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Responsive Liquid Crystal Networks 

Summary 

 

Responsive polymeric materials are of interest for a wide range of applications for their 

potential to be manufactured at low cost, in large quantities and with a large number of 

properties available. Liquid crystal networks offer a platform for these responsive 

systems. A variety of dopant molecules can be chosen from to make the polymer 

sensitive to heat, light, pH, humidity or biological stimuli. The liquid crystalline units of 

the network amplify the dopant action, leading to fast and large responses. Theses 

responses can be mechanical or optical changes and tuned to be reversible or non-

reversible responses.  

In this work the use of these systems in microdevices such as lab-on-a-chip is explored. 

Light-driven actuators are chosen, as they are compatible with the wet environment and 

allow remote addressing. Theoretical and experimental results show that through an 

optimization of the molecular ordering using a ‘splayed’ organization, the performance of 

these systems can be greatly enhanced. Furthermore, theory has been developed that 

describes the dynamics of the actuator motion in response to the light. Experimental 

results show a good match with this theory. 

For microfluidic systems, with an actuator design inspired by cilia in natural organisms, 

pumps and mixers can be made. The effective cilia motion is an asymmetric motion. 

Several routes were developed to generate this asymmetric motion: actuators were made 

where parts of the actuator respond to visible light and other parts respond to UV-light. 

As an alternative, actuators with a highly non-linear response to light were developed by 

generating an internal composition gradient during the polymerization of the actuator. 

For use in microsystems and in particular in microfluidic systems, the actuators have to 

be micropatterned. Several techniques were explored, including lithography and 

inkjetprinting. It was shown that sub-millimeter actuator structures can be made using 

inkjet printing, while performance of these microactuators was similar to that of the bulk 

material. 



 vi 

Rather than using the liquid crystal networks as actuators, LC networks are also useable 

as sensor. When processed into a cholesteric ordered network, the material reflects a 

small band of the spectrum of incident light. When this reflection band is inside the 

visible spectrum, the material appears to have a color. As with the actuators, the network 

can deform by losing molecular organization, swelling or shrinking. These deformations 

lead to visible changes in the reflection band. It was shown that by incorporating 

hydrogen bonds in the network, cholesteric sensors can be made responsive to volatile 

amines, pH or temperature. 

As an alternative to the light driven actuators, magnetic-field addressable ferromagnetic 

cilia were investigated. Magnetic fields have the same benefits as light in that they allow 

remote addressing and are compatible with a water environment. Two methods were 

studied to create artificial cilia: glancing angle deposition of nickel on PDMS posts, and 

electrolytic growth of nickel posts in a sacrificial membrane. Best mixing was obtained 

using electrolytically grown nickel rods, suspended in the liquid channel. 

Applications of the actuators studied in this research are in microfluidic systems, but also 

in other areas of mircosystems such as MEMS. As the materials can be processed from 

solution and in a roll-to-roll setup, they are applicable in low cost applications such as 

smart or responsive packaging, or in disposable devices such as diagnostic sensors.  
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1.  Responsive materials for 

Polymer MEMS 

 

  

1.1. Responsive materials 
Nature is an inexhaustible source of inspiration for mankind to model its machines and 

tools. The Roman poet Ovid already reported on Daedalus, the man that allegedly 

invented the saw inspired by fish teeth and could fly by reproducing bird’s wings. [1] Still 

today, as we are just starting to understand Nature at a molecular level, reproducing the 

complexity and capabilities of natural organisms using deterministic and controlled 

manufacturing processes is something that is highly desired by many. [2] 

One of the most fascinating and complex feature of natural organisms is their capability 

to change their properties, such as shape or color, in response to changes in the 

environment. One can find many examples, such as sunflower sprouts that follow the 

trajectory of the sun (‘heliotropism’, Figure 1.1), mammalian muscles that change shape 

rapidly in response to a chemical stimulus, or a chameleon that changes color according 

to its surroundings. Responsive materials is the class of materials that mimics this 

capability to change one or more properties upon a change in environment. 

10 a.m. 12 a.m. 5 p.m.

 
Figure 1.1 Heliotropism of sunflower sprouts: the plants follow the position of the sun as it changes 
during the day. 
 

The field of responsive materials is broad as many materials will change some property as 

the environment changes, but only few materials produce a response that is actually 

useful. Here we focus on shape-changing materials, where the shape change is 
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controllable and can be used for some kind of actuation. This class of actuators is often 

referred to as ‘artificial muscles’. [3, 4] 

1.2. Polymeric artificial muscles 
There are many materials that are capable of performing some deformation, both organic 

and inorganic, but only a few that actually show muscle-like responses. [3–5] Shape-

memory materials for instance can perform a shape change upon exposure to a trigger, 

but they only can switch between two states. They then need a reset using an external 

force before the motion can be repeated. Artificial muscles can be controlled to 

reversibly take any shape in between the extreme states by controlling the input stimulus. 

Muscle-like responses are useful when the application demands low weight, small volume 

and large responses, for example in robotics, micromechanical systems, medical systems 

and toys. For these applications, inorganic materials have the disadvantage of their high 

weight and high rigidity. Piezoceramics for example achieve high power densities, but 

only small strains (0.1%) and are therefore less suited to be used as valves in 

microfluidics or as actuators for robotics. [5] This section therefore focuses on the main 

classes of organic shape-changing materials and their properties. 

Polymer artificial muscles have the potential to be low weight, high power density and 

with large responses. They differ from their inorganic counterparts in that these polymer 

artificial muscles can be processed under mild conditions and from solution, allowing for 

low cost and roll-to-roll processing. For these polymers, control over the chemistry 

allows a control over a wide range of properties, such as modulus, responsiveness and 

biocompatibility. Some polymer artificial muscle materials are already commercially 

available [6], most are still in their research phase, but in many cases, they already 

outperform mammalian muscles in many ways. A good overview of this field is given in 

e.g. [3] and [3].  

Electrically driven artificial muscles dominate the field and a large community has 

developed around these electro active polymers (EAP’s). The benefit of using an 

electrical stimulus is that the input is easily controlled, transfer of energy is fast and a high 

electric potential or current is easily accessible. Two classes of EAP’s that are very 

popular and commercially available are dielectric elastomer actuators (DEA’s) and ionic 

EAP’s. DEA’s consist of two compliant electrodes separated by a soft insulating material 

such as silicone or acrylic elastomer. When a voltage is applied over the electrodes, the 

attraction (or repulsion) between the charges generates a compressive (or repulsive) stress 
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(Figure 1.2). As a response, the dielectric is squeezed in one direction but expands in the 

two other directions. These systems benefit from a simple design and can reach strains of 

up to 380% [5]. However, the repetitive stretching of the electrodes sets high demands 

on the electrodes. Furthermore, the high fields (100 MV/m) limit the applicability of 

these systems. 

Compliant 
electrode Insulator

 
Figure 1.2 Actuation mechanism of a dielectric elastomeric actuator. The application of a voltage V over 
the electrodes generates a Maxwell stress that results in a lateral expansion of the actuator. 
 

Ionic EAP’s use the movement of ions within the material to make actuation possible. 

Upon application of an electric field, these ions leave or enter certain regions of the 

polymer, leading to contraction or swelling of the material (Figure 1.3). The movement 

of ions requires an electrolyte phase that allows this motion, which is often a liquid. Ionic 

EAP’s have been made from conducting polymers, ionic polymer metal composites and 

carbon nanotubes. Compared to dielectric elastomer actuators, ionic EAP’s use low 

voltages, typically a few volts. Various micro-scale systems have been reported using 

polypyrrole actuators, and well-controlled motion is possible, see e.g. [8]. One of the 

drawbacks of ionic EAP’s is that the ion movement is often slow, leading to slow strain 

rates in the order of 1%/second. Furthermore, the wet electrolyte is often a limitation for 

application of these systems. 

+

Solvated counterions

oxidation

reduction +

+
+

+

+
+

+

+
+

∆ volume  
Figure 1.3 Basic actuation principle of an ionic electro-active polymer. A change in voltage applied on the 
conducting polymer causes a change in oxidation state of the polymer, driving the solvated counter ions in 
or out of the polymer network. 
 

There are cases when the use of electrical fields is a disadvantage and where electro-

active polymers cannot be used, for instance in a humid environment. Liquid crystal 
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network (LCN) polymers offer a platform material for artificial muscles, as they can be 

tuned to respond to a range of stimuli, including heat, light or chemical stimuli such as 

pH or biological agents. [9] 

1.3. Responsive liquid crystal networks 
Liquid crystals (LC’s) are materials that exhibit a state between the crystalline and liquid 

phase that has both liquid properties as well as some degree of molecular order. In this 

work, we will just focus on thermotropic liquid crystals, materials that show their liquid-

crystalline behavior within a certain temperature range of a melt, rather than as a function 

of concentration in solution as with lyotropic liquid crystals. Within the liquid crystal 

state, different phases exist such as the smectic phase and the nematic phase, each 

differing in the degrees of freedom for the lateral orientation and rotation of the 

molecules. In this work, the liquid crystals will be used in their nematic phase, where only 

the average orientation of the molecules is fixed and therefore monodomain orientation 

is relatively easy to achieve. For the applications described here, higher ordered liquid 

crystalline states such as the smectic state are not required or even pose processing issues 

that are limiting for the desired effects and will therefore not be considered. 

Liquid crystal polymers are polymers that use liquid crystal monomers as a starting 

material and therefore have anisotropy. In some cases, the monomeric units in a liquid 

crystal polymer have so much freedom that they are able to undergo a phase transition 

from the ordered state to the disordered state, but often this is not the case. It is however 

this same freedom of the monomeric units that causes the shape change of the actuator: 

a motion in the liquid crystalline monomeric units cause a cooperative order change, 

which is transferred to the macroscopic level by the polymer network. The shape change 

mechanism will be explained in more detail in Chapter 2. 

 
Figure 1.4 Schematic representations of different types of liquid crystal polymers. (a.) LC network, (b.) 
LC side-chain polymer, (c.) LC-main chain polymer. 
 

c.b. a. 
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Three major classes of liquid crystal polymers are shown in Figure 1.4. Liquid crystal 

networks are densely crosslinked polymers, where the liquid crystalline units are on both 

sides linked to the polymer backbone. The LC units in these systems therefore have 

limited mobility. Side-chain liquid crystal polymers have pendant LC side groups on the 

polymer backbone and often have a low cross-link density. In LC-main-chain polymers, 

the liquid crystal units are connected head-to-tail by the polymer backbone. This type of 

LC polymers typically has the highest mobility of the LC units. Most practical systems 

have a combination of the different types.   

One can also distinguish two processing routes to make liquid crystal polymers. Liquid 

crystal network (LCN) are made in a one-step polymerization from the monomers and 

form a densely crosslinked network. [10] Low molar mass LC acrylates can be aligned 

using a number of techniques including surface treatments, electrical fields or magnetic 

fields. Subsequently, this order is ‘frozen in’ using photopolymerization. The crosslink 

density is controlled by the ratio of LC-monomers with a single functionality and with a 

double functionality. The single polymerization-step route offers several benefits. The 

low molecular weight of the monomers allows alignment of the molecules with relatively 

weak or local fields. Furthermore, the polymer network can be formed ‘in-situ’, essential 

for micro scale systems where assembly is difficult. The high crosslink density of the 

polymer results in a glassy system and a high room temperature modulus. As a result, the 

liquid crystalline units in these systems have limited mobility and in the liquid crystal 

networks, a nematic-isotropic transition cannot be achieved. 

