazol -2-yl)-4, 6-ditertpentylphenol (BZT) (without graphene) reduces this light 

scattering and transparent glass-like films are obtained in the visible wavelength range.[22] 

Therefore BZT was added to the UHMWPE/GN films. BZT shows a high absorbance of UV 

light and graphene also absorbs some light in the visible part of the spectrum (Figure 3.1c). 

The addition of both BZT (2 wt%) and graphene (0.1 wt%) to the ultra-drawn UHMWPE 

films resulted in films with very little visible light scattering which appeared transparent upon 

visual inspection (Figure 1d and e). From these data, there is a low visible light transmission 

in ultra-drawn PE-GN film due to light scattering while PE-BZT-GN films show a high 

visible light transmission and very little light scattering. 

 

 
Figure 3.1 UV-vis spectra of solution-cast, ultra-drawn PE, PE-BZT, PE-GN and PE-BZT-GN with draw ratios of 

(a) 30 and (b) 70. The absorption divided by the film thickness (Ã) is used to eliminate the effect of film thickness. 

(c) UV-vis spectra of pure xylene, BZT-xylene solution and graphene-xylene dispersion. The concentration of 

graphene and BZT in xylene is 0.01 and 0.2 mg/mL, respectively. Optical images of (d) PE-GN and (e) PE-BZT-

GN ultra-drawn films with a draw ratio of 30. 
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Figure 3.2 Ã of ultra-drawn PE-BZT-GN films at 550 nm as a function of the graphene content and the fitted dashed 

line of Ã using Lambert-Beer law. There is about 6% error in the data points due to variations in film thickness. The 

mass ratio of BZT to PE is 0.02 and the background in the UV-vis measurements is PE-BZT films. The draw ratio 

of the films is 30.  

 

To further explore the role of BZT in the polymer nanocomposite film, ultra-drawn films 

with different contents of graphene and a constant content of 2 wt% BZT were studied 

(Figure 3.2). It was found that the transmittance at 550 nm did not follow Lambert-Beer’s 

law at a graphene content above 0.2 wt% due to the aggregation of graphene particles (Figure 

3.2). The extinction coefficient of graphene in PE-BZT-GN films was calculated from the 

slope below a graphene content of 0.2 wt% and was found to be approximately 45.1 L/(g cm) 

(Figure 3.2), which indicates that the reduced transmittance of PE-BZT-GN film is mainly 

attributed to the absorbance of GN. Ultra-drawn transparent films with 0.1 wt% graphene 

and 2 wt% BZT were studied in more detail as these films also showed a high thermal 

conductivity 

The films were further studied by optical microscopy, SALS and WAXS. PE-GN-30 

films without BZT showed a lot of defects and aggregation (Figure 3.3a) and the defects 

increase in size with an increase in draw ratio (Figure 3.3a and 3.3c). The PE-BZT-GN films 

exhibit an improved dispersion of graphene with the addition of BZT (Figure 3.3b and 3.3d), 

which indicates that BZT is beneficial to the dispersion of the graphene nanoplatelets. SALS 

(Vv) patterns were measured to further characterize the light scattering in these ultra-drawn 

films (Figure 3.3e-h). In accordance with previous studies, SALS (Vv) patterns were used 

because they are highly sensitive to the density fluctuations and light scattering.[22] It was 

found that pure ultra-drawn UHMWPE films exhibit light scattering perpendicular to the 

drawing direction of the films which is usually attributed to micro-voids parallel to the 

drawing direction.[22] The addition of graphene to the ultra-drawn UHMWPE films increases 

light scattering (Figure 3.3e) and the light scattering increases with the increasing draw ratio 

(Figure 3.3g), which is in agreement with the results in Figure 1. On the other hand, the 

ultra-drawn films with BZT/graphene mixtures (Figure 3.3f) hardly exhibit light scattering 

which is also in accordance with the absorption spectra in Figure 3.1. With an increasing 
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draw ratio, the same phenomena are observed e.g. the light scattering is strongly reduced in 

ultra-drawn UHMWPE films containing BZT/graphene mixtures (Figure 3.3h). These 

results indicate that the increased light scattering in ultra-drawn UHMWPE films upon 

addition of graphene can be circumvented by adding BZT. Apparently, BZT decreases the 

voids in ultra-drawn UHMWPE composite films containing graphene and also improves the 

dispersion of graphene, both of which reduce light scattering enormously. WAXS 

measurements of undrawn films and ultra-drawn films are shown (Figure 3.3i-l). The unit 

cell parameters and the Herman’s orientation function of ultra-drawn films were calculated 

and it was found that the addition of the graphene/BZT mixtures has no obvious effect on 

both the unit cell parameters and orientation of ultra-drawn films. Therefore, it is concluded 

that the addition of graphene and BZT has no significant effect on the degree of chain 

orientation and extension, that BZT and graphene are not incorporated in the crystal lattice 

and that the melting temperature and crystallinity of ultra-drawn composite films are not 

influenced to a large extent. 

 

 
Figure 3.3 Optical images of (a) PE-GN-30, (b) PE-BZT-GN-30, (c) PE-GN-70 and (d) PE-BZT-GN-70 films 

(Scale bar: 100 µm); SALS (Vv) images of (e) PE-GN-30, (f) PE-BZT-GN-30, (g) PE-GN-70 and (h) PE-BZT-GN-

70 films; 2D wide-angle X-ray scattering (WAXS) images of (i) PE-GN-1, (j) PE-GN-70, (k) PE-BZT-GN-1 and 

(l) PE-BZT-GN-70 films. 
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To explore the interaction between BZT and graphene, UV-vis spectra were recorded as 

a function of the graphene content (Figure 3.4a). A red shift of about 3 nm is observed in 

the UV-vis spectra of BZT/graphene mixtures in comparison to the films containing 

graphene only. Furthermore, hyperchromicity is observed and the absorption peaks at 305 

and 350 nm increased with increasing contents of graphene, which suggests the presence of 

most likely π-π interaction between BZT and graphene.[23] This is further supported by 

Raman spectroscopy. Raman spectra of the films show peak shifts of BZT at 1380, 1448 and 

1600 cm-1 (Figure 3.4b), which correspond to the stretching mode of combination of C-C 

and C-N, combination of the stretching mode of N=N and in-plane bending mode of CH2 and 

the stretching mode of C=C in the benzene ring, respectively.[24,25] 

 

 
Figure 3.4 (a) Absorbance spectra of ultra-drawn composite films with a draw ratio of 30. (b) Raman spectra of 

BZT, undrawn B0G0 (pure PE), B2G0 and B2G1 film. BXGY represents the ultra-drawn composite films with X 

wt% BZT and Y/10 wt% graphene. (c) Schematic representation of the structure of ultra-drawn PE film containing 

BZT and graphene (d) Refractive index of drawn PE films in different directions. 

 

Normally, there are defects and voids in ultra-drawn polyethylene film, which can cause 

light and phonon scattering. Adding inorganic fillers like graphene causes a large number of 

additional defects at the interface between graphene and polyethylene in ultra-drawn films, 

which mainly results in a large increase in light and phonon scattering and a decrease in 

visible light transmission. In PE-BZT-GN ultra-drawn films, BZT apparently restricts the 

light scattering to some extent by filling the voids and it improves the dispersion of graphene 
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in polyethylene (Figure 3.4c) both of which improve the visible transmission of ultra-drawn 

PE-BZT-GN film.[21,22] BZT can fill in voids to reduce light scattering mainly due to the 

similar refractive index of BZT (nBZT = 1.575 and its structure as shown in Figure 3.4d) and 

PE (ny = 1.57 parallel to the drawing direction and nx = 1.52 perpendicular to the drawing 

direction as shown in Figure 3.4d).[26] 

The thermal conductivity of the ultra-drawn films with different draw ratios was 

measured using the Angstrom method (see Chapter 2, Figure 2.8).[27] The experimental data 

using this method are compared with data from the literature which indicates that the setup 

is accurate about 5%. The thermal conductivity of the pure solution-casting ultra-drawn 

polyethylene films increases with an increasing draw ratio due to an increase in the degree 

of chain orientation and chain extension.[13] The addition of graphene and BZT increases the 

thermal conductivity of ultra-drawn films with more than a factor 2, while the addition of 

BZT alone or graphene alone improves thermal conductivity a little bit or even has a negative 

effect (Figure 3.5a) because the voids or defects in the films increase phonon scattering 

which decreases the thermal conductivity.[2] Rather surprisingly, the thermal conductivity of 

ultra-drawn films with both BZT and graphene increases quite a lot compared to the reference 

samples and a maximum thermal conductivity of 75 W m-1 K-1 is found at a draw ratio of 

100. 

It is assumed that the thermal conductivity in macromolecular systems is dominated by 

phonon transport along the macromolecular chain and phonon scattering.[2,5,28] The high 

thermal conductivity of oriented and chain extended systems (without additives) in the 

alignment direction is usually attributed to a reduced phonon scattering.[13,14] In composite 

films without BZT, only weak vdW interactions can occur which is usually assumed to be 

not beneficial for phonon transport.[7] On the contrary, the π-π interaction in composite films 

containing both BZT and graphene could substantially enhance phonon transport.[8] 

Therefore, the high thermal conductivity of B2G1 ultra-drawn film is attributed to the 

reduction of defects and voids and the π-π interaction between BZT and graphene. 

As mentioned earlier, commercial solution-spun and ultra-drawn UHMWPE fibers have 

a typical thermal conductivity of ~ 15 W m-1 K-1[17] and ultra-drawn UHMWPE films based 

on so-called nascent or virgin UHMWPE exhibit a thermal conductivity of ~ 50 W m-1 K-

1.[16] The maximum value for the thermal conductivity of B2G1 ultra-drawn film is about 3-

fold higher than that of stainless steel (~ 18 W m-1 K-1) but lower in comparison to metallic 

thermally conductive materials, such as copper (~ 410 W m-1 K-1), aluminum (~ 237 W m-1 

K-1) and silver (~ 403 W m-1 K-1). However, these metals are reflective and/or non-transparent 

which can be a limitation in specific applications. More importantly, in many applications 

the specific thermal conductivity (e.g. per unit weight) is relevant especially if weight is an 

issue, for instance, to reduce fuel consumption in transport applications.[29,30] Therefore, the 

data are re-plotted in Figure 3.5b and it is shown that solution-casting ultra-drawn 

UHMWPE films outperform steel and copper and that maximum values close to aluminum 

can be obtained which, of course, is also non-transparent.[2,5] 
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Figure 3.5 (a) Comparison of thermal conductivity for different polyethylene samples as a function of draw ratio. 

The measurement was repeated at least four times and the average data were calculated. (b) The specific thermal 

conductivity of different materials. Here, nascent PE,[16] PE fibers[17] and ultra-drawn PE films[31] (without additives) 

are used as reference materials. The transmission of PE fibers and nascent PE was estimated based on the data of 

pure PE film. The thermal conductivity of ultra-drawn films with different contents of graphene (c) and BZT (d). 

 

The effect of the content of the two additives was studied in detail (Figure 3.5c and d). 

The thermal conductivities of ultra-drawn films increase with the increasing content of 

graphene. The increasing thermal conductivity could be attributed to the highly thermal 

conductive of graphene. However, graphene could not be dispersed well in the polymer 

matrix when its content is higher than 0.1 wt% (Figure 3.2). In addition, it is shown that the 

thermal conductivity first increases with an increasing BZT content and then declines again 

(Figure 3.5d). It is proposed that the initial increase originates from the decreasing voids and 

the π-π interaction and the decrease is caused by the addition of an excess of BZT with the 

low thermal conductivity. 

 

3.3 Conclusions 

In this work, highly transparent, ultra-drawn UHMWPE/graphene nanocomposite films 

without light scattering were fabricated by adding small amounts of BZT via solution-casting 

and solid-state drawing. These transparent films possessed a high specific thermal 
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conductivity, which is higher than that of most metals. The high transmission was interpreted 

in terms of a reduced void content inside the composite films and the improved dispersion of 

graphene. WAXS and DSC results showed that adding BZT and graphene had no obvious 

effect on the crystal structure, orientation, crystallinity and melting temperature of ultra-

drawn composite films. These transparent films are potentially excellent candidates for 

thermal management due to a combination of low density, ease of processing and high 

thermal conductivity. 

 

3.4 Experimental Section 

Materials. Ultra-high molecular weight polyethylene (UHMWPE) with a molecular weight 

(Mw) ~ 4×103 kg/mol and dispersity index (Ð) ~ 7 was received from DSM (Geleen, The 

Netherlands) and graphene nanoplatelets (particle size < 2 µm, specific surface area ~ 750 

m2/g) were purchased from Sigma-Aldrich. 2-(2H-benzotriazol-2-yl)-4, 6-ditertpentylphenol 

(BZT) was purchased from BASF (Germany). Paraffin oil was purchased from Thermo 

Fisher Scientific Incorporated (The Netherlands). Xylene was purchased from Biosolve BV 

(The Netherlands). All reagents were used directly as received without further purification. 

Fabrication Ultra-drawn UHMWPE films were prepared by solution-casting and solid-state 

drawing. Pure UHMWPE, UHMWPE with BZT, UHMWPE with graphene, UHMWPE with 

both BZT and graphene were prepared and were defined as PE-X, PE-BZT-X, PE-GN-X and 

PE-BZT-GN-X, respectively. Here, X represents the draw ratio of the films. Firstly, graphene 

(0.05, 0.1, 0.2, 0.3 and 0.5 wt% to UHMWPE) and BZT (2 wt% to UHMWPE) were 

dispersed in 200 mL xylene under ultra-sonication for 30 minutes. UHMWPE powder and 

antioxidant Irganox 1010 (0.1 wt% to UHMWPE) were then added to the dispersion before 

degassing with a second ultra-sonication at room temperature for 30 minutes. Subsequently, 

the mixture was stirred continuously in an oil bath at about 125 ℃ until the Weissenberg 

effect was observed. Then the mixture was heated for 2 h to completely dissolve the 

UHMWPE in the xylene. The solutions were cast in aluminum trays and quenched to room 

temperature. A dry film was obtained after xylene evaporation at room temperature. 

UHMWPE films without graphene and/or BZT were produced using the same procedure. To 

prepare ultra-drawn films, the as-prepared cast films were first cut into small strips with 

dimensions of 12 mm × 15 mm which were ultra-drawn at 120 ℃. The draw ratio was 

determined by measuring the displacement of ink marks. 

Analytical Techniques. The transmittance spectra of films were measured in the range of 

300-800 nm on a Shimadzu (Japan) UV-3102 PC spectrophotometer at a 1-nm interval. The 

UV-vis was equipped with an MPC-3100 multi-purpose large sample compartment. The 

samples were sandwiched between two glass slides and were coated with a few drops of 

paraffin oil to avoid surface light scattering.[22] A sample to detector distance of about 85 cm 

was employed. In a few cases, the paraffin oil was replaced by a thermoplastic polyurethane 

(TPU) and a laminate was made by compression molding at 100 oC. 
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Optical microscopy images of samples were performed on a Leica DM 2700M 

microscopy without polarizers. Small-angle light scattering (SALS) patterns were measured 

using a He-Ne gas laser (wavelength: 632 nm) and Vv patterns were obtained with the 

polarizer and analyzer parallel. The drawing direction of the ultra-drawn film was always 

perpendicular to both the polarizer and the analyzer. 

Wide-angle X-ray scattering (WAXS) measurements were performed on a Ganesha lab 

instrument equipped with a Genix-Cu ultralow divergence source producing X-ray with a 

wavelength of 1.54 Å and a flux of 1 × 108 photons/second. Diffraction patterns were 

collected on a Pilatus 300 K silicon pixel detector which consists of three plates with a 17 

pixels spacing in between, resulting in two dark bands on the image. The intensity versus the 

scattering vector (q) was obtained by azimuthal integration of the obtained diffraction 

patterns. The unit cell parameters of the orthorhombic crystal lattice and Herman’s 

orientation function of the polyethylene crystals was calculated.[33] 

Thermal conductivities of ultra-drawn composite films were characterized based on the 

Angstrom method (see Chapter 2). 
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Chapter 4 

Enhanced thermal conductivity in oriented polyvinyl 

alcohol/graphene oxide composites 

 

Abstract Polymer composites have attracted increasing interest as thermal management 

materials for use in devices owing to their ease of processing and potential lower costs. 

However, most polymer composites have only modest thermal conductivities, even at high 

concentrations of additives, resulting in high costs and reduced mechanical properties, which 

limit their applications. To achieve high thermally conductive polymer materials with a low 

concentration of additives, anisotropic, solid-state drawn composite films were prepared 

using water-soluble polyvinyl alcohol (PVA) and dispersible graphene oxide (GO). A co-

additive (sodium dodecyl benzenesulfonate) was used to improve both the dispersion of GO 

and consequently the thermal conductivity. The hydrogen bonding between GO and PVA 

and the simultaneous alignment of GO and PVA in drawn composite films contribute to the 

improved thermal conductivity (~ 25 W m-1 K-1), which is higher than most reported polymer 

composites and approximately 50-fold enhancement over isotropic PVA (0.3-0.5 W m-1 K-

1). This work provides a new method to prepare water-processable, drawn polymer composite 

films with high thermal conductivity which may be useful for thermal management 

applications. 

 

This chapter is largely reproduced from: 

Pan, X., Debije, M. G., Schenning, A. P. H. J., & Bastiaansen, C. W. M. Enhanced Thermal Conductivity in Oriented 

Polyvinyl Alcohol/Graphene Oxide Composites. ACS Applied Materials & Interfaces, (Accepted)  



Chapter 4 

46 

 

4.1 Introduction 

Due to their ease of processing, high corrosion and electrical resistances, and relatively 

low costs and weight, polymers are widely used in daily life.[1–3] However, bulk polymers 

generally have relatively low thermal conductivities (usually < 1 W m-1 K-1), which limits 

their application as thermal management materials for heat exchangers, electronic devices, 

and solar cells, for example (see in Chapter 1).[3–7] 

The thermal conductivity of polymers can be enhanced by adding fillers with high 

thermal conductivity.[3–10] Typically, thermally conductive nano-carbon materials including 

graphite nanoplatelets, carbon nanotubes, graphene, and their derivatives are blended as 

additives into the polymer matrix to achieve an increased thermal conductivity.[4,6,8] Still, the 

thermal conductivity of isotropic polymer composites with a high concentration of additives 

is < 10 W m-1 K-1 due to the poor compatibility and interaction between the polymer matrix 

and additives, resulting in poor dispersion of the additives and serious phonon scattering,[3–

6] as well deterioration of the mechanical properties of the composites. 

Recently, high thermal conductivities in anisotropic polymers, including polyethylene 

(PE) microfilms and micro/nano-fibers,[10–14] polyvinyl alcohol (PVA) microfilms,[15–17] 

polyamide nano-fibers,[18] and their composite films, have been demonstrated via high 

degrees of chain orientation, chain extension, and crystallinity. For instance, stretched 

polyethylene containing graphene nanoplatelets (draw ratio of ~ 5) showed a thermal 

conductivity of ~ 6 W m-1 K-1 with weak van der Waals interaction at the interfaces between 

the polyethylene and graphene nanoplatelets.7 Combined high thermal conductivity (~ 75 W 

m-1 K-1) and visible transparency were obtained using polyethylene with 0.1 wt% graphene 

and a compatibilizer (2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol, BZT) at a draw ratio 

of 100 (see in Chapter 3).[9] 

As previously reported, enhanced intermolecular interactions between the polymer chains 

and the additives are an advantage for obtaining high thermal conductivity in drawn 

composite films (see in Chapter 1).[9,19–21] While anisotropic polymer composites with high 

thermal conductivities have been reported for stretched polyethylene, to date studies of more 

polar anisotropic polymer composites, like PVA films employing green processes (that is, 

avoiding organic solvents) have been less prevalent. PVA is an atactic, water-soluble 

polymer with an orthorhombic unit cell and planar zigzag configuration similar to 

polyethylene, resulting in dense packing in the crystal lattice with a high theoretical modulus, 

strength, and thermal conductivity.[16,22,23] 

 

4.2 Results and Discussion 

To obtain homogeneous PVA/GO composite films, PVA, GO and SDBS were employed 

(Figure 4.1). SDBS, which has a high melting point (~ 200 ºC), was included as a 

compatibilizer, while GO was used instead of graphene to enhance the dispersion in PVA. 
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The resulting solution/dispersion was poured into polystyrene molds and dried at 60 ºC for 2 

days. The composite films were then stretched at 130 ºC with a draw ratio of ~ 5. The effects 

of GO (0-5 wt%) and SDBS (0-5 wt%) concentrations and draw ratio were systematically 

studied in the drawn polymer films (see Table 4.1: for this paper, the nomenclature PVA-n 

generally represents a drawn PVA composite film containing n wt% GO, variable amounts 

of SDBS, and drawn to a ratio of 5). Higher concentrations of GO (> 5 wt%) were not studied 

due to the generally poor dispersion and stretchability of the composite films. 

 

 

Figure 4.1 a) Fabrication process for drawn PVA composite films. b-d) Chemical structures of graphene oxide (GO, 

simplified chemical structure), sodium dodecyl benzenesulfonate (SDBS), and PVA. 

 

The thermal conductivities of the drawn PVA/GO composite films were measured as a 

function of the concentration of GO (Figure 4.2a), revealing that the thermal conductivity 

increases with increasing concentration of GO. The highest thermal conductivity, ~ 25 W m-

1 K-1, was obtained with drawn PVA-5, exhibiting approximately three times the thermal 

conductivity of drawn neat PVA-0 films, and an approximately 50-fold enhancement in 

thermal conductivity in comparison to pure, isotropic PVA-0 (Figure 4.2d). 