The LC elastomers (LCE) are made in a two-step polymerization process using LC-side 

chain polymers in combination with LC-main chain crosslinkers. For the crosslinking, 

non-liquid crystalline crosslinkers may be used. [11] These systems are typically aligned 

using mechanical stretching after the first polymerization step, followed by a second 

polymerization to fix the system in the aligned state. [12] Often, these systems use a 

siloxane polymer backbone, which offers high mobility to the liquid crystalline units. Due 

to the low crosslink density and the flexible backbone, these systems achieve the highest 

strains, passing through the nematic-isotropic transition.  

The traditional driving mechanism for LC polymer actuators is heat [11 - 16]. For many 

applications it is impractical to use thermal energy, as it offers poor control and large 

gradients are necessary for fast transfer of energy. For LC polymer actuators, light is an 

alternative stimulus that can be used. [17] By controlling the wavelength composition of 

the light, the polarization state and the intensity, a high degree of control can be achieved. 
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[18] Furthermore, light is compatible with both dry and wet environments. Therefore, 

the main focus of this work is on light driven LC polymer actuators as a model system. 

Many of the mechanisms that are applied to the light driven LC polymer systems can be 

applied to LC polymer actuators driven by other stimuli. One further class of LC 

polymer actuators are the agent driven systems, actuators that respond to the presence of 

a chemical agent such as water vapor, solvent polarity or pH. [19-21] For comparison, 

the general properties of various types of LC polymer actuators, of conducting polymers 

and of mammalian muscles are listed in Table 1.  

TABLE  I Comparison of LC network actuators with various inputs, conjugated polymer actuators 
and mammalian muscles.   

 Typical input Maximum 
strain (%) 

Room 
temperature 

modulus 

Work 
density 
(kJ/m3) 

Time 
constant 

(s) 

Thermal LC elastomer actuator [15] ∆T = 100 oC 300 0.1 MPa 450 < 1 

Thermal LC network actuator [22] 
 

∆T = 175 oC 5 - 20  0.1 - 3 GPa 3000 < 1 
 

Photomechanical LCN actuator 
[section 3.4] 

100 mW/cm2 
UVA 

2  1 GPa 200 0,25 

Chemical agent LCN actuator [21] Water, solvent 2  2 GPa 400 5 

Conjugated polymers [3] 2- 10 V 12  1 GPa 1000 > 1 

Dielectric elastomer actuators [3] > 1 kV 10 – 100 1 MPa 34000 < 0.1 

Mammalian skeletal muscle  [3] Glucose and 
oxygen 

40 3 GPa 40 < 1 

 

The most common set of actuator properties used for comparison are the displacement 

of the actuator (strain), the force generated (stress and modulus), the speed of 

displacement (strain rate) and the efficiency at which this is done (work density, power 

density and energy efficiency) [2, 3]. The area under the stress-strain curve yields the 

energy per unit volume necessary for a mechanical deformation of the same magnitude, 

which can thus easily be calculated from stress and strain measurements. In Table 1, an 

estimate of the work density (W) is obtained from the room temperature modulus (E) 

and the maximum strain (ε): W = ½ ε2E. The work-to-volume ratio is an important 

indicator for MEMS applications, as available space for actuators is typically limited in 

these applications. As it appears from Table 1, there is a trade-off between mobility 

(strain) and modulus, such that all LC polymer actuators have a similar work density. 
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The deformation kinetics of LC actuators are still largely unexplored, though studies 

show that these actuators reach their maximum strain fast, within a few tenths of a 

second for the photomechanical actuators. Based on these studies, it appears that LC 

actuators are positioned uniquely with respect to alternative actuator systems. [18] More 

systematic and quantitative data are necessary to obtain a good benchmark.  

1.4. MEMS 
Micro-electromechanicalsystems (MEMS) in the broadest sense are devices that are small, 

include mechanical elements in the order of micrometers and convert an input signal into 

a mechanical movement or vice versa. Their applications range from sensors in 

automotive airbags, to switching micro-mirrors for projectors or optical communication 

networks to microfluidic applications such as inkjet heads or lab-on-a-chip devices. 

Traditionally MEMS have been dominated by materials and micromachining techniques 

originating from the semiconductor industry. [23] However, polymers are of increasing 

interest because they offer a low cost alternative while increasing the range of possibilities 

with respect to the potential applications [24 – 28]. There is a range of processing tools 

available for producing micrometer sized features, including embossing, lithographic 

processing and printing. [28] Chemical composition provides a wide control over the 

properties and polymers are capable of deformations which are orders of magnitude 

larger than those of inorganic actuators.  

MEMS devices and their processing techniques are in their basis two-dimensional in 

nature [23]. In many MEMS applications a motion perpendicular to the plane is desired, 

for example to influence flow patterns in microfluidics or for cantilever beams in 

microresonator applications. In these cases, out-of-plane bending actuators offer many 

advantages as they can be manufactured in-plane and small, in-plane strains are sufficient 

to create large, out-of-plane motion. 

1.5. Lab-on-a-chip 
One particular area of MEMS that has received increasing interest over the past years is 

lab-on-a-chip devices. A typical lab-on-a-chip device is a 2-dimensional device that is 

about the size of a credit-card and is able to perform some analytic or synthetic function 

on the device. Although a lab-on-a-chip may be driven by other inputs than electrical 

inputs, it is often considered a subcategory of MEMS, as it has similar feature sizes and is 

made using the same processing techniques. More confusion arises as there are more 
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names covering more-or-less the same field: microfluidics and µTAS (micro-total-

analysis-systems).  

It is mainly for the application in medical diagnostics that the area of lab-on-a-chip has 

received a lot of attention. Diagnostic tests on a lab-on-a-chip can be done a lot cheaper, 

faster and closer to the patient than is currently the case. This brings benefits to all 

stakeholders: patients receive faster care, doctors save time and thus the health insurance 

saves money. Probably the best example of a lab-on-a-chip device that is already on the 

market is the glucose sensor. This device allows diabetes patients to monitor their 

glucose levels themselves and apply medication when necessary. Figure 1.5 shows such a 

sensor, consisting of two parts: an electrical readout device and a disposable strip for the 

analyte, which is a simple version of a lab-on-a-chip.  

reagents 
and buffers

metering 
chamber

valve
lateral flow 
strip

Sample 
loading port

DNA 
isolation 

membrane

PCR 
chamber

Dry 
storage

Lysis
chamber

Processed sample 
application pad

reagents 
and buffers

metering 
chamber

valve
lateral flow 
strip

Sample 
loading port

DNA 
isolation 

membrane

PCR 
chamber

Dry 
storage

Lysis
chamber

Processed sample 
application pad

a. b.

 

Figure 1.5a. Example of a commercial lab-on-a-chip: the One-Touch glucose sensor for diabetes patients. 
The disposable strip (black) is visible at the top of the device. b. Example of a research stage lab-on-a-
chip device, showing the different functions on the device [29]. 
 

While the read-out device may be complex and can be used over and over, a typical lab-

on-a-chip cartridge in diagnostic applications is a single use device. It thus has to be low 

cost and disposable. The glucose strip in the example is based on a paper substrate and is 

manufactured using a roll-to-roll process. In general, paper or polymer is preferred as the 

main material of the lab-on-a-chip for cost and processing reasons. 
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There is a demand to perform ever more complex analysis on a lab-on-a-chip, from 

protein detection in immuno assays up to complete DNA sequencing. These complex 

analyses require a range of functions on the chip, including mixing, washing and 

performing chemical reactions. Figure 1.5b shows an impression of the number of 

functions that have to be integrated on a single chip. These high functionality small scale 

devices are traditionally the domain of silicon and glass, but those materials do not match 

the requirements for low cost and disposability. Many of the functions can be achieved 

by passive structures on the chip, but there are a few where active structures are 

necessary or improve performance, such as pumping or mixing. 

1.6. Designs for microfluidic mixing 
In microfluidics, achieving rapid mixing is difficult due to the small length scales. For 

turbulent mixing, a Reynolds number of over 2000 is required: 

 Re 2000UL
ν

= >  (1.1) 

For lab-on-a-chip devices, the typical length-scale is sub-millimeter (L = 100 µm) and the 

kinematic viscosity is water-like (ν = 1 × 10-6 m2/s). To reach turbulent mixing, a velocity 

U of over 20 m/s would be needed, which is not realistic in practice. Due to these low 

Reynolds numbers, there is only laminar flow and mixing takes place only via diffusion. 

Rapid mixing is achieved by stretching and folding of an interface between two liquids 

and is achieved when this interface increases exponentially with time. [30, 31] 

One design that can achieve this rapid mixing is an array of ‘artificial cilia’ inside a 

channel. Such a design is shown in Figure 1.6. Cilia are hair-like microstructures that are 

found on or inside many living organisms. The cilia perform a repetitive wavy motion 

that is asymmetric in the forward and backward stroke, thereby creating a net flow.  

Flow

10 –
50 µm

Flow

10 –
50 µm

microchannel

Liquid in Liquid out

≈100µm
 

Figure 1.6a. An array of artificial cilia inside a micro channel, demonstrating the design idea. b. Shows 
the asymmetric motion of a natural cilium, creating a net flow towards the right. 
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The natural cilia are tubular structures that are 10 to 50 µm long and fixed perpendicular 

to the substrate. In this work, we will consider artificial cilia that are fixed both parallel to 

the substrate as well as perpendicular to the substrate.  

t = 0 s

t = 1,2 s

t = 5,4 s

t = 23,8 s

phase lag 90o phase lag 180o

 
Figure 1.7 Simulated stretching and folding of two fluids, black and white, with equal properties, by two 
artificial cilia. [32] The left series shows exponential stretching of the interface between the two fluids as a 
result of the phase lag of 90o between the motion of the cilia. The right sequence shows that a phase lag of 
180o creates very little stretching. 
 

Simulations by Khatavkar et al. [32] have shown that two artificial cilia, driven with a 

phase lag of 90o can create exponential increase in the boundary between two fluids and 

thus create exponential mixing. In this case, the cilia motion is symmetric and asymmetry 

is created by the phase-lag between the motions of the two cilia. 

 
Figure 1.8 Streamlines around a moving artificial cilium (left image), SEM image of an electrostatically 
driven artificial cilium made by Philips Research (right Image). [32] 
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Different artificial cilia were produced by Philips Research. [32] The flaps were 

intrinsically curled and by applying an electric field over the flap and the substrate, the 

flaps unrolled onto the substrate. Figure 1.8 shows a simulation of the streamlines 

around such a moving flap and an SEM image of such a flap. In this case, unrolling of 

the flap takes about 1 millisecond. The fluid velocities created by this motion are locally 

so high that a net flow is generated, and the flaps can be used for mixing or pumping. 

Although the systems functions well in air or in poorly conducting liquids, it is less 

suitable for use in combination with biological liquids. These liquids are often water 

based and contain salts, leading to leakage currents and electrolyses. 

1.7. Aim of the thesis 
The aim of this thesis is to explore the potential of liquid crystal networks as responsive 

materials for use in micromechanical systems, where they can be used as actuators or 

sensors. There are a number of challenges that one faces when miniaturizing: 

- Obtaining responses that are large and fast enough to be useful.  

- Selectively addressing actuators using remote fields (e.g. light, magnetic fields) 

- Processing and micropatterning the materials 

Here, these challenges are addressed. For actuators, light driven LCN actuators based on 

inclusion of azobenzene will be used as a demonstrator system. Light is chosen as it 

allows remote addressing and is compatible with many biological systems. It will be 

shown that LCN actuators can be successfully miniaturized while preserving their 

functionality. Furthermore, a theoretical framework is developed that describes the 

magnitude of the actuator response as a function of composition and morphology. Also, 

a theoretical prediction of the response speed and the factors determining the response 

speed are developed and demonstrated experimentally. To achieve the required motion 

of the actuators, several methods are demonstrated for selective addressing and creating 

asymmetry in the motion. 

The work performed on the actuators can be directly transferred to sensors. Sensors are 

of interest when they can be made using inexpensive materials and processes. Use of 

responsive networks as optical sensors is demonstrated on systems that can respond to 

gasses and/or temperature. 

Finally, the remote addressing of structures is taken outside the domain of liquid crystal 

networks, to show the effects of anisotropy made from ferromagnetic metals in 

combination with polymers. 
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1.8. Outline of the thesis 
Liquid crystal networks are versatile systems that can be combined with many input 

mechanisms. An overview of previous work in this field is given in Chapter 2. This 

Chapter explains the different input mechanisms, as well as the properties of many of the 

systems discussed in this thesis. Chapter 3 focuses on light driven LC actuators, and the 

effect of morphology on actuator performance. It shows both theoretically and 

experimentally that the splayed alignment is the most effective morphology in creating a 

bend deformation in light driven actuators. Where in Chapter 3 the focus is on the steady 

state deformations, Chapters 4 and 5 deal with the deformation speed. In light driven 

actuators, there are two main components determining the response speed: an optical 

response and a mechanical response. Chapter 4 deals with the optical response speed of 

the system. Chapter 5 shows how this optical response is related to a mechanical 

response and how this can be used in understanding and controlling the kinetics of the 

response. Chapter 6 demonstrates the miniaturization of the light-driven actuators using 

lithography and inkjet printing. For these small actuators, independent (selective) 

actuation becomes a problem, which is addressed here by using responsiveness to 

different wavelengths of light. 

While the main focus of this work here is on actuators, sensors are a close relative to 

actuators. The materials and mechanisms used for the actuators can be transferred to 

sensors. In Chapter 7 it is shown that using LC networks, optical indicators can be made. 

For an indicator, it is often desired to have a non-reversible response, whereas for 

actuators the response should usually be reversible. LC networks using hydrogen bonds 

are used, making the polymer network sensitive to acids and bases and allowing large, 

non-reversible responses. 

In Chapter 8, a different form of remote actuation is studied, using magnetism. Polymers 

are combined with ferromagnetic materials to create mixers and pumps using simple 

processes. 
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2.  Responsive liquid crystal 

networks 

 

 

2.1. Introduction: Liquid Crystal Networks 
This Chapter provides an overview of previous work on liquid crystal networks. Liquid 

crystal networks are of interest for use as actuators in microsystems because they 

combine a large work potential with a high degree of control over the direction of 

deformation. In this Chapter, we will first explain the basic principle of shape 

deformation in LC networks using the most straight forward case of a thermal actuator. 

The influence of the chemical composition on the mechanical properties is discussed. 

Using thermal actuators as example, effects of various alignments such as twisted 

nematic (TN), splay and cholesteric are shown. The Chapter finishes with a discussion of 

actuators responding to chemical agents.  

2.2. Anisotropy in mechanical properties 
It is has been known for long that polymers exhibit anisotropic properties if macroscopic 

order is generated, i.e. showing different properties in the length direction of the polymer 

chain versus the two axis perpendicular to the polymer chain [1]. Monolithic (single 

domain), densely crosslinked polymer networks like the LC acrylate based systems used 

throughout this Chapter display a large difference between the properties in the length 

direction and the perpendicular directions of the monomeric unit. In the remainder of 

this Chapter, properties and deformations will be discussed with the molecular director 

as a reference, using the denotations “parallel” and “perpendicular” with respect to the 

molecular director. 
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Figure 2.1 CxR family of polymers. The x indicates the length of the flexible spacer on both sides of the 
rigid core, the R indicates the side group of the rigid core, either a hydrogen (H) or a methyl group (M). 

 
Figure 2.2 Dynamical-mechanical analysis of poly(CxH ), with x = 10, 8, 6 and 4 for curves a, b, c 
and d respectively. The polymer network shows a glass transition in the range between 50 oC for 
poly(C10H) and 140 oC for poly(C4H). Beta relaxations related to the benzene groups are seen around 
-50 oC and a gamma transition, related to a crankshaft motion of the flexible spacer, is visible at very 
low temperatures. [3] 
 

The polymer family indicated in Figure 2.1 is by far the best studied glassy liquid 

crystalline system in relation to MEMS applications [2]. These polymers exhibit a glass 

transition temperature above room temperature, typically around 60 oC (Figure 2.2). 

Being in the glassy state, the room temperature modulus is in the order of 1 – 3 GPa. 

(Figure 2.3). For comparison, nematic elastomers typically have a modulus around 1 MPa. 

Due to the anisotropy of the system, the compliance of the polymer network is roughly 3 

times higher perpendicular than parallel to the director. This is influenced by the length 

of the flexible spacer: as a longer spacer introduces more mobility into the network, the 

glass transition temperature decreases with an increasing spacer length, resulting in a 

lower room-temperature modulus (Figure 2.4).  



  Responsive liquid crystal networks 

 17

 
Figure 2.3 Dynamic Young’s modulus of poly(C6H) versus temperature. Curves a. and b. were 
measured at a uniaxially aligned sample parallel and perpendicular to the molecular director respectively. 
Curve c. was measured at a twisted nematic sample, curve d. was measured at an isotropic sample of the 
same material. [3] 
 

Attaching a methyl group to the middle benzene group has several effects on the 

properties of the monomer and polymer. In the monomer phase, a methyl side group 

suppresses the presence of a smectic LC phase of the monomer and thus helps 

processing. In the polymer, the methyl group does not affect the glass transition 

temperature, but it does decrease the order of the network. Upon heating, the sterical 

hindrance of the methyl group causes the network to show more pronounced expansion 

behavior than the non-substituted analogues. 

-20oC

20oC

60oC

100oC

x  
Figure 2.4 Modulus of uniaxial poly(CxH) at different temperature, measured parallel to the director, 
as a function of length of the aliphatic tail, with x denoting the number of carbon atoms in the spacer. [3] 
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Figure 2.5 Thermal expansion coefficients for uniaxially aligned networks of poly(CxR) polymerized at 
various reduced temperatures. [5] 
 

Like any polymer, the volume of the LC networks increases with heating. If the LC 

network has monodomain order, however, this deformation will not be uniform. Similar 

to their elastomeric counterparts, LC networks display a strong anisotropy in their 

thermal expansion coefficients. [4] Figure 2.5 shows this behavior for the CxR systems. 

Below the glass transition temperature (Tg), the thermal expansion coefficient in the 

direction parallel to the director is close to zero but on passing the glass transition 

temperature, the thermal expansion becomes negative. Orthogonal to the director, the 

thermal expansion rapidly increases above the Tg. As can be expected, the systems with a 

longer aliphatic spacer display a larger temperature response. Furthermore, the systems 

that were cured close to the nematic-isotropic transition of the monomer show a smaller 

response than the systems cured further below the clearing temperature. The reduced 

temperature, the curing temperature divided by the clearing temperature of the 

monomers, is listed for comparison reasons for the systems in Figure 2.5. A decrease in 

the curing temperature only slightly affects the order of the polymer network, but leads 

to a significant increase in the temperature response of the system. For example, for 

C6M changing the reduced curing temperature from 0.96 to 0.86 increases the order 

parameter of the network from 0.71 to 0.76, but changes the strain parallel to the director 

upon heating from -50 oC to 150 oC from -1,3% to -1,7%. 
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Figure 2.6 Schematic representation of the order network with director n. The length changes from Lo to 
LT when the average angle of the mesogenic units with the director increases from θ0 to θT. Images adopted 
from [3] and.[4]. 
 

An explanation for these phenomena is given in [3] and [4]. Well below the glass 

transition temperature, the system expands with temperature due to an increasing molar 

volume. The preferential expansion direction is perpendicular to the long axis of the 

molecule, as the expansions are mainly ruled by an increasing intramolecular distance. 

Around and above the glass transition temperature, there is a small and reversible loss of 

the degree of molecular ordering causing additional deformation. A decrease in the 

molecular order is favorable for entropic reasons but is limited by the polymer network. 

The measured changes in birefringence between room temperature and elevated 

temperatures are small, in the order of a few percent, but geometrical arguments show 

that these order changes can explain for the observed length changes. Figure 2.6 

illustrates this principle: due to an increasing average tilt of the mesogenic unit θ, the 

projection of the end-to-end length of the monomer onto the director decreases with 

loss of order. The order parameter is given by ( )21
22 3(cos ) 1P θ= −  and the length 

change parallel to the director can be then estimated using  

  
2
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The total length change is then given by the sum of the length change due to molar 

volume increase and the change due to order loss:  
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For the a number of LC networks based on the CxH and CxM family, the length 

estimates obtained in this way are consistent with the experimentally obtained length 

change (Table II). 

TABLE II Measured change in birefringence for various polymers. The calculated length change and the 
measured length change are given. [3], [4]  

Material ‹P2› Tg (oC) ∆n/( ∆n)o 

at 150 oC 

(∆L/Lo)calc 

at 150 oC 

( ∆L/Lo)meas 

at 150 oC 

poly (C4H) 0.56 118 0.98 -0.005 -0.003 

poly(C5H) 0.66 - 0.96 -0.011 -0.009 

poly(C6H) 0.68 83 0.95 -0.015 -0.012 

poly(C6M) 0.58 83 0.92 -0.018 -0.024 

poly(C8H) 0.68 71 0.93 -0.020 -0.020 

poly(C10H) 0.68 55 0.92 -0.023 -0.025 

2.3. Molecular alignment configurations 
The linear expansions of a planar uniaxially aligned liquid crystal network are relatively 

small and therefore of limited practical use. During processing in the monomeric phase, 

molecular alignments like splay, twisted nematic or cholesteric ordering can be generated. 

After photopolymerization, networks with these alignments will have properties that vary 

in one or more directions of the system. The techniques available for creating this 

molecular alignment are mostly borrowed from the display manufacturing industry and 

range from rubbed polyimide alignment layers to electrical and magnetic fields. One of 

the first applications that uses the particular temperature expansion behavior of the LC 

networks is stress free coatings in integrated circuits or fiber optics. [4] In these 

applications, it is important to match the thermal expansion coefficient of the inorganic 

layer underneath such that the interface between coating and substrate is stress-free over 

a wide temperature range. In the case of one-dimensional matching of a thermal 

coefficient the thermal expansion coefficient of a uniaxial LC network can simply be 

tuned by choosing the proper length of the flexible spacer. On planar surfaces, such as 

integrated circuits, the thermal expansion coefficient has to be matched in two directions. 

This is possible by rotating the director through the thickness of the film in a helical 

fashion. The helical order can be induced by adding a trace of chiral dopant to the 

reactive mesogens. The degree of director rotation with thickness can be controlled with 

the concentration of the chiral dopant. Freestanding LC networks with a helicoidal 

ordering have the same volume thermal expansion as a uniaxially ordered network, but 
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the linear expansions are amplified in the direction parallel to the helicoidal axis. In the 

other two directions, the thermal expansion coefficients are close to zero. 

 
Figure 2.7 Schematic representation of various molecular orderings, planar uniaxial (a.), cholesteric (b.), 
twisted nematic (TN) (c.) and splay-bend (d.), with their corresponding deformations (e. – h.) upon a 
decrease of molecular order. 
 

Figure 2.7 shows a number of alignment configurations and their corresponding 

deformations upon heating. The TN and cholesteric alignments only differ in the degree 

of director rotation, but the two alignments show distinct deformation behavior. To 

visualize this difference, consider a film element the size of a few molecules, small 

enough such that the twist in the molecules inside the element can be neglected. In TN 

and cholesteric networks, the element has principle expansion axis that are offset from its 

neighboring elements just above or below. For films where the helicoidal pitch is small 

with respect to the film thickness, i.e. the director rotation is 180o or more, these stresses 

are compensated by the stresses generated by the elements that are at a rotation of 900 at 

half the helicoidal pitch above and below. Unbalance in the stress arises when the 

thickness of the film is in the order of the helicoidal pitch. The special case is the twisted-

nematic (TN) alignment, where the film thickness is exactly a quarter of the helicoidal 

pitch. In that case, the molecular director makes a gradual rotation in the plane of the 

film, such that between the top and the bottom the director rotates exactly 90 degrees. 