The role of the SDBS surfactant was also studied (Figure 4.2a and 4.b). The thermal 

conductivity of drawn PVA-0(2) decreases with the addition of SDBS compared to PVA-0 

(Figure 4.2a), which may be expected, since the addition of low molecular weight additives 
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commonly reduces thermal conductivity.[9] In contrast, adding SDBS (up to 1 wt%) increases 

the thermal conductivity of drawn PVA-5 (compare to PVA-5(2)): further increasing SDBS 

content to 5 wt% (sample PVA-5(3)) results in the thermal conductivity decreasing again 

(Figure 4.2b). Apparently, adding up to 1 wt% of the surfactant likely enhances the 

dispersion of GO (Figure S4.1 and Figure S4.2), but the poor thermal conductivity of SDBS 

dominates at higher contents, resulting in an overall lower conductivity. The experimental 

data in Figure 4.2 also show that adding GO without SDBS increases the thermal 

conductivity from ~ 8 to ~ 16 W m-1 K-1, which illustrates that the increase in thermal 

conductivity (from ~ 8 to ~ 25 W m-1 K-1, Figure 4.2a) originates partly from both additives. 

The mechanical effects of adding SDBS were examined using DMA (Figure S4.3). The 

results indicate that a high content of SDBS reduces the storage modulus and increases tanδ. 

In other words, SDBS behaves as a mechanical plasticizer, especially at high SDBS contents. 

Please note that a very high SDBS content was used here (5 wt%) which is far higher than 

the optimum SDBS content (1 wt%). In addition, Young’s modulus decreases with the 

addition of SDBS, while the maximum draw ratio increases (Table S4.1), probably further 

resulting from the addition of SDBS as a plasticizer. 

Photographs of undrawn and drawn PVA-5 films are shown in Figures 4.2c i and ii. The 

OM image of the drawn PVA-5 film indicates that the addition of both additives (GO and 

SDBS) improves the dispersion (compare Figure S4.2 and Figure 4.2c iii) although there is 

aggregation due to the excessive content of GO in PVA films. In Figure 4.2d, the thermal 

conductivity of a wide variety of undrawn and drawn films described in the literature is 

shown as a function of the content of thermally conductive additives, including graphene, 

carbon nanotubes, graphene oxide, and mixtures,[9,10,13,15,16,23–30] revealing the impressive 

thermal conductivity in drawn PVA-5 films with low additive contents. Drawn PE and 

PE/GN films showed greater thermal conductivity than drawn PVA/GO films in this work, 

probably due to the high orientation and crystallinity induced by ultrahigh draw ratios in 

drawn PE and PE/GN films, which could not be obtained in PVA/GO films.[10,11] 



Enhanced thermal conductivity in oriented polyvinyl alcohol/graphene oxide composites 

49 

 

 

Figure 4.2 a) Thermal conductivity of drawn pure PVA-0 without SDBS (red block), and thermal conductivity of 

PVA-0(2), PVA-1, PVA-2, and PVA-5 films, each containing 1 wt% SDBS with an increasing GO content. b) 

Thermal conductivity of drawn PVA-5(2), PVA-5, and PVA-5(3) films containing variable concentrations of SDBS 

with 5 wt% of GO. c) Photographs of undrawn (i) and drawn (ii) PVA-5 films, and OM image (iii) of drawn PVA-

5 films. d) Thermal conductivities reported for different films in the literature.[9,10,13,15,16,23–30] The x-axis represents 

the wt% contents of the thermally conductive additives. The red symbols represent drawn polymers or composites. 

Here, GN, RGO, GT, CNT, and PVDF represent graphene, reduced graphene oxide, graphite, carbon nanotube, and 

polyvinylidene fluoride, respectively. 

 

WAXS was performed to further analyze the drawn PVA/GO films (Figure 4.3a-d,). 

Undrawn PVA-0 films without additives show two scattering rings of lattice planes of (101) 

at 2Ө ~ 19.5º and (100) at 2Ө ~11.6º, corresponding to the PVA crystalline domains (Figure 

4.3a), while these scattering rings coalesce into scattering dots in drawn PVA films (Figure 

4.3b), indicating some alignment of PVA crystalline domains. A significant amorphous halo 

is also observed in both films, indicating little orientation, to be expected at these low draw 

ratios. 
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Figure 4.3 WAXS patterns of drawn PVA-0 (a) and drawn PVA-5 (b) composite films. The insets are the 1-D 

curves of X-ray scattering. Here, the plane of measured films is perpendicular to the incident X-ray (Figure S4.4b). 

SEM images of the cross-section of drawn PVA-0 (c) and drawn PVA-5 (d) composite films. e) Non-polarized FTIR 

spectra of drawn PVA-0, PVA-0(2), and PVA-5. 

 

In the case of the polymer composite films, the scattering rings of PVA (at 11.6º and 

19.5º) (Figure 4.3c) also transform into scattering dots upon stretching (Figure 4.3d), 

revealing alignment of PVA and suggesting low through-plane alignment of GO although 

the scattering rings of GO (lattice plane: (002), 2Ө: ~ 25.5º) transform into weak scattering 

arcs (Figure 4.3d). The Herman’s orientation function calculated by the full width at half 

maximum (FWHM)[24,25] reveals that both the drawn PVA films with and without graphene 

(PVA-0 and PVA-5) have a high degree of orientation (~ 0.9) of the crystalline domains of 

PVA, indicating there is no obvious effect of adding GO and SDBS. Anisotropy of SDBS in 

drawn PVA-5 films was also observed in the WAXS patterns due to the fact that the 

scattering rings of SBDS in undrawn films (Figure 4.3c) transfer into dots in drawn films 

(Figure 4.4d). Figure S4.4c reveals anisotropic GO in the plane of drawn PVA-5 films. 

These results suggest drawing-induced, simultaneous alignment of PVA and GO, similar to 

drawn PE and graphene films in the literature.[8,16] In the cross-section of the SEM (Figure 

4.3e-f and Figure S4.2), the drawn PVA-0 and PVA-5 films show more aligned and fibrillar 

structures than undrawn PVA-0 and PVA-5 films (Figure 4.3f and Figure 4.3h). 

Homogeneous dispersion of GO in PVA-5 films was observed in Figure S4.2a and b; the 

morphology of GO was characterized in Figure S4.2c and d, indicating that the size of GO 

is smaller than 2 μm, which is smaller than that in Figure 2, probably due to aggregation, or 

the interlayer splitting induced by stretching.[16] 
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Figure 4.4 (a) Non-polarized FTIR spectra of drawn PVA-0, PVA-0(2), and PVA-5. (b) Non-polarized FTIR spectra 

of undrawn PVA-0, PVA-0(2), and PVA-5. 

 

The interaction between PVA and the additives was investigated using infra-red 

spectroscopy. FTIR spectra of drawn PVA-0 films with and without 1 wt% SDBS (Figure 

4.4) show vibration peaks at ~ 3274 and 3297 cm-1, respectively, attributed to the -OH group 

of the PVA. In contrast, the drawn PVA films with 5 wt% GO and 1 wt% SDBS show a red-

shifted (to lower energies/wavenumber) peak at ~ 3260 cm-1, indicating the hydrogen 

bonding interaction between GO and PVA (Figure 4.4a).[16,31,32] Although WAXS results 

indicate the orientation of the PVA chains, there is no obvious orientation of hydrogen 

bonding in the polarized FTIR spectra, consistent with previous literature reports.[17] There 

is a drawing-induced shift to higher energies/wavenumber of the absorption peak of -OH in 

both PVA-0 and PVA-5 films in comparison with the undrawn PVA-0 and PVA-5 films, 

respectively (Figure 4.4b), as reported undrawn and drawn polyacrylonitrile, and PVA in 

the literature.[33,34]  

 

Figure 4.5 Schematic pictures of thermal analysis module in the heating (a) and cooling (d) processes. b-c) Thermal 

analysis of undrawn PVA-5, drawn PVA-0, and drawn PVA-5 films of similar sizes (highlighted by the dotted red 

boxes) during the heating process. e-f) Thermal analysis of the drawn PVA-0 and PVA-5 films (highlighted by the 

dotted white boxes) during the cooling process. F is Fahrenheit. 
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Simple setups were created to do a basic thermal analysis of representative composite 

films and to explore their potential application as heat transport and heat release elements 

(Figure 4.5). First, the ends of three films are fixed to the right end of a copper plate, and the 

left end of the copper plate was exposed to 194 F (80 ºC) at time = 0 minutes (Figure 4.5b). 

After 2 minutes, the drawn PVA-5 film shows the highest temperature, while the undrawn 

PVA-5 film exhibits the lowest temperature at the same position (Figure 4.5c), indicating 

higher thermal transport and thermal conductivity in drawn PVA-5 film compared to both 

drawn PVA-0 and undrawn PVA-5 films. After heating, a cooling experiment was conducted 

to help clarify the heat release process of the composite films (Figure 4.5d-f). For the cooling 

measurement, the ends of two drawn films, one  PVA-0 and the other PVA-5, were fixed 

atop stainless steel pillars as shown in Figures 4.5d, and exposed to 194 F (80 ºC) for 10 

minutes, before removing the entire setup to ambient conditions, and the decrease in sample 

temperature was recorded (Figure 4.5e). The drawn PVA-5 film exhibited a higher 

temperature decrease and a lower final temperature after 2 minutes than the drawn PVA-0 

film (Figure 4.5f), demonstrating the drawn PVA-5 films more effectively release heat, 

which makes them potentially useful in devices as thermal management materials. 

 

4.3 Conclusions 

This work provides a new method to produce water-based polymer drawn films with high 

thermal conductivity, which are potentially useful for thermal management in electrical 

devices, like foldable video screens and flexible solar cells. 

Oriented PVA/GO composite films were fabricated through water evaporation and solid-

state stretching. SEM images and WAXS results reveal the improved dispersion of GO and 

the high orientation in drawn PVA/GO films when the co-additive (SDBS) is used. FTIR 

spectra of composite films demonstrated the presence of hydrogen bonding between PVA 

and GO. These results contributed to the high thermal conductivity of drawn PVA-5 

composite films in the drawing direction, which is higher than most composite films, and 

approximately a 50-fold enhancement in comparison with isotropic PVA.  

It is tempting to speculate further on the applications of these films in, for instance, 

flexible solar cells and foldable video screens. For instance, solar cells usually have an 

efficiency below 25 % and the residual absorbed energy is transferred into heat. The heating-

up of the devices can be quite significant (100 oC) which actually reduces their efficiency 

and lifetime enormously especially. To satisfy the need in the foldable and flexible devices, 

the light-density and flexible thermal-conductive polymer composites were presented in this 

work. 
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4.4 Experimental section 

Materials. PVA flakes (Mw: 146000-186000 Da., 99+% hydrolyzed, CAS number: 9002-

89-5, product number: 363065), GO nanoplatelets (brown/black powder, layers: 15-20, edge-

oxidization: 4-10%, product number: 796034) and sodium dodecyl benzenesulfonate (SDBS, 

CAS number: 25155-30-0, product number: 289957) were purchased from Sigma-Aldrich 

and used without further purification. 