The gradient in director orientation results in a gradient in thermal expansions through 

the thickness of the film. As a result, a freestanding film will deform upon heating. Figure 

2.9 shows images of the heat induced deformation of a clamped film. The film is 

clamped such that at the top of the film the molecular director is parallel to the length 

axis of the film. Two competing bending axis are present: one in the length direction of 

the film and one perpendicular to it. Where the film is clamped, one bending axis is 

suppressed and the film curls up. Here, we will use a two-dimensional analysis of the 

strains in the film using the coordinate system as depicted in Figure 2.8 to explain this 

bending behavior.  

a. 

e. 

b. 

f. 

c.

g.

d. 

h. 
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Figure 2.8 Two-dimensional model of a bending actuator with thickness h, length L and bending radius 
r. The top left corner of the flap is chosen as the origin, the z-direction is the out-of-plane direction. 
 

At the top of the film, the molecular director points along the x-axis, at the bottom the 

director points out-of-plane in the z-direction, perpendicular to the x-y plane. Upon 

heating, the top side of the film will thus contract and the bottom will expand in the 

length direction of the film. This gradient in deformation directions causes the film to 

curl-up over the z-axis as is observed close to the clamp in Figure 2.9. In reality however, 

the strains are three-dimensional. In fact, following the same reasoning as before, analysis 

of the strain in the z-direction results in a film bending down over the x-axis. In reality, 

two competing bending axis are thus observed as can be seen from the saddle-shape 

behavior in Figure 2.9. 

 
Figure 2.9 Deformation of a 20 µm thick clamped film of poly(C6M) with a twisted nematic molecular 
ordering upon heating. The molecular director at the top of the film is oriented along the x-axis of the film. 
At 55 oC the film starts to display a saddle shape due to the two competing bending axes. [5] 
 

As mentioned before, bending thin films are of practical interest in particular for their 

application as actuators in MEMS. Whereas most bending actuators operate similar to 
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bimetals and need 2 or more layers to bend, bending LCN actuators are monolithic in 

nature and therefore do avoid the adhesion problems caused by the large interlayer shear 

in bilayer constructions. [6-7] 

Using LC networks, it is possible to create a gradient in the degree of expansion through 

a single material. In the twisted-nematic alignment, this behavior was already visible. The 

competing bending axes make the behavior unpredictable and therefore it is not the most 

suitable molecular configuration. A configuration that does not exhibit the strain gradient 

in the z-direction is the splay configuration, where the molecular director rotates from in-

plane alignment to homeotropic alignment over the thickness of the film. Figure 2.10 

shows the bending of a splayed actuator with temperature. Here, the actuator has the 

molecular director at the top of the film parallel to the x-axis and at the bottom of the 

film it is parallel to the y-axis. This results in smooth bending of the film and no clamps 

are required to enforce bending over a single axis. In the z-direction, the thermal 

expansion of the film is constant over the thickness of the film. Therefore, no bending is 

observed over the x-axis of the film. 

 
Figure 2.10  Bending of a clamped and freestanding actuator of poly(C3M) with splayed molecular 
configuration. The actuator is 40 µm thick and 15 mm long. [5] 
 
In the previous examples, the modulation of the director has only been through the 

thickness of the film. A large number of techniques are available for varying the director 

in the plane of the film, such as microrubbing, linear photopolymerizable materials (LPP), 

electrical and magnetic fields (see e.g. [9-11]).  These techniques are compatible with the 

splayed, twisted and cholesteric alignments. However, there have been few published 
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studies so far where the molecular director was varied in the plane of the film. Potential 

application areas are in controllable surface relief structures and nanoactuators. One 

example of a controllable surface relief structure is given by Sousa et al. [12] Using a mask 

for the photopolymerization of the monomers partly cures the sample in the ordered 

cholesteric phase. The sample is then heated into the isotropic phase of the monomer 

and a flood exposure is used to cure the remaining areas. The result is a liquid crystal 

network polymer that has a high degree of order in the areas exposed during the first 

exposure and an isotropic phase around it. Due to their cholesteric organization, the 

ordered areas will have a large thermal expansion in the direction perpendicular to the 

plane of the film, while the disordered areas will have the bulk thermal expansion. Thus 

upon heating of the film, a surface relief appears matching the image of the photomask 

(Figure 2.11). 

 
Figure 2.11 Microscopy images (a.) and interferometer images (b. and c.) of cylinders with isotropic 
ordering surrounded by cholesteric ordered poly(C3M). a) shows an optical polarizing microscope image, 
with the inset showing the photomask used in fabrication. Images b. and c. are white-light interferometer 
images taken at room temperature and at 200 °C respectively. [12] 
 

The reported change in relief height are in the order of 1%, much smaller than the 5% 

deformation for an unpatterned free standing cholesteric film as reported by Broer and 

Mol. [4] A detailed study by Elias et al [13] gives more insight in the origin of this 

difference. In that study, the LC network was polymerized from a mixture of mono- and 

bifunctional reactive LC’s that was optimized to reach large strains. Figure 2.12 shows 

the design and optical images of the samples in that study. For their material, they find 

that upon heating from room temperature to 200 oC the height relief of the cholesteric 

versus the isotropic regions increases by 1.6%. A first approximation, using the measured  
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Figure 2.12 Photopatterned LC network structures, schematically (a.) cholesteric regions in surrounded 
by isotropic polymer network. Polarizing microscopy image of 100 µm wide cholesteric lines separated by 
400 µm isotropic material (b.) and 200 µm wide cholesteric lines separated by isotropic regions of the 
same width (c.). [13] 
 

freestanding deformations to predict the relief change would indicate an increase by 20% 

and thus overestimate the effect. The study shows three main factors for this difference. 

The surface anchoring of the sample has a major impact on the allowed deformations. 

Table III compares the deformations perpendicular and parallel to the director in 

freestanding samples and fixed films. Finite element calculations incorporating the 

anisotropic thermal expansion accurately predict the measured height change of the 

surface anchored film. [13] The difference in deformation can thus be ascribed to the 

build-up of stresses in the surface anchored films. As illustrated by the planar uniaxial 

and cholesteric samples, the molecular alignment determines the compliance of a sample 

for a certain deformation. 

  

TABLE  III Measured height change of samples heated from room temperature to 200oC. 
 Freestanding film Surface anchored film 

Deformation parallel to 
director axis 

-21% Homeotropic: 2% 

Deformation perpendicular to 
director axis 

19% Planar uniaxial: 9% 
Cholesteric: 11% 

Isotropic 5.7%* 5% 

* Calculated value using the approximation || 2
3iso

ε ε
ε ⊥+

=  

A second factor influencing the deformation is the photopatterning process. This effect 

was measured by varying the pattern of films. A cholesteric polymer film was created 

with photolithography and the monomer in the unexposed area of the sample was 

washed away. The measured deformation is slightly less than the homogeneously 

exposed cholesteric sample in Table III. [13] Van der Zande et al. [14] have shown that 

a. b. c.
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under certain conditions, mass transport can take place upon localized exposure in the 

photocuring and therefore it is speculated that during photocuring, some of the order is 

lost due to diffusion of the monomers.  

TABLE  IV Measured and expected height relief increase in patterned cholesteric areas upon heating to 
200 oC. 
 Experimental 

strain 
Expected strain based on 
uniaxial samples, Table III 

Cholesteric patterned and 
etched areas 

8.4% 11% 

Cholesteric areas in an 
isotropic sea 

1.6% 6% 

 

A last factor limiting the actual achieved strain is the embedding of the cholesteric areas 

in an isotropic ‘sea’. Figure 2.12 shows a schematic and images of photopatterned lines in 

isotropic surroundings. The data in Table IV predicts an increase in relief between the 

cholesteric and isotropic areas of 6%, the difference in expansion between isotropic and 

cholesteric surface anchored films, although only 1.6% is found. Part of this deviation 

from the expected value is due to the patterning effect as discussed above. The remaining 

deviation is thought to be due to the extra stress induced by the interface between the 

isotropic and cholesteric region. 

2.4. Light induced deformation 
For many MEMS applications, heat is not a practical stimulus because it is difficult to 

achieve fast reversible actuation in a wet environment and heat loss to the environment 

can be a problem. Light induced deformation offers an attractive alternative because it is 

fast and a remote light source can be used to drive the actuator. Azobenzene is a well 

known compound to achieve photomechanical effects [24, 25]. The azobenzene unit 

undergoes a trans-cis isomerization upon illumination with UV light. Finkelmann and 

coworkers [17] first showed that it is possible to amplify the conformation change of the 

azobenzene moiety to the macroscopic domain by incorporating azobenzene units in a 

nematic liquid crystal elastomer. The shape changes are reversible and studies have 

shown that it is possible to control the deformation direction by changing the 

polarization state of the light [18-20]. The light driven systems will be used as a model 

system throughout this thesis and are therefore treated in depth in the next Chapters. 
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2.5. Chemical agent driven systems 
In applications such as lab-on-a-chip systems or molecular medicine, reliable stimuli-

responsive materials are of major importance. The delivery of drugs can be achieved by 

opening of a reservoir upon reaching a certain concentration of disease-specific 

molecules for example. In on-chip diagnostics, improved schemes for fluid mixing or 

flow control upon detection of a chemical agent or in response to a molecular trigger are 

considered beneficial [21-23].  

Harris et al. [24] showed that it is possible to incorporate responsiveness to chemical 

agents into LC networks. Because of the liquid crystalline character of the networks, 

deformations are anisotropic. The systems are stiff and glassy and can be patterned using 

microstructuring techniques and are therefore well-suited for use as actuating elements in 

MEMS devices. As the system only takes up moderate quantities of agent under 

equilibrium conditions, the material differentiates itself from a traditional hydrogel. 

Furthermore, it can be processed in the same manner as the thermal or photomechanical 

actuators described in previous sections of this Chapter, allowing for photopatterning, 

templating and soft lithography. 

 

 
 Figure 2.13 Paired monomers nOBA with hydrogen bridges. The “n” indicates the length of the 
aliphatic chain in terms of the number of carbon atoms. Typically, monomers are used with n = 3, 5 and 
6 in weight ratio 1:1:1.  
 

One route to achieve responsiveness to chemical agents is to introduce chemical bonds 

that can be reversibly broken upon contact with the agent. Monomers are used that are 

capable of forming non-covalent bonds such as hydrogen bonds. In their study, Harris et 

al. used monomers that are not liquid-crystalline by themselves, but are capable to pair 

under the formation of hydrogen bridges, thereby forming the rod-like conformation 

necessary to induce liquid crystalline behavior. Figure 2.13 shows the monomers used in 

the study. The breakable bonds are formed between the carboxylic acid units of the 

monomers. 

Using a photoinitiator, the nOBA monomers are polymerized into a network. For 

stability, a covalent cross linker (C6M) is used in small quantities (12% wt). To decrease 

the crystallization temperature and widen the temperature range of the nematic phase, 
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monomer nOBA is used as a mixture of three homologues with different aliphatic tail 

lengths (n = 3, 5 and 6) in a 1:1:1 weight ratio.  