Fabrication. GO and SDBS were dispersed in deionized water (50 mL) using ultra-

sonication (Branson 1510 ultrasonic cleaner, 80 Watts) for 1 hour. The composition of the 

films after casting and drying is shown in Table 4.1. PVA flakes (5 g) were added to the 

mixture with vigorous stirring at 98 ºC and then dissolved with reflux for 4 hours. The 

mixture was cast into polystyrene Petri dishes with an area of ~ 300 cm2. After drying at 60 

ºC for 2 days, the composite films were drawn at 130 ºC to a draw ratio of ~ 5. 

 

Table 4.1. Contents of elements in drawn composite films  

 

Analytical Techniques. The thermal conductivity of drawn composite films along the 

drawing direction was measured based on the Angstrom method (see in Chapter 2).[9,10] 2D 

wide-angle X-ray scattering (WAXS) was performed on a Ganesha lab instrument equipped 

with a Genix-Cu ultralow divergence source producing 0.154 nm X-rays. Diffraction patterns 

were collected for 15 minutes on a Pilatus 300 K silicon pixel detector. The plane of 

measured films is perpendicular or parallel to the incident X-ray. The Herman’s orientation 

function of the composite films was calculated from the full width at half maximum (FWHM) 

of the azimuthally scanned peak.[24,25] Polarized and non-polarized FTIR spectra were 

measured on a Varian 670-IR spectrometer equipped with a golden gate setup with and 

without a polarizer, respectively. Raman scattering spectroscopy was performed on a Raman 

microscope (Witec Alpha 300 R) using a 532 nm laser. Photographs of composite films were 

taken using a Canon camera. Optical microscopy (OM) images of samples were performed 

on a Leica DM 2700M microscope without polarizers. The temperatures of composite films 

were recorded using an infrared (IR) camera (Fluke®). One end of the drawn films was 

affixed to one side of a copper plate with a high thermal conductivity with double-sided 

Samples PVA (g) GO (mg) SDBS (mg) 

PVA-0 5 0 0 

PVA-1 5 50 50 

PVA-2 5 100 50 

PVA-5 5 250 50 

PVA-0(2) 5 0 50 

PVA-5(2) 5 250 0 

PVA-5(3) 5 250 250 
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carbon tape (NEM tape, Nisshin EM. Co. Ltd), and the distal edge of the copper plate was 

placed on a hot plate set to 194 F (80 ºC). The temperatures of the films at similar positions 

were recorded at 0 and 2 minutes after placement on the hot plate. For measurement of the 

cooling cycle, composite films were attached to the top of stainless-steel pillars with double-

sided carbon tape. The pillars were fixed to the surface of an aluminum plate which was 

heated on a hot plate to 194 F (80 ºC) for 10 minutes until thermal equilibrium was attained. 

Then, the entire assembly was removed from the hot plate and left to cool to room 

temperature. Stainless steel was used rather than copper to retard the cooling process (due to 

the lower thermal conductivity of stainless steel compared to copper) so that the difference 

in temperature between the drawn films could be more easily measured. The cooling 

measurements were repeated several times to accurately record the temperature of the films 

drawn with and without additives. Scanning electron microscopy (SEM, JSM-IT100, JEOL, 

secondary electron detector) images of samples were recorded with a beam current of 10 kV 

(magnification from 700-3000 ×) after breaking the samples in liquid nitrogen and sputtering 

with platinum (Pt). Characterization of GO was accomplished by dispersing as powder in 

alcohol and then dropped on a silicon wafer. After drying, the dispersed GO on the wafer 

was sputtered for 30 seconds with Pt at a current of 30 mA. Measurement of electrical 

conductivity of drawn PVA-5 films was performed on a SourceMeter (KEITHLEY, 2400) 

with a voltage of 10 volts. The mechanical properties of PVA-5 films were performed using 

dynamic mechanical analysis (DMA) from 25 - 90 oC with a frequency of 1 Hz and a strain 

of 0.5%, while Young’s modulus of drawn PVA composite films was measured at ~ 25.5 oC 

using DMA. 
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4.6 Supporting Information 

 

Figure S4.1 GO and GO/SDBS dispersions in water (GO/water: 0.4 mg/mL) immediately and two hours after 

ultrasonication for 1 hour and then manual shaking twice. There is no obvious sediment of two dispersion after 2 

hours, indicating that there is no obvious improved stability of GO after adding SDBS. 

 

 

Figure S4.2 SEM images of the cross-section of undrawn (a) and drawn (b) PVA/GO films with a high resolution. 

SEM images of GO (c and d). Here, d is the zoom-in graph of the indicated region in c. 
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Figure S4.3 DMA of (a) drawn PVA-5 without SDBS (PVA-5(2)) and (b) drawn PVA-5 with 5 wt% SDBS (PVA-

5(3)). 

 

 

 

 

Figure S4.4 (a) WAXS of SDBS powder. The main peak of SDBS is at 2Ө ~ 3.1 º. In combination with Figure 4.3d, 

this indicates that the SDBS is also oriented in drawn PVA-5 films. (b) Schematic diagram of incident X-ray in 

WAXS measurement. In Figure 4.3., the incident X-ray (the yellow arrow) is perpendicular to the plane of the films. 

(c) WAXS of drawn PVA-5 film. The incident X-ray (the red arrow in Figure S4.4b) is parallel to the plane of drawn 

PVA-5 film, which indicating the anisotropic GO in the plane of drawn PVA-5 films. 
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Table S4.1 Mechanical properties of drawn PVA-5 films without and with 5 wt% SDBS. 

Films PVA-5 without SDBS PVA-5 with 5 wt% SDBS 

3 samples in each film 1 2 3 1 2 3 

Draw ratiomax (λm) 5.0 5.1 5.5 6.0 5.6 5.8 

Average λm 5.2 5.8 

Young’s modulus (GPa) ~ 25.4  ~ 15.9  
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Chapter 5 

Three-Dimensional Anisotropic Polyethylene as Light-

Responsive Grippers and Surfing Divers 

 

Abstract Untethered soft actuators are usually based on three-dimensional (3D) engineered 

special polymers such as liquid crystal networks or hydrogels that require complex 

fabrication methods. Here, an easy-to-process, anisotropic composite soft actuator based on 

a simple photothermal dye-doped polyethylene film is presented. The 3D anisotropic 

polymer films are prepared by solution-casting and subsequent thermal solid-stretching. The 

resulting soft actuators exhibit large and controllable bending in response to light (UV and/or 

near-infrared (NIR)) stimuli and are able to act as grippers picking up cargo. Additionally, 

the films are capable of realizing “diving” and “surfing” locomotion in and over a liquid via 

the photothermal induced Marangoni effect, yielding a NIR light-fueled transporter able to 

pick up cargo. The results open up new possibilities of using commodity polymers in a broad 

range of applications including untethered soft actuators and robotic devices. 

 

 

This chapter is largely reproduced from: 

Pan, X., Grossiord, N., Sol, J. A. H. P., Debije, M. G. & Schenning, A. P. H. J. Three-dimensional Anisotropic 

Polyethylene as Light-responsive Grippers and Surfing divers. Advanced Functional Materials, 2021, 31, 2100465. 
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5.1 Introduction 

 Commodity polymers, including polyethylene (PE), polystyrene, and polypropylene, are 

widely used in daily life at large scales.[1] These low-density, low-cost polymers typically 

only exhibit static properties.[1–3] Recently, stimuli-responsive polymers with functional 

properties that change in response to external stimuli have received considerable attention.[4–

6] Making commodity polymers stimuli-responsive is appealing and interesting for a broad 

range of applications such as soft actuators.[1] 

 Inspired by nature, soft actuators have attracted ever-increasing attention, like 

electrochemical,[7,8] electrothermal,[9,10] thermal,[11] acoustic,[12] and especially 

photoresponsive actuators due to their wireless control and visual actuation.[3,13–16] 

Photoresponsive soft actuators such as grippers, swimmers, and transporters[4,17–20] have been 

developed using primarily specialty three-dimensional (3D) anisotropic polymers such as 

liquid crystal networks, hydrogels, or other engineering polymers,[3,21–27] and the devices are 

often engineered by complex fabrication methods. 

 Recently, commodity polymers have also been used for fabricating untethered soft 

actuators[1] where they are combined with liquid crystal networks,[17–19,28] carbon 

materials,[29] or hydrogels[25,26] to create anisotropic composite or bilayer actuators capable 

of bending. For twisting and curling, the bilayers need to be cut at oblique angles relative to 

the molecular alignment.[13,20,29–32] For instance, bilayer actuators have been described 

displaying photothermal-induced bending and rolling as a result of the difference in the 

thermal expansion coefficients of the two layers.[29] Bilayer actuators have also been reported 

exhibiting a surfing-like motion over a liquid surface.[20] Despite this, these untethered soft 

robots are limited by complex manufacturing procedures and limited robustness due to the 

use of multiple layers. 

 An appealing alternative is to prepare light-responsive single-layer polymer composite 

actuators without using a photo-responsive polymer layer. Blending light-responsive 

additives into the polymer is compatible with high-throughput industrial processes, and the 

additives themselves are protected by the robust commodity polymer.[20,31,33,34] Recently, 

commodity polymer composite actuators containing light-responsive additives are reported 

showing only simple UV light-induced stress change with very small 2-dimensional shape 

changes (< 1%).[35–37] However, fabrication of single-layer actuators with 3D, multiple 

actuation modes such as bending, curling, and cargo transport remains challenging and 

requires programmable 3D structured anisotropic commodity polymers.[1] 
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5.2 Results and Discussion 

5.2.1 Preparation of the photothermal actuators 

 For the free-standing anisotropic graded PE composite films (PE-BZT-GN-QR), 

graphene nanoplates (GN), 2-(2H-benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT, also 

Tinuvin® 328), and quaterrylene-based (QR) near-infrared (NIR) dye Lumogen® IR 788 

were used as additives. BZT and GN were added to increase the thermal conductivity and 

improve the response speed of actuators, and simultaneously acting as UV absorbing 

photothermal additives, while Lumogen® IR 788 was added as a NIR absorbing photothermal 

dye.[38,39] When one of the additives is omitted the performance of the actuators and robotic 

devices are suboptimal (vide infra). The films were fabricated by solution-casting in which 

the additives are mixed with PE in xylene and poured into a mold (Figure 5.1a). After drying, 

the resulting films were stretched at 120 °C to different draw ratios and remained flat after 

quickly cooling to room temperature. Thermal conductivity measurements reveal that the 

stretched PE-BZT-GN-QR composite films show high anisotropic one-dimensional thermal 

conductivity along the stretching direction. The absorption spectrum of the films shows two 

NIR absorption peaks between 600 to 900 nm and a UV absorption band below 400 nm, with 

transmission at 550 nm being approximately 80%. The NIR absorption bands are attributed 

to the photothermal Lumogen® IR 788 dye while the absorption band below 400 nm results 

from the combination of all three additives (Figure 5.1b).  