 

Figure 2.14 Sketch of the formation of the aligned polymer salt poly(nOBA/C6M)-K+. The paired 
monomers are aligned in the nematic phase (a.). Upon photopolymerization a highly ordered network is 
created (b.). In an alkaline environment, the hydrogen bonds are broken, reducing the order of the 
network and causing macroscopic anisotropic swelling. [24] 
 

After polymerization, a hydrogen bonded network is obtained that is highly ordered and 

rigid. The hydrogen bonds are sufficiently strong to withstand immersion in water or 

most solvents without significant deformation of the network. Talroze et al. [25] 

performed a mechanical analysis of a system polymerized in the smectic phase. For small 

strains, the system shows an almost linear stress-strain response. At higher strains, the 

hydrogen bonds are broken and the layers in the smectic system are able to slide without 

any extra stress applied to the system. In sufficiently alkaline conditions, the hydrogen 

bonds are broken and the network is converted into a polymer salt. Upon reduction of 

the number of hydrogen bonds, the order of the network drops, causing a macroscopic, 

pH induced deformation. The hydrogen bonds can be again restored by exposure to 

acids, bringing back the film to its original shape. 

The conversion into a polymer salt ‘activates’ the system: the network becomes much 

more hygroscopic and responds rapidly to a number of chemical agents. In the studies by 

Harris et al. [36, 38], an aqueous solution of pH13 KOH is used to activate the networks.  

A schematic overview of the procedure is shown in Figure 2.14. The networks obtained 

after this acid-base reaction will be referred to as poly(nOBA/C6M)-K+. The acid-base 

reaction was limited in time, typically 10 to 20 seconds, such that only a fraction of the 

a. 

b. 

c. 
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hydrogen-bonded units are broken down. Typically after 10 seconds, the optical 

retardation is reduced by 30 to 40%, indicating a reduction in the order parameter. 

Mechanically, the modulus of the material changes upon KOH immersion. Although the 

modulus at room temperature parallel to the molecular director decreases slightly from 

3.9 GPa to 2.7 GPa after 10 to 20 seconds of KOH treatment, the modulus of  

poly(nOBA/C6M)-K+ perpendicular to the director increases from 1.2 GPa to about 1.6 

– 1.9 GPa. Ionic bonding and the resonant character of the carboxylate ions are thought 

to contribute to the mechanical strength of the network. For comparison, the typical 

room temperature moduli of a pure C6M network are 1.5 and 0.9 GPa for the parallel 

and perpendicular directions.  

Figure 2.15 Responses of a uniaxially aligned poly(nOBA/C6M)-K+ film in response to a chaning 
environment, from a pure acetone environment to a pure water environment, parallel to the molecular 
director (a.) and perpendicular to the molecular director (b.). The ratios display the proportion of acetone 
to water. [26] 
 

The mechanism of deformation is best illustrated using the actuator response to water. 

Figure 2.15 shows the response of a uniaxially aligned film upon full submersion in water, 

perpendicular and parallel to the director. Water swells the network, but the swelling in 

the directions perpendicular to the director is significantly greater than the swelling 

parallel to the director. In the acid-base reaction in aqueous KOH solution, the 

carboxylic acid groups are deprotonated, resulting in water in the hygroscopic salt 

network. In the drying step after KOH immersion, water is only partially removed from 

a. 

b. 

a. 
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the network, leaving a substantial amount of water behind due to the hygroscopic nature 

of the film. When the film is re-immersed in water, the network is hydrated again and the 

material swells anisotropically. 

Although the networks may be strongly hydrophilic, they are only mildly solvophilic for 

the less polar solvents. If the films, after air drying, are immersed in a water-miscible 

solvent for which the network has lower affinity, remaining water is extracted from the 

film. Because the water is not replaced, the films shrink, with the largest contraction 

perpendicular to the director. If the film is instead immersed in a water-immiscible 

solvent such as toluene, the polar components in the film will remain there and little 

contraction is observed. Figure 2.16 compares the responses of a sample to immersion in 

water and a number of solvents. 

 
Figure 2.16 Macroscopic deformation of a uniaxial aligned network poly(nOBA/C6M)-K+ in response 
to various solvents. The response parallel to the director (a.) is typically smaller than the response 
perpendicular to the director (b.). [26] 
 

The preferential affinity of the polymer salt to water and acetone, a polar and water 

miscible solvent, is shown in Figure 2.16. In pure acetone, the remaining water in the 

film is extracted and the film shrinks preferentially in the direction perpendicular to the 

director. When water is added to the acetone, the film swells again. Figure 2.16 shows 

this behavior for a film of uniaxially aligned poly(nOBA/C6M)-K+. 

b. 

a. 
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The anisotropic deformations of the agent-responsive networks can be used to construct 

bending mode actuators. There are two distinct mechanisms with which bending can be 

achieved. In environments where there is a strong gradient in chemical agent present that 

swells the film, e.g. water vapor, a planar uniaxial film will swell on the side with the high 

concentration, bending away from the vapor source. Figure 2.17 shows the response to a 

gradient of water vapor. When the other side of the film is exposed to water vapor, it 

also bends away from the vapor source as is consistent with anisotropic swelling.  

0 s. 2 s. 2.5 s. 3 s. 4 s. 5 s. 6 s.

 
Figure 2.17 Response of a 17 µm thick film of uniaxially aligned poly(nOBA/C6M)-K+ to a gradient 
in water vapor from the vial below. In ambient conditions, the film is almost flat. When the film is 
brought close to the vapor source, it quickly bends. When the film is removed, the original position is 
recovered. The water in the vial is at room temperature. [24] 
 

When there is no gradient in the chemical agent present, for example when the system is 

completely immersed in water, a planar uniaxial film will not bend. In analogy to the 

thermal and UV-driven systems, bending can be obtained by creating a gradient in the 

molecular director using TN or splayed alignments. After the photopolymerization of the 

film on the substrate, the films shrink during the partial dehydrogenation. Due to the 

anisotropy of the shrinkage, twisted nematic and splayed films are therefore curled in 

their neutralized state. When a chemical agent, in this case water, enters the film, the film 

swells and unrolls. Figure 2.18 shows the response of a twisted film to changes in the 

relative humidity of an environment.   

 

 
Figure 2.18 Response of a twisted nematic poly(nOBA/C6M)-K+ film to changes in relative humidity in 
a homogeneously humid air environment. [24] 
 

Using the splayed or twisted nematic alignments, the solvent selective responses as 

described above can be used to create bending mode actuators. Immersed in water, a 

twisted sample expands, with the largest expansion perpendicular to the director. Due to 
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the director gradient, the film bends. If the film is then immersed in a different, water-

miscible solvent, osmotic pressure differences between the film and the medium cause 

the extraction of water from the film. The water in the film is not replaced and thus the 

material shrinks anisotropically, causing the film to bend in the opposite direction. In a 

solvent that is non-miscible with water, the water remains in the water soaked film and 

little response is observed. Figure 2.19 shows this behavior for a number of solvents. For 

every two images a different sample was used. The film was first completely submersed 

in water and then transferred into a solvent. The polar solvents, methanol, ethanol and 

acetone, show a pronounced response. The non-polar solvents, toluene and xylene, show 

little effect on the bending of the film.  

 

Figure 2.19  Response of a twisted nematic actuator of poly(nOBA/C6M)-K+ films in various solvents 
compared to their state in water: (a) water, (b) methanol, (c) water, (d) ethanol, (e) water, (f) acetone, (g) 
water, (h) toluene, (i) water, (j) xylene. For every two images a new sample was used. [26] 

(a) (b)

(c) (d)

(e) (f)

(g) 

(i) 

(h)
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3.  Light-driven LCN actuators: 

deformation at steady-state* 

 

3.1. Introduction 
In this Chapter, the light-driven liquid crystal network actuators are introduced. In light-

driven LCN actuators, the isomerization of azobenzene causes an order reduction of the 

aligned network, resulting in a macroscopic shape change. Attenuation of light through 

the thickness of the films typically causes bending of these of actuators. Here, the 

maximum steady-state deformation as a result of the morphology is studied. Large 

performance improvements are obtained by varying the orientation of the molecular 

director through the thickness of the film actuator. Experiments show that sub-

millimeter bending radii are achieved using a splayed molecular orientation. Systems with 

a splayed or twisted nematic (TN) director profile drive greater amplitude and faster 

bending than uniaxial planar systems with the same chemical composition. The bending 

radii of these systems are predicted using a simple model including effects of light 

intensity, material composition and actuator thickness. 

The Chapter starts with and introduction to the actuators. Section 3.2 introduces a model 

of the steady state deformation. The modeled systems were made following the 

experimental procedures in section 3.3. Section 3.4 presents the results, which are then 

compared to the model in section 3.5. 

3.2. Steady state deformations in azobenzene actuators 
Liquid crystal network (LCN) actuators are a class of soft responsive materials that use 

anisotropic deformations to create displacements that are fast, reversible and comparable 

                                                 

 

 
* Partially reproduced from: C.L. van Oosten, K.D. Harris, C.W.M. Bastiaansen and D.J. 
Broer, Glassy photomechanical liquid-crystal network actuators for microscale devices, 
Eur. Phys. J. E  23, 329–336, 2007 
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in magnitude to human muscle fibers, see Chapter 1 and references therein. Light-driven 

LCN actuators offer several advantages over their thermal or electrically driven 

counterparts. They eliminate the need for large temperature gradients or electric fields 

and allow for operation in both wet and dry environments, thus making the actuators 

particularly attractive for use in microfluidic systems where remote addressing is desired. 

Through inclusion of molecules with an azobenzene moiety in a liquid crystal network, 

the order of the network is reversibly modulated using the cis-trans photo-isomerization 

of the azobenzene group [1 - 6]. In the trans-state, the azobenzene moiety aligns with the 

nematic host material, whereas in the UV-induced cis-state the azobenzene moiety 

reduces the molecular order of the LCN. For aligned systems, this leads to a contraction 

along the molecular director and expansion perpendicular to the director, as shown in 

Figure 3.1. 

trans
azobenzene

cis
azobenzene

N
N

N
N

high order low order

λUV

T,  λvisible
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Figure 3.1 Basic principle of a shape change in a photomechanical liquid crystal polymer actuator. The 
isomerization of azobenzene (top) leads to an order reduction of the aligned LC polymer, giving 
macroscopic contraction along the director and an expansion perpendicular to the director. 
 

In many micromechanical systems, the domain of thin film actuators, the small in-plane 

strains are of limited practical use and out-of-plane bending is desired. Therefore, it is 

important that the minimum bending radius is below a millimeter, preferably on the 

order of tens of micrometers [7].  

In light-driven LCN actuators, bending is the typical motion as absorption of light by the 

azobenzene chromophores causes a gradient in light intensity through the thickness of 

the film [2, 3]. Here our goal is to improve the bending behavior. It will be shown that a 



  Photo LCN actuators: steady state response 

 37

simple model can describe the influence of azobenzene concentration, film thickness, 

light intensity and temperature on the bending radius. Furthermore, we will show that by 

using a splayed molecular alignment in films with thicknesses of 10 µm, sub-millimeter 

bending radii are obtained.  

3.3. Theory: Modelling of photobending.  
The wavelength of the peak absorption of the trans- and cis-state of the azobenzene 

chromophores depends on the exact molecular structure. For the A3MA monomer 

depicted in Figure 3.2, the absorption peaks are around 360 nm for the trans state and at 

320 and 449 nm for the cis state (figure 3.3). Typically a pure azobenzene monomer will 

absorb 90% of the light within the first micrometer. 

 
Figure 3.2 Structure of azobenzene monomer A3MA. 
 

Upon illumination, the presence of azo-dye in the film will cause the light to attenuate 

through the thickness of the film, creating a gradient in the magnitude of the strain 

through the thickness of the film. When illuminated from the top or bottom, a planar 

uniaxially aligned film with azo-dye therefore bends towards the light source. When the 

molecular alignment is varied through the film thickness, larger strain gradients can be 

achieved. 

 
Figure 3.3 Absorption spectra of the monomer A3MA in solution after exposure with visible light (a.) 
corresponding to a preferentially trans-state of the monomer, and after exposure with UV light (b.) 
corresponding to a preferentially cis-state of the monomer. 
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b.

c.

a.

d.
 

Figure 3.4 (a –c) Schematic illustrations of molecular alignment configurations: Uniaxial planar 
alignment (a), twisted nematic (TN) alignment (b) and splay-bend alignment (c). (d) Model of a 
photomechanical actuator with bending radius r under incident light with intensity I0. The top left corner 
of the flap is chosen as the origin 
 

Three examples of possible molecular alignments are shown in Figure 3.4 a-c. When 

splay-bend or twisted nematic films are used, the deformation gradient will be much 

larger and the film can be made to bend to or from the light source as dictated by the 

molecular alignment in the material. This can be visualized using a splayed system with 

the molecular director at the top of the film parallel to the length direction of the film 

and thus homeotropic alignment at the bottom. For brevity, this system will be called a 

‘splayed’ system. The contraction at the side of the light source has the same magnitude 

for both the planar uniaxial as the splayed film. At the bottom of the film the splayed 

film will expand in the plane of the film, whereas the planar film will contract. This 

situation is sketched in Figure 3.5a. For the same concentration of azobenzene, a splayed 

film will therefore display sharper bending than a planar film. 

Now we consider reversing the film as sketched in Figure 3.5b. The planar-uniaxial 

actuator is symmetrical and will thus show the same behavior. The splayed actuator now 

has the homeotropic aligned side at the top. It will therefore expand at the top layer and 

contract at the bottom layer, creating a gradient with the opposite sign. This causes 

bending in the opposite direction. Whereas the uniaxial planar actuator will thus always 

bend towards the light, the bending direction of the splayed actuator is controlled by the 

molecular alignment in the material.  

There are two effects that complicate the analysis of the splayed or twisted nematic 

actuator. In the azobenzene-based LCN actuators, the photoactive dye is aligned with the 

liquid crystal host material. The azobenzene dyes exhibit dichroism, with the preferential 

absorption axis along the length of the molecule. Light traveling through the thickness of 

the film will thus experience a change in absorptivity of the material for the splayed and 
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TN actuators. For the splayed system in Figure 3.5b, more light will penetrate to the 

bottom of the actuator, as the homeotropic aligned top layer will absorb less light than a 

uniaxial planar system with the same chemical composition. A full analysis of the 

situation should also include the optically active host material. Such an analysis is beyond 

the scope of the current model. The dichroic ratio of the azobenzene units, measured as 

the ratio in peak absorption parallel and perpendicular to the director, is limited to about 

3 for the systems in this Chapter. We will therefore make the crude assumption that the 

absorption of the azobenzene is isotropic. 

The second complication is the 3-dimensional strain and stress distribution in the film. In 

the splay or TN systems the director orientation rotates over the film thickness and thus 

both the modulus and the direction of the primary deformation change over the 

thickness of the film. To fully capture the behavior, a 3D-finite elements analysis would 

serve. Here a 2-dimensional analytical approach is chosen that allows easy optimization 

of system parameters such as dye concentration, director orientation and film thickness, 

while making the assumption that the modulus is homogeneous over the film thickness. 

For a further discussion of these simplifications, the reader is referred to appendix B of 

this Chapter. 

 
Figure 3.5 Schematic illustration of the photo generated in-plane strains ε through the thickness of the 
film for a planar uniaxial and a splayed system with the planar alignment at the top of the film (a.) and 
a splayed system with the homeotropic alignment at the top of the film (b.) 
 

Warner and Mahadevan [8] showed that the bending behavior of photoresponsive 

elastomers can be described using a 2-dimensional analysis of the strains in the cross-

section of the film, assuming that the film-actuators have a much larger length than width. 

We will build upon this model and focus only on the bending part of the deformation, 

therefore considering only in-plane strains under the assumption that the films are thin 

compared to their other dimensions (h << L, w). 

Stronger strain gradients and thus sharper bending are obtained by increasing the 

azobenzene concentration or by using TN or splayed director alignments. Therefore, the 
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modeling approach is adopted and expanded to account for different concentrations of 

azobenzene and changes in the director orientation through the thickness of the film.  

Theoretical [9] and experimental [4] evidence in literature suggest that when the light 

intensity is low with respect to the dye-loading, the deformation scales linearly with the 

light intensity. For sake of simplicity, the absorption of the azo-dye in the 

photostationary UV-illuminated state is assumed to be isotropic. The coordinate system 

is chosen as depicted in Figure 3.4d. The attenuation of the light through the thickness of 

the film is described by  

 ( / )
0( ) e x dI x I ϕ−=  (3.1) 

where I(x) is the intensity of the light at thickness x, Io is the intensity of the light entering 

the film at x=0 , φ is the weight fraction of azobenzene monomer and d is the 

attenuation length per fraction azobenzene. The attenuation length d relates to the mass 

absorptivity ε of a dye via d = 1/ε. In analogy to a mechanical compliance which relates 

stresses to imposed strains, the relation between absorbed light quanta and resulting 

strain will here be called photocompliance, with unit cm2/W. Using a linear relation, the 

light induced strains parallel and perpendicular to the director ,lightε and , lightε ⊥  for an 

element in the film at depth x in the film can be described by: 

 , ||

, 

( ) ( )

( ) ( )
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ε ϕ
ε ϕ⊥ ⊥

=

=
, (3.2) 

with φ again the fraction of azobenzene monomer, I(x) the local light intensity and P  

and P⊥  the photocompliance parallel and perpendicular to the director. If θ is the angle 

between the local director of the LCN at depth x and the y-axis of the film, these strains 

can be transformed to the global coordinate system using 

 2 2
|| cos sin cos sinyε ε θ ε θ γ θ θ⊥= + −  (3.3) 

where γ is the shear deformation angle. Because deformations are assumed to be 

symmetrical around the director, the light induced shear deformation of a free-standing 

element must be zero and thus  

 2 2
, ||( ) cos sinlight y x PI P Iε ϕ θ ϕ θ⊥= + . (3.4) 

For a uniaxial-planar system, the angle θ is zero throughout the thickness of the film. For 

the splay and the TN systems, this angle is assumed to follow ( ) / 2x x hθ π= . In the 

splayed system, the director rotates around the z-axis, whereas in the TN system, the 

director rotation is around the x-axis. However the effect for the projections on the y-
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axis is effectively the same and therefore the model treats TN and splay alignments as the 

same system.   

In the case of the splay alignment, the Young’s modulus in the plane of the film varies 

with depth and thus has an influence on the bending of the length axis of the film. Here 

the model is limited by the 2-dimensional approach that was chosen. We therefore 

assume a constant modulus yE , while noting that this will result in model inaccuracy (see 

appendix B of this Chapter for more details):  

 ( )y yE x E= . (3.5) 

The deformation (in the y-direction) of a cross-sectional element that bends upon 

illumination as shown in figure 1d, relative to the straight, non-illuminated state, can be 

described by 

 ( ) /bending x x r cε = + , (3.6) 

where r is the radius of curvature and c is a component describing a homogeneous 

contraction or expansion over the thickness of the film resulting in a pure in-plane 

deformation. The light-induced deformation prescribes a new ‘natural’ state and thus the 

resultant internal stresses are given by 

 ,( ) ( )y y bending light yx Eσ ε ε= − . (3.7) 

The deformed state can now be calculated analytically, solving for the bending radius r 

and linear strain c by meeting the demand that the sum of forces and sum of moments 

over the cross-section is zero: 
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For a film with a uniaxial director alignment the solution for the bending radius is 

independent of the modulus of the material. Analysis of the strains is sufficient to 

calculate the bending radius and homogeneous strain, which are then given by: 
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where the photocompliance P is chosen to be P  and P⊥ for a planar uniaxial or 

homeotropic uniaxial actuator respectively. For the case where / 2x hθ π= , the analytical 

solution to equation (3.8) was found using Maple. For the derivation of equation (3.9) 

and the derivation of the solutions for the splayed director configuration, the reader is 

referred to Appendix B of this Chapter. 

An estimate of the influence of temperature can be obtained by assuming that 

temperature induced strains and photostrains can be added linearly: 

 || , || , ||

, , 

light T

light T

ε ε ε
ε ε ε

∆

⊥ ⊥ ∆ ⊥

= +

= +
 (3.10) 

Because the thickness of the films is thin, typically 10 µm, the temperature gradient 

through the film is assumed to be zero. The temperature induced strains are given by the 

anisotropic thermal expansion coefficients ||α  and α⊥ , such that , || ||T Tε α∆ = ∆ and 

, T Tε α∆ ⊥ ⊥= ∆ , where ∆T is the temperature difference between the illuminated and 

non-illuminated state. Following the coordinate transformation of equation (3.3), the new 

equation for the internal stresses in the y-direction is now given by 

 ( )( ), ,( )y y bending light y T yx Eσ ε ε ε∆= − +  (3.11) 

In the planar uniaxial case, the temperature induced strain in the length of the film has 

the same magnitude at any point in the thickness, , ||T y Tε α∆ = ∆ . For this case, the 

heating does not contribute to the bending and only results in a uniform length change 

of the film. The solution to equations (3.8) incorporating the heating effect thus becomes 
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For the splayed and TN films, the heating does contribute to bending. For the derivation 

of the bending radius, the reader is referred to Appendix B.  

The material characteristics obtained in the experiments were entered into the model, i.e. 

||P = -1.7 cm2/W, P⊥ = 0.7 cm2/W, d = 230 nm, ||E = 1.3 GPa and E⊥ = 0.6 GPa. The 

model was solved for an azobenzene monomer concentration of 2%, a film thickness of 

10 µm and UV-light intensity I0 = 100 mW/cm2. The corresponding bending radius is 5.2 

mm for the uniaxial planar system and 2.2 mm for the TN or splayed system. Figure 3.6 

shows the photostrain (equation (3.4)) and bendingstrain (equation (3.6)) through the 
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thickness of the film. The planar-uniaxial system shows contraction throughout the 

thickness of the film. The splay or TN systems have the same amount of contraction at 

the top of the film, but show expansion at the bottom of the film, thereby creating a 

steeper strain gradient and thus sharper bending. 
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Figure 3.6 Model results for the y-component of the light-induced strain and bending strain through the 
thickness of the film, for the planar-uniaxial configuration and the splay or TN configuration. 

3.4. Experimental 
Actuators were prepared from a mixture of reactive monomers. The azobenzene 

containing monomer A3MA (Figure 3.2) was provided by Philips. Reactive mesogens 

C6BP, C6M and C6BPN were obtained from Merck and mixed in a 3:2:1 weight ratio. 

For crosslinking, a radical photoinitiator (Ciba Irgacure 819) was used.  

 
Figure 3.7 Reactive monomers C6M, C6BP and C6BPN used as host matrix for the actuators in this 
Chapter. Photoinitiator Irgacure 819 is used for the photopolymerization. 
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The polymer obtained after photocuring will be denoted by AnP, where n indicates the 

weight percentage of A3MA in the monomeric mixture. The mixtures of monomers 

showed a nematic-to-isotropic phase transition between 68 and 75 oC corresponding to 

10% and 0% A3MA respectively. In the nematic phase, these monomeric mixtures self 

assemble into ordered systems dictated by surface conditions.  