 Remarkably, after cutting long strips from stretched film perpendicular to the stretching 

direction, the flat film with a draw ratio of 30 bends into a roll, whereas a film strip cut 

parallel to the draw direction shows no obvious bending (Figure 5.1c). Film strips cut at a 

45° angle to the stretching axis of the PE film exhibit a right-handed curl. In both the bent 

and curled films, the top side (exposed to air during fabrication) of the film is always inside 

the deformation. The shape of films that were stretched with lower draw ratios and cut under 

90° and 45° angles displayed less bending and curling. The composite films with a draw ratio 

of 20 cut at 0° angle are slightly bent, while the film with a draw ratio of 10 is flat. We 

measured the temperature response of a free-standing PE-BZT-GN-QR bent composite film 

strip. The size of this ~5 μm thick strip with a draw ratio of ~ 40 was approximately 3 × 1 

cm2, cut perpendicular to the stretching direction (90°, y × x in Figure 5.1c). At room 

temperature, the films rolled up with a curvature of several hundred degrees. The films were 

actuated over the temperature range of 20-80 °C in an oven (Figure 5.1d). As the temperature 

increased to 80 °C, the films gradually unrolled. The thermally induced unrolling reveals that 

the expansion of the top side of polymer composite is greater than the bottom side; that is, 

there is a larger coefficient of thermal expansion (CTE) at the top. 
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Figure 5.1 a) Fabrication process of thermally drawn PE-BZT-GN-QR dye composite films. b) UV-vis spectra of 

quartz glass and PE-BZT-GN-QR film (baseline: air). c) Optical images of drawn PE-BZT-GN-QR composite films 

with different angles between cutting and drawing directions (90°, 45°, and 0° are defined using red, orange, and 

black boxes). The orange arrow indicates the drawing direction. d) Thermal-response of PE-BZT-GN-QR film in 

the air from 20-80 °C. The size of the PE-BZT-GN-QR composite film is approximately 3×1 (y×x) cm2 and the 

thickness is about 5 μm with a draw ratio of 40, respectively. e) Raman mapping of the cross-section of undrawn 

PE-BZT-GN-QR films. f) Raman spectra of the cross-section of undrawn PE-BZT-GN-QR films at different 

positions in Figure 1d and pure NIR dye. The reference peaks are the peak of -CH2. 

 

 To understand the bending and curling of the strips immediately after cutting from the 

larger film, a cross-section of the undrawn, flat PE-BZT-GN-QR composite film was 

characterized by Raman scattering spectroscopy[40] (Figure 5.1e and f). The distribution of 

NIR photothermal dye was determined by mapping the ν̃ = 1570 cm-1 (Figure 5.1e, marked 

red region). The results suggest that the concentration of NIR dye increases through the depth 

of the film from the top to bottom surfaces, likely owing to dye migration during the solvent 

evaporation during the drying of the composite film (Figure 5.1a). It is likely that similar 

concentration gradients are present in the PE composite films for the BZT and GN additives, 

but unfortunately, no clear vibrational bands were visible in the Raman spectra.  

 Drawn PE films display lower moduli and larger, positive CTE (expansion, (α⊥) > 0) 

perpendicular to the drawing direction than parallel to the drawing direction, which shows 

higher moduli and smaller, negative CTEs (contraction, (α∥)< 0).[41] The modulus in the 

parallel direction depends on the draw ratio and increases upon further stretching.[42] The 
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addition of additives with relatively low CTEs into PE films lowers the composite CTE: upon 

the increasing concentration of additives, the CTE will be lower at the bottom side of the 

film due to the gradient of additives through the depth of the films.[43,44] Our composite films 

are nearly flat after drawing at 120 °C and stress is likely built up as a result of a CTE 

mismatch upon cooling, yet the film remains flat. After cutting a strip with the length parallel 

to the drawing direction, the high modulus apparently hinders bending, whereas cutting out 

a strip in the perpendicular direction releases the stress and bending occurs due to the 

relatively low modulus. Based on the temperature response of the actuator, the top side (with 

a lower concentration of additives) of the film has a larger absolute value for the CTE than 

the bottom side (with a high concentration of additives). Thus, the bending of the drawn PE-

BZT-GN-QR composite film from the bottom (outside) to the top (inside) can be attributed 

to the differential CTE induced by the concentration gradient of additives. Composite films 

with lower draw ratios are thicker, which affects bending characteristics. In the case of 

cutting strips out parallel to the drawing direction of the film with a draw ratio of 20, there is 

only slight bending while for a draw ratio of 10 the film is too thick to induce any bending 

at all. Overall, these results reveal that 3D, anisotropic, single-layer polymer actuators can 

be fabricated in which the shape changes can be controlled by the degree of stretching and 

cutting direction. 

 

5.2.2 Photoresponsive actuators 

 

 

Figure 5.2 a) UV-NIR response of drawn PE-BZT-GN-QR films exposed to light (incident light from the right, I-

II-III: light off-on-off); b) Soft robot of PE-BZT-GN-QR films under UV-NIR light (I-II-III-IV: light on-on-off-

off). Here, the intensities of UV (365 nm) and NIR (780 nm) light are approximately 120 and 90 mW cm-2, 

respectively. The size of the composite film is approximately 1.5×1.5 cm2 and the thickness is about 8 μm with a 

draw ratio of ~ 30. 
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Figure 5.3 Photo-response of PE-BZT-GN-QR composite film with (a) 90 and (b) 45 degrees cutting under UV and 

NIR light (incident from the left, I-II-III: light off-on-off). The size of PE-BZT-GN-QR composite film with 90 

degrees cutting is approximately 1.5×1.5 cm2 and the thickness is about 8 μm. The size before cutting of PE-BZT-

GN-QR composite film with 45 degrees cutting is about 3×3 cm2 and thickness ~ 4 μm. The draw ratios of the films 

are around 30. (c) Photo-response of pure PE film with 90 degrees cutting under UV and NIR light (light towards 

the right, I-II-III: light off-on-off). The scale bar is 20 mm. 

 

 Having characterized the composite films, we studied the light response of the actuators 

that were cut at an angle of 90° with a draw ratio of ~ 30 (thickness: ~ 8 μm). UV and NIR 

light (365 and 780 nm) were used simultaneously as the intensity of NIR or UV light was not 

sufficient to achieve large shape deformations of the film in the air. The 1.5×1.5 cm2 PE-

BZT-GN-QR composite film has a bending angle of 350° at room temperature in the absence 

of light irradiation. The unrolling occurs within 2 s upon UV and NIR light irradiation 

(Figure 5.2a). After turning off both UV and NIR lights, the PE-BZT-GN-QR composite 

film returns to the initial state in 1 s. When the films are exposed from the left side, the 

unbending of the films is in the opposite direction, indicating that the unbending actuation is 
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independent of the location of the light source but generated by the additive gradient in the 

composite film (Figure 5.3a). Polymer actuators cut under a 45° angle can also be driven 

under light stimuli and show unrolling from twist under UV and NIR light (Figure 5.3b) 

while the film with a draw ratio lower than 30 is hardly bent. The composite film cut under 

a 90° angle shows a similar deformation with light and temperature as a stimulus, indicating 

that the light-induced bending is initiated by the photothermal effect (Figure 5.2a and Figure 

5.3a). As a control, a pure PE film was illuminated but did not show any obvious actuation 

under the same illumination conditions (Figure 5.3c). The bending/unbending deformation 

of the composite film could be used to fabricate a light-responsive gripper. The gripper opens 

under light irradiation and then seizes the object after switching off the lights and lifts an 

object 20 times its own weight (Figure 5.2b). 

 

5.2.3 NIR light diving-surfer 

 The ascending/surfing/diving locomotion of the PE-BZT-GN-QR composite film was 

performed in isopropanol under NIR or UV light irradiation (Figure 5.4). To achieve 

locomotion, a new composite film with a bending angle less than 180° was driven under NIR 

or UV light (the intensities of UV and NIR light are 120 and 90 mW cm-2, respectively), as 

a single light source is enough to drive the film in the liquid. The size of the composite film 

is approximately 1×1 cm2 with a thickness of approximately10 μm with a draw ratio of ~30. 

In the initial state, the PE-BZT-GN-QR film remains at the bottom of the isopropanol bath, 

as the density (0.98 g cm-3) of the composite film is higher than that (0.79 g cm-3) of the 

isopropanol (Figure 5.4a I and figure 5.4b I). Under NIR light irradiation, the film rises 

from the bottom to the surface (Figure 5.4a II-IV and Figure 5.4c I-III). It should be noted 

that this motion also could be initiated by exposure to UV light (Figure 5.4b). After arriving 

at the surface, the film ‘surfs’ into the dark following the direction perpendicular to the 

drawing direction of the film (Figure 5.4c III-V), similar to the ‘surfing’ of liquid crystal 

polymer films.[27] The film sinks after several seconds when the light is switched off. 

 To study if the surfing locomotion (circle and straight line) can be directed, the location 

of the NIR light spot was changed (Figure 5.4d and e). Under NIR light irradiation, the film 

ascends first from the bottom and then ‘surfs’, following the circle of the light spot. The 

movement is essentially a ‘push’ by the light spot and controlled by the irradiation position 

on the film. The velocity of locomotion was measured following the straight-line light motion 

(Figure 5.4e). The surfing velocity attained is at least 2.5 mm s-1 in isopropanol under NIR 

light irradiation. Remarkably, during the entire diving/ascending and surfing processes, the 

shape of the PE-BZT-GN-QR composite film did not noticeably change.  
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Figure 5.4 Front view of ascending motion of PE-BZT-GN-QR film under a) NIR (780 nm) and b) UV (365 nm) 

light irradiation. c) Top view of diving (I-III) and surfing (III-V) locomotion of PE-BZT-GN-QR film under NIR 

light. d-e) Controllable cycle and straight locomotion of PE-BZT-GN-QR film under NIR light. Here, the solvent is 

isopropanol. Here, the intensities of UV (365 nm) and NIR (780 nm) light are approximately 120 and 90 mW cm-2, 

respectively. 
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Figure 5.5 Optical (I) and IR (infrared, II) images of the PE-BZT-GN-QR composite film bent concave up in 

isopropanol without NIR light illumination (a) and on the surface of isopropanol under NIR light illumination (b). 

Mechanism of locomotion of PE-BZT-GN-QR composite film under light irradiation in isopropanol (c) and on the 

surface of isopropanol (d). 

 

 The temperatures of a PE-BZT-GN-QR composite film upon NIR light illumination were 

characterized by an IR camera. It was observed that the PE-BZT-GN-QR composite film 

under NIR light illumination is approximately 5 °C warmer than its surroundings, causing a 

temperature gradient around the film as the solvent is also heated by the film (Figure 5.5 a 

and b). As a result, the film and surrounding solvent are pushed from the lower 

temperature/higher surface tension area to the higher temperature/lower surface tension area 

(Figure 5.5c and d). This surface tension gradient was calculated to be of the order of 0.60-

0.65 mN m-1. The force induced by the Marangoni effect, which most likely is the origin of 

the locomotion of the film, was estimated to be equal to a couple of tens of μN. 