Polymerization in the nematic phase results in a densely crosslinked, glassy polymer with 

a high degree of molecular order. Actuators with a uniaxial-planar or twisted nematic 

molecular ordering were made following the approach presented in [4] and [11]. Due to 

the preference of the monomeric mixture to align homeotropically to the air interface, a 

splayed molecular ordering can be obtained by photopolymerizing the monomeric 

mixture on a single substrate with rubbed polyimide (Nissan Sunever 7511). The 

thickness of the actuators varied between 9 and 13 µm. To confirm the molecular 

alignment of the films, the films were optically characterized using polarization 

microscopy and measurement of the birefringence. Furthermore, the absorption of UV 

light in the film was measured and will be expressed here using the attenuation length d. 

The value of the attenuation length depends on the isomerization state of the 

azobenzene moiety. Upon illumination with UV light, the system is bleached for the UV 

wavelength and d shifts from the high UV-absorption related to the trans-state to the low 

UV-absorption of the cis-state. This average absorption length corresponding to the 

photostationary UV-illuminated state was measured to be 230 nm per weight fraction 

A3MA. In Chapter 4 it will be shown that there is a thickness dependence of the 

abosprtion length d. For sake of simplicity here a homogeneous d is assumed. The film 

was removed from the substrate with a surgical blade and cut into strips of 4 mm wide 

and 10 mm long. Using dynamic thermo-mechanical measurements (DMTA) on uniaxial-

planar aligned films, the glass-transition temperature was found to be around 45 oC and 

the room-temperature moduli to be around 1.3 GPa parallel and 0.6 GPa perpendicular 

to the director. The absorption peaks for the trans- and cis-states of the azobenzene 

moiety used here are at 360 nm and 450 nm respectively. 

To characterize the light-response of the polymer, in-plane strains of uniaxial films were 

measured in a DMTA while cycling UV-light and visible light. A broad-spectrum, high-

intensity UV-lamp was used in combination with a 300-400 nm band pass filter for the 

UV illumination, giving 100 mW/cm2
 intensity at the sample. For the visible illumination 

a light source with approximately 5mW/cm2 in the range 390-500 nm was used, to 

stimulate cis-trans conversion. After annealing for 30 minutes at 150 oC, the samples were 
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four times cycled with 3 minutes of UV light and 5 minutes of visible light. 

Measurements were performed in water to reduce effects of heating. Strain 

measurements were taken for planar-uniaxially aligned A0P, A2P, A4P, A6P, A8P and 

A10P samples. For each sample two measurements were performed to obtain both the 

light induced strain parallel and perpendicular to the director. Similarly, the thermal 

response of the network was obtained by measuring the thermal expansion of a planar 

uniaxial aligned A0P actuator and is given in Appendix A. The light response of actuator 

A0P was used as a baseline for the experiments to correct for heating of the film during 

the experiment. A typical response is shown in Figure 3.8. 

 
Figure 3.8 Strain response to unpolarized UV input on a uniaxial planar film made from 8% A3MA 
perpendicular and parallel to the molecular alignment (a. and b.) in a LC network host and the response 
of the pure LC host perpendicular and parallel (c. and d.) to cycled UV illumination of 100 mW cm-2 
in water. 
 

For characterization of the bending response, the actuators were clamped on one side, 

leaving 7 mm free to move. Care was taken to cut and orient the film with the director in 

the length direction of the strip. The responses of the films were recorded using a digital 

camera, exposing the films with 100 mW/cm2 UV-light on their upper surfaces. The 

experiments were performed at room temperature in air and therefore the films are 

expected to heat up slightly during the experiment. The minimum achieved radius of the 

actuator was measured from the camera images. Also, the angle α of the actuator tip with 

respect to the starting position was measured for every 0.1 s and the angular speed 

/d dtα  calculated. Assuming exponential bending behavior, // td dt e τα −= , the time 

constant τ was calculated from the measurements. 

3.5. Results 
After the first illumination cycle, the actuators showed a fully reversible and repeatable 

photoresponse. The difference between the maximum and minimum strains in 
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illumination cycle 2, 3 and 4 was measured, averaged and plotted against the 

concentration of A3MA (Figure 3.9). The measurements indicate a linear relationship 

between the strain and azobenzene concentration on this interval. For azobenzene 

monomer concentrations much larger than the 10% used here, this relationship is not 

expected to hold [9]. The ratio of -0.41 between responses parallel and perpendicular to 

the director indicate that a volume loss occurs during UV-illumination. This is consistent 

with the response of a glassy polymer to a mechanical load, which, unlike rubbers, have a 

Poisson’s ratio smaller than 0.5.  
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Figure 3.9 Maximum strain difference between UV-illuminated state and VIS-illuminated state, for 
increasing A3MA content, perpendicular (□) and parallel (◊). 
 

For A3MA concentrations higher than 4%, splayed monodomain actuators could not be 

obtained. It is speculated that addition of A3MA changes the Frank elastic constants of 

the mixture significantly and therefore at high concentrations a domain boundary is 

energetically more favorable. Films with multiple domains do not allow proper 

characterization and were therefore excluded from this study.  

The bending responses of films made from A2P as a function of time are shown in 

Figure 3.10. The splay and TN films bend upward if the molecular director nearer the 

light source is parallel to the length direction of the film and bend downward if the film 

is turned. The bending direction of the actuator is thus prescribed by the material 

through the molecular alignment, rather than through the directionality or the 

polarization state of the incident light. [2, 5] The TN and splay alignment configurations 

clearly show faster and sharper bending than the uniaxial planar configuration. Successive 

exposures were fully reversible and showed similar speeds. A validation experiment in an 

isothermal water bath showed the same bending behavior but at a lower bending speed. 

After 20 seconds of exposure, the actuators were left to recover in dark ambient 

conditions.  
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Figure 3.10 Responses in air of films containing 2% A3MA with varying director alignments 
illuminated from the top. For the TN and splay actuators, the top sequence shows the response of the 
actuators oriented  with the uniaxial planar alignement along the length direction on the top side of the 
film. The bottom sequence of the TN and splay actuators shows the same actuator, but now clamped with 
the other side up. The film dimensions are 10 µm thick, 4 mm wide and 7 mm long. After switching off 
the UV light, the films were left to recover at ambient conditions.  
 

An estimate of the mechanical work needed for bending the actuator to the same radius 

can be obtained as follows: The strain difference between the top and the bottom of the 

actuator with respect to the unbent position is given by ∆ε = h/r. The work per unit 

volume for bending the actuator if it were not illuminated, W, is then estimated by 
21

24W Eε= ∆ , where E  is the average material modulus over the film thickness. A 

derivation is given in Appendix C of this Chapter. The performance of the actuators for 

the various molecular alignments is given in Table V, showing that the splay and TN 

configurations perform at least one order of magnitude better than the uniaxial planar 

configuration of the same composition and under the same energy input. The effect of 

varying the concentration of azobenzene in the film was also studied for the actuators 

with splayed molecular configurations (Table VI). Some of the bending must be ascribed 

to heating of the film, as is clear from the A0P sample.  
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TABLE  V Thickness h, minimum bending radius r, time constant τ, strain difference ∆ε  and 
mechanical bending work W for A2P actuators with varying molecular alignment. The samples are 
oriented such that all motions are towards the light source. 
Alignment h (µm) r (mm) τ (s) ∆ε (%) W (kJ/m3) 

Planar  10.7 152 1.8 <0.01 0.2 × 10-3 

TN 12.2 1.04 0.32 1.2 5.75 

Splay 8.6 0.66 0.25 1.3 7.05 

 

TABLE  VI Performance of splayed actuators with varying concentrations A3MA with thickness h, 
minimum bending radius r, time constant τ, strain difference ∆ε  and mechanical bending work W. 
Material h (µm) r (mm) τ (s) ∆ε  W (kJ/m3) 

A0P  13.6 11.9 4.6 0.1 0.05 

A1P 10.0 3.55 0.40 0.3 0.33 

A2P 8.6 0.66 0.25 1.3 7.05 

A4P 13.1 0.50 0.1-0.3 2.6 28.6 

 

At a large length to width ratio, a TN film cut at 45o with the alignment direction of the 

film surfaces will display a helical coiling behavior upon illumination. Figure 3.11 shows 

the response of such a film upon illumination with UV light. This response illustrates the 

control over the bending behavior through the molecular structuring of the material, as 

the film first bends away from the light before it again curls towards the light. 

 

 
Figure 3.11 UV-induced coiling of a photomechanical actuator. The film has a twisted nematic 
molecular alignment and is composed of 8% A6MA in a C6M host. This deformation is completed in 
roughly 30 seconds. The film dimensions are 24 mm x 2 mm x 17 µm. [4] 
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3.6. Discussion  
The experimental results are compared to the model in Figure 3.12. At low 

concentrations of azobenzene, there is a good match between the model predictions and 

the experimental results. The influence of gravity manifests itself as the difference in 

radius between actuators bending up and down, as indicated by the arrows in the figure 5. 

For azobenzene concentrations of 2% and higher, the model description using only the 

photostrains appears insufficient to describe the experiments. Comparing the results for 

2% azobenzene, the model predicts a bending radius of 5.2 mm for the uniaxial planar 

system and 2.1 mm for the splayed or TN, whereas experimentally obtained bending radii 

are 152 mm for the planar and 1.04 mm and 0.66 mm for the TN and splayed systems, 

respectively. Heating of the film is thought to be the major source of these differences. 

Heating assists both the splay and TN system in bending [12], while the planar actuators 

do not profit from heating of the film. As shown in figure 5, a temperature rise of 10 to 

15 degrees caused by the incident light would explain for the differences between the 

model and the experiments. Infrared measurements of illuminated samples confirmed 

that this is a reasonable assumption. The reader is referred to Appendix A to this Chapter 

for more details. 

 

Figure 3.12 Experimental results (points) and model results (lines) of the bending radius for splayed 
actuators with varying concentration A3MA. The incident light intensity is 10 mW/cm2 (◊ and dotted 
line) and 100 mW/cm2 (o and solid line). The influence of temperature is indicated by the dashed line, 
showing the model prediction for 100 mW/cm2 plus a temperature increase of 15o.  
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A further validation of the model is obtained by applying it to experiments from a 

previous study [4] on TN films of similar material composition where temperature is 

thought to play a minor role. These experiments were performed with a much lower UV-

intensity of 10 mW/cm2 and an actuator thickness of 16 µm and are indicated with a “◊” 

in Figure 3.12. The figure shows that for these different conditions, the model of the 

photobending yields a reasonable prediction of the bending radius.  

3.7. Conclusions  
We demonstrated that the photobending of LCN actuators is greatly improved by using 

the splayed or twisted molecular alignment rather than the uniaxial-planar alignment. 

Although the in-plane strains are limited, a steep strain gradient through the thickness of 

the film is obtained by varying director orientation through the thickness of the film, 

resulting in tight bending of the actuator. For actuators with a splayed or twisted 

alignment, the bending direction is dictated by the director orientation of the material 

and independent of the angle the incident light. The bending radius of these films was 

predicted using a simple model. A fairly large discrepancy is observed between the model 

predictions and experiments. It is argued and partially shown that this discrepancy 

originates from the non-isothermal conditions in the experiments. This model shows that 

for the splayed and TN configurations both light induced deformation and temperature 

induced deformation contribute to the bending of the actuators in air.  
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APPENDIX A: Heating of the photo actuators by optical absorption 

In order to obtain a quantitative measurement of the heating in a LCN film under the 

UV illumination conditions used in many of the experiments, thermal measurements 

were done on an illuminated sample. The sample was uniaxially planar aligned C6M 

polymer (Figure 2.1) , 20 µm thick, 10 mm wide, 25 mm long. The sample has 3 wt% of 

Tinuvin dye (Ciba chemicals), which should be enough to absorb 99% of the UV light 

over the thickness of the sample. Two strips were cut from the polymer film, one with 

the molecular director along the long axis of the strip (sample “Parallel”) and the other 

with the molecular director perpendicular to the long axis of the strip (sample 

“Perpendicular”). 