 

5.2.4 Photo-fueled cargo displacement at liquid surfaces 

 The 3D anisotropic polyethylene surfer can be used as an untethered cargo transporter 

over the liquid surface powered by UV or NIR light; however, only the NIR light-driven 

transporter is shown (Figure 5.6a and b). To avoid the shadow formed by the aluminum 

cargo, the polymer film was illuminated from below. The aluminum cargo was deposited at 

the surface of the composite films when the latter had reached the isopropanol surface and 

was ‘surfing’ under illumination at a controllable and constant speed of approximately 1.2 

mm s-1. The distorted lines of the LED’s lens and background during NIR light irradiation in 

the photographs are attributed to the refractive index gradient induced by the temperature 

gradient, further indicating the presence of the temperature gradient upon illumination 

(Figure 5.6c). 
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Figure 5.6 a) Schematic visualization of photo-fueled transport (I-II-III-IV: beginning-lifting-loading-transporting). 

b) Photo-fueled cargo transport on the surface of isopropanol (top view). An aluminum pan was put on PE-BZT-

GN-QR film. c) Refractive index gradient induced by temperature gradient under NIR irradiation. Here, the 

intensities of NIR (780 nm) light are approximately 90 mW cm-2. 

 

5.3 Conclusions 

 We have reported free-standing 3D anisotropic, single-layer commodity polymer 

composite films based on polyethylene doped with photothermal additives produced with 

solution-casting and stretching. A facile and versatile method is demonstrated for producing 

photothermal responsive actuators with multiple actuation and surfing modes. The shape 

deformation can be controlled by light exposure with fast responses and short recovery times 

and remarkable shape morphing capabilities in air. Furthermore, remotely controllable 

ascending/descending and ‘surfing’ in liquid were achieved by a photo-induced thermal 

Marangoni effect, and a gripper capable of picking up cargo was also demonstrated. These 

composite commodity films have comparable responsive properties to 3D programmed 

anisotropic polymer based on specialty polymers such as liquid crystals and hydrogels 

reported earlier. Our results open up new possibilities for using commodity polymers in a 

broad range of applications such as light-responsive soft actuators and soft robotics. 
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5.4 Experimental Section 

Materials. Ultra-high molecular weight polyethylene, UHMWPE (Mw ~ 4 × 106 Da. with 

dispersity (ᴆ) ~ 7), was received from DSM (Geleen, The Netherlands). UV absorber dye 

(BZT, also Tinuvin® 328), antioxidant pentaerythritol tetrakis(3-(3,5-di-tert-butyl-4-

hydroxyphenyl)propionate) (Irganox® 1010), and quaterrylene bisimide-based NIR dye 

(Lumogen® IR 788) were received from BASF (Ludwigshafen, Germany). GN (specific 

surface area ~ 750 m2 g-1), paraffin oil, and sodium dodecylbenzene sulfonate (SDBS) were 

purchased from Sigma-Aldrich. Xylene was purchased from Biosolve B.V. Cellulose 

microfibers are recovered from a piece of scrap A4 paper. All reagents were used as received, 

without further purification. 

Fabrication. BZT (2 wt% to UHMWPE), Irganox® 1010 (0.1 wt% to UHMWPE), GN (0.1 

wt% to UHMWPE) and NIR dye (3 wt% to UHMWPE) were added to xylene (200 mL) with 

ultra-sonication for 1 h. Then, UHMWPE powder (2 g) was added to the mixture with 

degassing via ultra-sonication for 30 minutes. The mixture was stirred at approximately 125 
oC in an oil bath until the Weissenberg effect was observed.[45] Afterward, the solution was 

left in the oil bath for 1 h to dissolve UHMWPE completely, and then the solution was cast 

into an aluminum tray. During drying at room temperature, the cast films were fixed to avoid 

significant contraction. Finally, the dry films were cut into small strips and stretched 

manually at approximately 120 °C. 

Analytical Techniques. UV-vis spectra of samples were measured from 300 to 1100 nm 

using a Shimadzu UV-3102 PC spectrophotometer (The distance between the samples and 

the light detector is approximately 85 cm). Before the measurement, the drawn films were 

coated with one drop of paraffin oil to reduce the surface light scattering and then sandwiched 

by two quartz glass slides. Raman scattering spectroscopy was performed on a Raman 

microscope (Witec Alpha 300 R). UV and NIR light were provided by LEDs from Thorlabs 

(M365L2 and M780L3) using a Thorlabs 4D100 controller. 
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Chapter 6 

NIR-Vis-UV Light-Responsive High Stress-Generating Polymer 

Actuators with a Reduced Creep Rate 

 

Abstract Untethered, light-responsive, high-stress-generating actuators based on widely-

used commercial polymers are appealing for applications in soft robotics. However, the 

construction of actuators that are stable and reversibly responsive to low-intensity ultraviolet, 

visible and infrared lights remains challenging. Here, transparent, stress-generating actuators 

are reported based on ultra-drawn, ultra-high molecular weight polyethylene films. The 

composite films have different draw ratios (30, 70 and 100) and contain a small amount of 

graphene in combination with ultraviolet and near-infrared-absorbing dyes. The composite 

actuators respond rapidly (t0.9 < 0.8 s) to different wavelengths of light (i.e. 780 nm, 455 nm, 

and 365 nm). A maximum photo-induced stress of 35 MPa was achieved at a draw ratio of 

70 under near-infrared light irradiation. The photo-induced stress increases linearly with the 

light intensity, indicating the transfer of light into thermally induced mechanical contraction. 

Moreover, the addition of additives led to a reduction in the plastic creep rate of the drawn 

films compared to their non-modified counterparts. 

 

This chapter is largely reproduced from: 

Pan, X., Verpaalen, R. C. P., Zhang, H., Debije, M. G., Engels, T. A. P., Bastiaansen, C. W. M. & Schenning, A. P. 

H. J. NIR-Vis-UV Light-Responsive High Stress-Generating Polymer Actuators with a Reduced Creep Rate 

Macromolecular Rapid Communications, 2021, 42, 2100157. 
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6.1 Introduction 

Reversible stress changes play important roles in energy conversion devices and living 

organisms, including in piezoelectric devices, wings of birds, and the heartbeats of animals.[1–

3] Various stress-generating actuators have been fabricated using responsive materials, such 

as hydrogels, shape memory alloys and liquid crystalline polymers, which are driven by 

various external stimuli including light.[4–11] These stress-generating actuators exhibit 

potential in soft robot applications.[12,13] Light-driven actuators have attracted considerable 

attention owing to their reversible response and wireless operation with high spatial/temporal 

control.[14–18] However, most of these actuators are driven by ultra-violet light (UV) which 

often causes degradation of the polymers or harm to their environment.[19–25] Near-infrared 

and visible lights have lower photon energies, and consequently are less damaging.[3] To 

make use of these wavelengths, carbon nanotubes and graphene are appealing, enabling the 

conversion of visible and NIR lights into heat.[26]  

Commodity polymers, like polyethylenes and polypropylene, are produced worldwide on 

huge scales, and provide robust mechanical properties at relatively low costs, and hold 

potential for the development of actuators on a similarly large scale.[27] Currently, commodity 

polymers are often combined with hydrogels or liquid crystals to fabricate bilayer actuators. 

However, it would be more attractive from a processing point of view to directly dope 

commodity polymers with stimuli-responsive additives to create robust, single-layer stimuli-

responsive soft actuators. Recently, ultra-drawn, ultra-high molecular weight polyethylene 

(UHMWPE) films[28] containing light-responsive azobenzene dyes with long aliphatic tails 

were reported.[29,30] It was shown that fast responding (< 1 second) photo-actuators with 

maximal actuation stresses up to 60 MPa can be produced at low strain (< 0.1 %).[29–31] 

Moreover, it was shown that photo-actuators containing UV stabilizers such as 2-(2H-

benzotriazol-2-yl)-4,6-ditertpentylphenol (BZT) have a similar performance.31 The operating 

mechanism of these UV light-responsive actuators is the photo-thermal effect in combination 

with a negative thermal expansion coefficient of the oriented and chain extended polymer.[29–

31] However, there is continuous and rapid stress decay in these stress-generating actuators 

due to the innate stress relaxation. 

Ultra-drawn UHMWPE fibers and films exhibit irreversible creep deformation at static 

loading conditions and exhibit stress relaxation at a fixed strain, especially at prolonged time 

scales and at elevated temperatures.[32–34] This response is induced by the combined 

reversible visco-elastic and irreversible visco-plastic deformations over time,[35] which is 

difficult to reduce in polyethylene-based systems and limits their performance. Consequently, 

developing robust high stress-generating commodity polymer actuators that can be addressed 

with near-infrared (NIR) and/or visible lights remains challenging.  

Highly oriented UHMWPE composite actuators containing graphene, BZT, and NIR dye 

additives cut from stretched film perpendicular to the stretching direction were reported.[36] 
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These NIR and/or UV light light-responsive actuators can exhibit bending actuation and be 

deployed as a gripper in the air (see Chapter 5).[36]  

 

6.2 Results and Discussion 

 

 

Figure 6.1 (a) Transmission spectra of PE-BZT-GN-QR films with a draw ratio of 30 sandwiched between two 

quartz glass slides. The inset is a photograph of the PE-BZT-GN-QR film sandwiched between two quartz glass 

slides. (b) Definitions for the coefficients of positive and negative thermal expansion (CTE) of ultra-drawn PE films. 

(c) Chemical structures of graphene (GN), BZT, and NIR dyes (QR). 

 

To prepare the NIR-Vis-UV responsive actuators, PE composite (PE-BZT-GN-QR) films 

were fabricated via solution-casting and subsequent solid-state film drawing following our 

protocol reported earlier (Chapter 5).[36] In the composite films, three light-responsive 

additives were used: (2-(2H-benzotriazol-2-yl)-4, 6-ditertpentylphenol, BZT) to absorb UV 

light and improve the visible light transmission of ultra-drawn films (Figure 6.1a);[28] 

graphene as a NIR-Vis-UV light-absorbing additive to improve the thermal conductivity of 

the actuator;[37] a dye to absorb NIR (650-850 nm), visible (400-480 nm), and UV (<400 nm) 

light simultaneously (Figure 6.1c).[38] Photographs taken from the PE composite films 

demonstrate optical transmission is retained after adding BZT and graphene (Figure 6.1a). 

It should be noted that ultra-drawn PE films exhibit anisotropic coefficients of thermal 

expansion (CTE) (Figure 6.1b), with a large, draw ratio-dependent negative CTE parallel to 

the drawing direction.[39] Thus, ultra-drawn drawn UHMWPE composite films contract along 

the drawing direction when heated by absorption of light. 
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Figure 6.2 Stress relaxation curve of (a) pristine, ultra-drawn UHMWPE films and (b) ultra-drawn UHMWPE (PE-

BZT-GN-QR) films with graphene, UV, and NIR dyes with draw ratios of 30 upon pulsed illumination. (c and d) 

Magnification of the stress relaxation curves in the time interval between 2000 and 3500 seconds. The pink, blue, 

and violet regions represent NIR, visible, and UV light irradiation, respectively. The horizontal red dashed line 

represents the stress at ~ 2050 s, which is used to obtain the stress decay (  stress) over time. 

 

The stress-generation curves of ultra-drawn PE and PE-BZT-GN-QR films are shown in 

Figures 6.2a and 6.2b. The stress of pristine PE films decreases during the measurement 

with and without light illumination (Figure 6.2a and 6.2c). This continuous, gradual decay 

of stress is caused by the inherent time-dependent stress relaxation of these highly oriented 

PE systems.[35] In Figure 6.2b, PE-BZT-GN-QR films exhibit similar stress relaxation as the 

pristine PE film during the first 1000 s.  However, upon periodic NIR illumination from 1000 

s to 1800 s the stress decreased. This overall decrease during the NIR illumination is caused 

by temperature-induced chain mobility, in which both the reversible visco-elastic and 

irreversible visco-plastic contributions are accelerated by the temperature increase.[30] 

Having almost reached a plateau, the PE-BZT-GN-QR films showed fast (t0.9 < 0.8 s) and 

repeatable actuation stress upon fluctuating exposures to NIR, blue, and UV lights (Figure 

6.2b and 6.2d). There is no obvious stress decay (  stress ~ 0 MPa) of PE-BZT-GN-QR films 

either during or between light exposures from 2050 s to 3600 s (Figure 6.2d) while there is 

a continuous stress decay (  stress ~ 2.2 MPa) in pure PE film (Figure 6.2c) regardless of 

illumination conditions. This indicates a reduced stress relaxation in the PE-BZT-GN-QR 

film, and the relaxation in PE-BZT-GN-QR films will be explored in some more detail later 

in comparison to the pure PE films.  
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Figure 6.3 Photo-induced stresses of PE-BZT-GN-QR composite films with different draw ratios (30, 70, and 100) 

under different incident light intensity irradiation as a function of the testing time after NIR illumination (1000-1800 

s). The red, blue, and purple curves represent the photo-induced stress under NIR (780 nm), blue (455 nm), and UV 

(365 nm) irradiations. The regions with different colors represent the incident light intensity which is shown below 

curves and its unit is mW/cm2. 

 

The effects of light intensity and draw ratio on the actuation stresses of the PE-BZT-GN-

QR composite films were characterized at different wavelengths and light intensities over 

more than 5000 s (Figure 6.3). These results reveal that PE-BZT-GN-QR films with a draw 

ratio of 30 exhibit fast (t0.9 < 0.8 s) and reversible actuation stress change under NIR, blue, 

and UV light irradiation, and that the actuation stress increases with the light intensity 

(Figure 6.3a-c). The actuation stress under NIR and UV light irradiation is greater than that 

under blue light due to the greater light absorption of NIR and UV light (Figure 6.1a). The 

maximum actuation stress of PE-BZT-GN-QR with a draw ratio of 30 under NIR irradiation 

is about 10 MPa. When increasing the draw ratio, the photo-induced actuation stress reaches 

a maximum (35-40 MPa) at a draw ratio of 70 and then decreases to 30 MPa at a draw ratio 

of 100 (Figure 3 and Figure 4). The increase in photo-induced stress at draw ratios between 

30 and 70 could be attributed to an increasing CTE of PE-BZT-GN-QR films (Figure 6.4),[41] 

although the thickness of films decreased with the draw ratios. The subsequent decrease in 

actuation stress at draw ratios between 70 and 100 could originate from the decreasing 

absorbed energy caused by the decreasing thickness of films at higher draw ratios. 

Interestingly, the photo-induced stress maintains a fast and reversible response with reduced 

relaxation relative to the pristine PE system, within the testing light intensity range after pre-

illumination (NIR illumination between 1000-1800 s). 
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Figure 6.4 Coefficients of thermal expansion of PE-BZT-GN-QR films as a function of draw ratio. 

 

To elucidate the relationship between the photo-induced stress and light intensity, the 

absorbed energy of the PE-BZT-GN-QR film with a  draw ratio of 30 was calculated (Figure 

6.5).[30] The results reveal that photo-induced actuation stresses increase linearly with the 

absorbed energy at all wavelengths, indicating that the films generate photo-induced stresses 

originating from the negative CTE of ultra-drawn UHMWPE. The difference in slopes of 

actuation stress versus absorbed energy for the different wavelengths indicates a small 

difference in the light conversion efficiency of the additives. It was observed that surface 

melting took place when employing high-intensity UV irradiation, supporting the photon-to-

heat conversion hypothesis.[42,43] 

 

 

Figure 6.5 (a-c) Photo-induced actuation stress of PE-BZT-GN-QR with draw ratios of 30, 70 and 100 as a function 

of absorbed energy at different wavelengths. The five dots correspond to the different incident light intensities.  
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Figure 6.6 (a) Sherby-Dorn plots (log creep rate vs strain) of PE and PE-BZT-GN-QR films with a draw ratio of 70 

at different temperatures. (b) Logarithmic plateau creep rate of PE films as a function of reciprocal temperature 

(1/T). (c) Logarithmic plateau creep rate of PE-BZT-GN-QR films as a function of reciprocal temperature (1/T) and 

the unit of the reciprocal temperature is K-1. 

 

 

Figure 6.7 (a) Wide-angle X-ray scattering (WAXS) and (b) Small-angle X-ray scattering (SAXS) of the PE 

undrawn film (i) and PE-BZT-GN-QR undrawn composite film (ii) with a fixed angle of 45 degrees with respect to 

the incident beam. (c) Intensity of SAXS signal as a function of scattering vector (q) of the PE and PE-BZT-GN-

QR undrawn composite films. (d) Herman’s orientation function and the long period of PE and PE-BZT-GN-QR 

undrawn composite films. Here, the undrawn films are fixed with a fixed angle of 45 degrees. There is a small 

difference in Herman’s orientation function and no obvious difference in the long period between PE and PE-BZT-

GN-QR undrawn composite films. 
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To illustrate the mechanism of the fast and reversible stress change with a reduced creep 

rate in PE-BZT-GN-QR films, the creep deformation was characterized at different stresses 

and temperatures (Figure 6.6). Sherby-Dorn plots characterize the creep rates of PE and PE-

BZT-GN-QR films (Figure 6.6a). It was observed that PE-BZT-GN-QR films exhibit lower 

plateau creep rates (𝜀𝑝̇) than neat PE films at comparable draw ratios at the same stresses and 

temperatures. This behavior confirms the reduced relaxation observed during the light 

actuating measurements. X-ray measurements reveal that there is no obvious difference in 

the initial ordering of the crystal morphology (as evidenced by the long period derived from 

SAXS) and only a slight difference in orientation (as evidenced by Herman’s orientation 

function) of undrawn PE and PE-BZT-GN-QR films (Figure 6.7). It is known that crystals 

assume preferential orientations with respect to the thickness of the film upon solution-

casting of UHMWPE films.[44] This results in the c-axis of the crystal orienting perpendicular 

to the subsequent drawing direction and can be described as a negative pre-orientation of the 

chains. Drawing of UHMWPE is known to be an affine deformation process,[45] and hence 

the larger negative pre-orientation of the as-cast PE films may explain the difference in post-

draw moduli. We cannot conclusively define the origin of the observed difference in 

mechanical responses but do not pursue it further as it is outside the scope of the current 

investigation. Based on these observations, it can be concluded that the light-responsive 

UHMWPE actuators are performing mechanically as well as, or even better than, their neat 

counterparts. 

The stress-generating actuators based on PE-BZT-GN-QR films are compared with other 

actuators using the specific actuation stress, defined as the actuation stress divided by the 

material density.[2,11,29,46–49] The multi-wavelength responsive actuators in this work exhibit 

almost 100 times higher specific actuation stresses than natural muscle, and also outperform 

dielectric elastomers, liquid crystalline actuators and piezo polymers.  

 

6.3 Conclusions 

Highly transparent, stress-generating actuators were fabricated using solution-casting and 

solid-state drawing of UHMWPE films containing graphene and both UV and NIR absorbing 

dyes. The resulting stress-generating actuators are fast (< 0.8 s) and can be repeatedly and 

reversibly driven with NIR, blue and UV lights. The maximum specific actuation stress (35-

40 MPa) was achieved at a draw ratio of 70. The stable photo-induced stress with reduced 

stress relaxation was obtained due to the reduced chain slip in the plastic region of ultra-

drawn composite films. This makes the composite films based on widely used polyethylene 

attractive as robust light-driven high stress generating actuators for a manifold of applications. 
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6.4 Experimental Section 

Materials. UHMWPE with a Mw ~ 4×106 Da. was provided by DSM (Geleen, The 

Netherlands). 2-(2H-benzotriazol-2-yl)-4, 6-ditertpentylphenol (BZT), quaterrylene bisimide 

based derivative (NIR dye), and an antioxidant (Irganox 1010) were purchased from BASF 

(Germany). Graphene nanoplates (size < 2 μm, specific surface area ~ 750 m2/g) were 

purchased from Sigma-Aldrich. Paraffin oil and xylene were obtained from Thermo Fisher 

Scientific Incorporated and Biosolve BV (The Netherlands), respectively. All reagents were 

used as received (see also Chapter 5).  

Fabrication. BZT (2 wt% to UHMWPE), the antioxidant Irganox 1010 (0.1 wt% to 

UHMWPE), GN (0.1 wt% to UHMWPE), and the NIR dye (3 wt% to UHMWPE) were 

added to xylene (200 mL) and ultra-sonication was used for 1 hour to disperse the graphene. 

UHMWPE powder (2 g) was added to the suspension and degassing performed using ultra-

sonication for 30 minutes. The suspension was transferred to a silicon oil bath (~ 125 oC) and 

stirred until the Weissenberg effect was observed. The solution was left at an elevated 

temperature for 1 h to dissolve UHMWPE completely, and the solution was then cast into 

aluminum trays. The cast films were fixed to avoid excessive shrinkage during drying. After 

drying for several days in a fume hood at room temperature films were cut into small strips. 

Ultra-drawing of the dried films was performed at 120 oC to different draw ratios (30, 70, 

and 100) (see also Chapter 5).  

Analytical Techniques. The (polarized) transmission spectra of films were measured on a 

UV-3102 PC spectrophotometer in the wavelength range of 300 to 1200 nm at a film-detector 

distance of about 85 cm with and without a linear polarizer. The films were coated with 

paraffin oil to reduce the surface light scattering and sandwiched between two quartz glass 

slides. The stress relaxation was measured on a dynamic mechanical analysis device (DMA 

850, TA Instruments) at a pre-strain of 1%. The stress relaxation was measured for at least 

1800 seconds. The samples were illuminated with LEDs at different wavelengths in the UV 

(365 nm), VIS (455 nm), and NIR (780 nm). First, the ultra-drawn samples were pre-

illuminated with LED light pulses with a duration of 20 s and an off-time of 20 s from 1000-

1800 s. Subsequently, a second pulsed LED illumination procedure was used for 20 s with 

an off-time of 20 s. The response time (t0.9) was defined as the time the signal takes to reach 

90% of the maximum actuation stress. The LEDs were provided by THORLABS (M365L2, 

M455L4, and M780L3) and the distance between LEDs and samples was about 10 cm. The 

creep of ultra-drawn samples as a function of time was measured at different stresses and 

temperatures on a DMA 850 (TA Instruments). In this particular case, the LED light was 

switched off and the creep was measured in the dark. Sherby-Dorn plots[50] (creep rate versus 

creep strain) were constructed and an exponential decay function fit describing the strain 

changes over time was used to smoothen the curve. The coefficient of thermal expansion was 

measured under iso-stress modes with a constant heating rate (3 oC/min) from 0 to 60 oC. 

The thermal conductivity was characterized using the Angstrom method as previously 
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reported.[28,40] The absorbed energy was calculated by the integration of absorption spectra 

and the LED’s spectra. The LED’s spectra were characterized by a Labsphere SLMS 1050 

integrating sphere connected to an International Light RPS900 diode array detector. The 

temperature of the samples was measured using an IR camera (Fluke). 
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7.1 Introduction 

The incorporation of a variety of additives into drawn polymer films has been reported 

in this thesis. A new model describing the effects of low molecular weight, monodisperse 

additives (waxes) in drawn polyethylene films with a wide molecular weight distribution was 

presented, enabling an explanation of the experimental results (Chapter 2). Ultra-drawn 

polyethylene and graphene composite films exhibit both high thermal conductivity and 

visible light transmission (Chapter 3). Drawn polyvinyl alcohol films combined with 

graphene oxide and a co-additive show an approximately 3-fold increase in in-plane thermal 

conductivity in comparison to the neat drawn polyvinyl alcohol films due to the simultaneous 

polymer chain orientation and hydrogen interactions between the polyvinyl alcohol and 

graphene oxide dopant (Chapter 4). Ultra-drawn polyethylene films with graphene, UV and 

NIR dyes were explored as photoresponsive actuators (Chapter 5 and Chapter 6). In this 

Chapter, we will assess these achievements and discuss existing challenges for future 

research and potential applications. 

 

7.2 Increasing thermal conductivity of drawn polyethylene composite films  

As presented in Chapter 3, drawn polyethylene films combined with a low concentration 

(0.1 wt%) of graphene and a co-additive (BZT) exhibit metal-like thermal conductivities. 

Although the thermal conductivity of these composite films slightly increases as the 

concentration of graphene increases beyond 0.1 wt% (Figure 3.6c), graphene cannot be 

dispersed well at these high concentrations due to the strong interaction between graphene 

platelets. To increase the concentration of highly thermal-conductive additives, more soluble, 

well-defined graphene nanoribbons containing alkyl chains (GNRs)[1] might be a solution. 

Preliminary research in this direction indicates that the thermal conductivity of the drawn 

polyethylene films with different concentrations (0.1 wt% and 0.2 wt%) of GNRs increases 

upon the increasing concentration of GNRs (Figure 7.1). Although the thermal conductivity 

of polyethylene doped with GNRs appears a little lower than that found for polyethylene 

doped with GN, there is potential for the improvement in the thermal conductivity by 

increasing the concentration of GNRs. Unfortunately, due to the limited amount of GNRs 

available, these experiments could not be carried out. 
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Figure 7.1 (a) Chemical structure of GNR used in this study.[1] (b) Thermal conductivity of drawn polyethylene 

composite films as a function of draw ratio. Here, PE-BZT-GN, PE-BZT-GNRs, and PE-BZT represent the drawn 

polyethylene films with BZT and graphene, drawn polyethylene films with BZT and graphene nano-ribbons, and 

drawn polyethylene films with BZT, respectively. 

 

To improve the thermal conductivity of polymer composite films, other factors beyond 

the preparation technology of drawn polymer films and the dispersion of additives should be 

considered, since intra- and inter-molecular phonon transport in polymers play vital roles and 

depend on chain orientation, crystallinity, draw ratios, and interaction between the 

anisotropic matrix and any additives. These structure-property relationships shed light on 

how to design anisotropic polymers and polymer composites with high TCs (~ 100 W m-1 K-

1 for neat polymer[2] and ~ 75 W m-1 K-1 for polymer composites[3]). Design concepts for 

fabricating highly thermally conductive polymers and polymer composites can be 

summarized as follows: 

1. Positive factors impacting thermal transport include chain orientation (via crystallinity 

or drawing), crystal packing, chain length, Mn, and strong intermolecular interactions, while 

the negative factors include internal voids, presence of side chains, and chemical mismatches. 

2. If they can be properly drawn with high draw ratios, polymers with a high Mn can form 

highly anisotropic materials. In these anisotropic materials, the high chain orientation and 

crystallinity may be achieved to improve thermal transport in polymer chains. 

3. Drawn polymer composites consisting of drawable polymers doped with high thermal 

conductive fillers are strongly recommended to achieve high TCs at low filler contents if 

defects and voids can be avoided. Effective interaction between the fillers and polymer 

matrix is highly desired in these systems, such as via π-π interactions or hydrogen bonds, 

both interactions being capable of improving intra- and/or intermolecular phonon transport 

and decreasing the phonon scattering at the interfaces.  
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7.3 Scalability, reprocessability, and recyclability of drawn polyethylene composite 

films 

The research of polyethylene films and fibers has progressed significantly over the last 

several decades, resulting in materials with both excellent mechanical properties and 

chemical resistance. However, scaling up production and applying polyethylene composites 

in high-end products like soft actuators remains a challenge. These well-aligned films were 

obtained by lab-scale solution-casting and solid-stretching at 125 and 130 oC, respectively. 

Although the size of these films can be controlled by the initial size of the undrawn films, 

the fabrication cost is relatively high. For scalability and reduced fabrication costs, new and 

optimized fabrication techniques would be appealing and feasible using the fabrication 

process of commercial polyethylene fibers. 

The widespread application of polymers has resulted in ‘white pollution’ due to their poor 

biodegradability: approximately 0.26 gigatons of plastics are wasted annually, and 

polyethylene plays a significant role in these contaminations.[4] If this waste could be 

recycled properly, it could potentially reduce 2% of the total global carbon dioxide 

emissions.[4] The fraction of UHMWPE in this enormous waste stream is extremely small (< 

0.01 %). Despite this, recycling and circularity are gaining interest and, for instance, green(er) 

products based on bio-ethylene were recently commercialized.[5] Industrial recycling of 

waste streams (UHMWPE/solvents) in the Western Hemisphere is already common practice 

for a long time. Recycling of end-of-life products remains problematic especially in life 

protection (anti-ballistic) and biomedical applications and often results in down-cycling if it 

occurs at all. This is partly related to recovering, separating, and cleaning of the waste 

products and, as a consequence, incineration is quite common (polyolefines are considered 

as “white oil” due to their high caloric value). Here, the issues with respect to recycling and 

circularity are not addressed or resolved. It is expected that the small amounts of additives 

and co-additives will also not make these issues any better or worse. 

 

7.4 Drawn polyethylene composite films for thermal management 

Thermal management is vital to the lifetime and performance of many electronic devices, 

including solar cells, and microchips. With the widespread application of electronics, 

effective thermal management with thermally conductive materials has become a major 

technological challenge.[3,6] In general, the traditional thermal conductors include metals and 

carbon materials. Generally, the common thermal conductors used in daily life, including 

copper (~ 400 W m-1 K-1), silver (~ 420 W m-1 K-1), and aluminum (~ 270 W m-1 K-1), possess 

high thermal conductivity. Potential alternatives are polymers and polymer composites due 

to their relatively low costs and ease of processing, diverse functionalities, excellent 

corrosion, and chemical resistance, and light weights.[7] Although the maximum thermal 

conductivity of drawn polymers and their composites is in the range of 60-100 W m-1 K-1, 
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lower than that of common thermal-conductive metals, the specific thermal conductivity per 

unit density of drawn polymers and their composites should be greater or close to that of 

above-mentioned metals (Figure 3.6), indicating the potential application of drawn polymers 

and their composites for thermal management. 

In devices such as solar cells, thermal conductors with high transmission of visible light 

are highly sought after. The surface of drawn polyethylene/wax films is shown in Figure 7.2. 

There are no obvious defects on the surface of the drawn films, which, along with their high 

transparency to light in the visible wavelength region and promising thermal conductivity, 

could make them interesting. To avoid surface scattering a coating could be applied. 

 

Figure 7.2 Surface (top) structure and roughness of PE-wax D-1 films with a draw ratio of 30. The scanning follows 

the red line. 

 

7.5 Drawn polyethylene composite films for photothermal actuators 

The Young’s modulus of drawn polyethylene films in the drawing direction increases 

with the draw ratio following the Irvine-Smith model,[8] reaching approximately 300 GPa, 

greater than most materials (Figure 7.2), although the modulus of drawn polyethylene 

perpendicular to the drawing direction is only around 1 GPa, which is close to that of human 

muscles.[9] For both drawn and undrawn composite polyethylene films, adding a small 

content (< 1 wt%) of additives like graphene oxide and graphene has effective enhancement 

in their mechanical, thermal, structural, and wettability properties.[10–13] Thus, drawn 

polyethylene and its composites present attractive mechanical properties in materials with 

relatively low density (~ 1000 kg/m3). Of course, strength, impact resistance, and strain at 

break are also important parameters for fabricating robust polymer actuators. 
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Figure 7.3 Young’s modulus of different materials as a function of density.[14] 

  

Photothermal actuators can convert light energy into mechanical energy to realize a 

variety of locomotions such as bending, twisting, sinking, and floating, which makes them 

an excellent candidate for use in the field of soft robotics, micromachines, and intelligent 

systems.[15] Generally, the thermally responsive actuators include mainly photothermal and 

electrothermal actuators. Compared with electrothermal actuators, photothermal actuators 

have an advantage because they do not require complex wiring systems and can be remotely 

controlled in a non-contact manner. Moreover, (IR) light is a safe and sustainable energy 

source, and it can be precisely directed. Typically, photothermal-driven strategies can be 

classified into two categories: one of the photothermal strategies relies on the periodic 

deformation caused by light-induced heat. However, the high temperature (often > 100 °C) 

caused by the photothermal effect often weakens the actuators, compromising both safety 

and durability. Another light-driven strategy relies on the Marangoni effect that has the 

advantages of directly realizing the light-to-work conversion. However, the photothermal 

actuators based on the Marangoni effect usually require a high-temperature gradient (above 

45 °C) to produce a surface tension gradient strong enough to generate motion, and can only 

realize a specific type of motion for a specific shape.[16] There is a common issue in both 

photothermal and electrothermal actuators, which is the limited response and recovery times 
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caused by the slow heat transport between actuation elements and slow heat release to the 

surroundings resulting from the low thermal conductivity of actuators. Drawn polyethylene 

composite films with high thermal conductivity can potentially overcome these limitations. 

 

7.6 Conclusions 

The potential impact of thermal management has highlighted the promise of drawn 

polyethylene films for the realization of rapid thermal transport and release. This thesis has 

demonstrated these polymers and their composites have potential in thermal management, 

and the high thermal conductivity of drawn polymers can be obtained by adding additives or 

adopting the polymers with high Mn. This concept is not only applicable for polyethylene 

films but also other polymers such as polyvinyl alcohol. The exploration of thermal-

conductive polyethylene composite films in light-responsive actuators has also been 

demonstrated.  

It can be foreseen that drawn polymers with high thermal conductivity will play an 

important role in the thermal management of optoelectronic devices and new advanced 

applications such as soft actuators. 
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