MaskSampleiR-camera UV light
50mW/cm2

MaskSampleiR-camera UV light
50mW/cm2

 
Figure 3.13 Schematic of the measurement set-up measuring the thermal build-up in a sample. 
 

The sample was placed in a set-up where it was illuminated through a 1 mm wide slit 

with UV light of intensity 50 mW/cm2 at the sample. Using and infrared camera, the 

sample was monitored from the back. (Figure 3.13) The infrared camera produces images 

that are colored according the IR emissions from the sample, with blue the lowest 

temperature, going to red and then white for the highest temperature. The side of the 

sample facing the camera is spray painted with a black paint with known emissivity, and 

thus the temperature of the sample could be recovered from the camera images. 

Figure 3.14 shows a sequence of images produced by the infrared camera. From analysis 

of the horizontal temperature gradient, more information about the thermal conductivity 

of the samples can be derived. It is assumed that with the heat gradients produced in this 

setup can be modeled as a 1-dimensional heat transfer problem, and we thus ignore any 

possible heat gradients in the height or through the thickness of the sample. 
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t = 1 s.

Oriented film

Mask slit

t = 0 s.

t = 5 s. t = 25 s. t = 60 s.  
Figure 3.14 Infrared images of a sample of planar uniaxial C6M with director parallel to the length 
axis of the film, illuminated with UV light through a slit in a mask. The sample reaches a steady-state 
in about 40 seconds, with a maximum temperature of about 480 Celsius. 
 

From the images, the exact temperature gradient along the long axis is extracted. (Figure 

3.15) A first analysis of the results shows that the films heat to almost 500 C upon 

illumination at 50 mW/cm2. Furthermore, the film with the director parallel to the length 

axis of the films is able to transport heat away from the illuminated strip better than the 

‘perpendicular’ sample, as the maximum steady-state temperature is slightly lower. 
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Figure 3.15 Steady-state heat gradients in films of poly(C6M) with alignment direction parallel and 
perpendicular to the length direction of the film. The position on the x-axis is the position along the length 
direction of the film. The dashed line shows the position of the illumination slit. 
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The temperature gradient for this case can be calculated using the models made for 

cooling fins. As it can be seen in the Figure 3.14, part of the heat is transferred to the 

surroundings via the sample holder, as the sample holder also turns dark blue. We 

therefore assume adiabatic film ends. In that case, the equation for the heat gradient is 

given by 

 
sinh sinh ( )( )

sinh

/

L
b

b

mx m L xx
mL

m hP kA

θ
θθ

θ
+ −

=

=

 (A.1) 

wherein θ(x) is the relative temperature with respect to the temperature of the 

surroundings, given by inf( ) ( )x T x Tθ = − . The relative temperature in the heated area is 

θb= θ(0). The convection coefficient h is assumed to be 8 W/m2K. We have two 

symmetrical cooling fins, but assume that they can be modeled as a single fin of double 

the height, and so the height P = 2 cm. The cross-section A of the sample is thus 4 10-7 

m2, and the length L 6.8 mm. With a quadratic fitting method, the value of the thermal 

conductivity is than estimated, giving k|| = 1.38 W/m K and k┴ = 1.05 W/m K, indeed 

showing a higher conductivity along the molecular director. The total heat lost over the 

film surface is 2.5 mW, where as 5 mW was expected. The difference may be explained 

by the heat that is dissipated to the sample holder. 

To assess the effect of the heating on the deformation of the film, the thermal expansion 

coefficients are measured in a planar uniaxial sample parallel and perpendicular to the 

director in a Perkin Elmer Diamond TMA (Figure 3.16). 

 
Figure 3.16 Thermal expansion coefficients for a planar uniaxial A0P sample, measured parallel and 
perpendicular to the molecular director. 
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APPENDIX B: Derivation of the solutions for the bending radius 

This appendix discusses the approximations made in the construction of the analytical 

model of the bending radius. The model describes the bending radius as a function of the 

molecular alignment, the concentration azobenzene, the light intensity and heating of the 

film. In order to keep the model simple and allow fast exploration of the parameter space, 

an analytical approach is chosen, which forced a number of approximations that are 

discussed below. The full 3-dimensional strain components are shown following the 

approach of Corbett and Warner [1]. From this approach a number of simplifications are 

made. This is followed by the derivation of the bending radius where only one stress 

component is taken into account. 

 
3-dimensional stress and strain 
To deal with the varying director orientation, we distinguish the local axes {x’y’z’} from 

the global axes {xyz}, where the y’ axis is parallel to the molecular director (Figure 3.17). 

The transformations between the local en global axes are given by: 

 
'sin 'cos
'cos 'sin
'

x y x
y y x
z z

θ θ
θ θ

= +
= −
=

 (B.1) 
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θ

 
Figure 3.17 Local axes {x’y’z’} and global axes {xyz} as used in this appendix, relating to the axes 
in Figure 3.4d. The local axis y’ is along the molecular director. 
 

As a first step in the analysis, it is assumed that the actuator is thin and thus no stress can 

build up in the thickness direction and thus σxx = 0, σxy = σyx = 0 and σxz = σxz = 0. In the 

case of a planar-uniaxial or a splay-bend actuator we have symmetry in the y-z plane and 

therefore set the components σyz = 0 and σzy = 0. This leaves only the contributions from 

the length (y) and the width of the actuator (z). In the global coordinate system, the stress 

tensor is thus given by: 

 
0 0 0
0 0
0 0

yy

zz

σ
σ
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In the local coordinate system, this transforms to: 
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and we rewrite this symmetric matrix to a six element vector: 
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The material under study is considered a transverse isotropic material and thus has 5 

independent material constants [2]: two Young’s moduli, E⊥  and E , two Poisson’s 

ratios, ν ⊥⊥  and ν ⊥  and a shear modulus along the director, G ⊥ . The relation between 

stress and strain is then given by Hooke’s law, here in compliance form: 
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with 
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In the local coordinate system, the strain elements are thus given by: 
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The transformation of the local strains to the diagonal strain elements in the global 

coordinate system is given by: 

 

2 2
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The combination of (B.6) and (B.7) gives 
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To compute the bending radius, we are interested in the strains in y-direction. The 

relation in (B.8) for εyy makes the bending radius hard to compute analytically and is 

therefore simplified to a compliance Cc  that is independent of θ: 

 yy yy cCε σ=  (B.9) 

There is a practical reason for simplification: it is difficult to obtain reliable experimental 

data of the Poisson’s ratios and the shear modulus of these glassy actuators. Due to the 

high modulus of the material and the small thickness one cannot use standard 

characterization methods. The thick (>1 mm) samples needed for these measurements 

cannot be uniformly aligned using surface alignment and are therefore hard to fabricate. 

The only known material constants are thus the two Young’s moduli, E⊥  and E . 

However, the error introduced by the simplification is small for the systems under study 

here. The gradient in σzz is small in case of a splay-configuration; it is roughly half that of 

the y-stresses (σyy) in a planar-uniaxial actuator (Figure 3.18).  

The error introduced by the simplification from the 4th order description of the 

compliance in (B.8) to a constant compliance (B.9) is investigated by approximating  (B.8) 

by the 2nd order form ( )2 2
11 22sin cosyy yy C Cε σ θ θ= + . The model was solved for this 

approximation using the measured 0.6GPaE⊥ =  and 1.3GPaE = . The difference in 

bending radius found assuming a constant compliance (or modulus) through thickness or 

using the assumption of a 2nd order varying compliance was less than 5%. This inaccuracy 

is thought to be acceptable and therefore the simplest form, a compliance (or its inverse, 

a modulus) that is constant with varying θ is assumed. 
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Derivation of the bending radius for Planar-uniaxial aligned actuators 
Substitution of equation (3.7) into (3.8) gives 
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In the planar uniaxial case, the director is in the y-direction and thus Ey = E|| and εlight,y = 

ε||.  Inserting this in the equations for the strains (3.6) yields 
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The photostrain is substituted with the relation between light intensity and strain, 

equations (3.1) and (3.2): 
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From these equations, it is immediately visible that in this case, the solution for the radius 

is independent of the modulus. Solution of the integrals gives the equations in (3.9) for 

the planar uniaxial alignment: 
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Derivation of the bending radius for Planar-uniaxial aligned actuators  

In the case of the splayed and TN configuration, the system is solved for the same 

conditions as in the planar uniaxial case (B.10): 
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 (B.10) 

where ,input yε is the generalized term for strains resulting from actuators inputs. For the 

splay and twisted nematic configuration, the director varies through the thickness of the 

film and thus the modulus and the strain responses are a function of the angle of the 

director with the y-direction. The modulus and the input-induced strains in the y-

direction are given by equations (3.4) and (3.5). Inserting them in (B.10) yields 
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If only the light induced strains are modeled, than input lightε ε= . After substituting the 

profile of the light through the thickness of the film (equation (3.1)), the bending mode 

(equation (3.6)) and the director profile ( ) / 2x x hθ π= , an analytical solution to (B.14) 

was found using Maple. When the thermal response is also taken into account, the 

deformation of a free standing element is given by input light Tε ε ε∆= + . The analytical 

solution has a high number of different terms of the exponential ( / )e x dϕ− .  Therefore, the 

complete solution of equation (B.14) is omitted. The plots of the stresses and the 

moments through the cross-section are given in Figure 3.18 and Figure 3.19.  
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Figure 3.18 Modeled resultant stresses per unit width through the thickness of the actuator for a planar 
uniaxial actuator under photostrain (solid), a splayed actuator under photostrain (dashed) and a splayed 
actuator under photo and thermal strain (dash-dot). 
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Figure 3.19 Modeled resultant moments per unit width through the thickness of the actuator for a planar 
uniaxial actuator under photostrain (solid), a splayed actuator under photostrain (dash) and a splayed 
actuator under photo and thermal strain (dash-dot). 
 
References 
[1] Corbett, D., M. Warner, 4th Rank tensor treatment of bending elasticity in non-

uniform cantilevers, private communication, December 2008. 

[2] Bagdanovic, A.E., C.M. Pastore, Mechanics of textile and laminated composites: with 
applications to structural analysis, Chapman & Hall, London 1996 pp. 86 - 89 



  Photo LCN actuators: steady state response 

 61

APPENDIX C: Work density in bending actuators 
A measure of the performance of a bending actuator is the work per unit volume that 

would be required to bend the actuator to the same position using an external force. For 

a beam that is straight in its natural position, bending the beam upwards to radius r 

causes an internal strain that can be described by 

 0
2( ) (1 )xx
h

ε ε= − −  (C.1) 

where the maximum strain ε0 is given by: 0
1
2

h
r

ε = . Figure 3.20 illustrates the strain 

distribution through the thickness. 

 
Figure 3.20 Sketch of the strain through the thickness of a beam that is bent from its neutral position. 
 

A linear elastic material is assumed, Eσ ε= , with strain 0/L Lε = ∆ . We define the work 

density as 
0

UW
AL

≡ , where U is the work to deform the beam, A is the beam cross-

section and L0 the original length of the beam. Starting from the definition of work, 
U Fdy= ∫ , we calculate the bending energy for small elements in the beam height: 
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Using AdA dx
h

= and (C.1)  we obtain 
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Integrating both sides yields 
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The work per unit volume for bending is thus given by: 
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4.  Light-driven LCN actuators: 

dynamic optical response* 

 

4.1. Introduction: absorption in azobenzene systems 
The absorption of a photon can change the isomerization state of the molecule in 

photoisomerizing dyes. These photoactive dyes have been used as a pure material or in 

ordered guest-host systems, where the optical control over the isomerization state of the 

dye was exploited to obtain a change in the molecular ordering, in the optical properties 

or in a mechanical response of the system. [1-6] In the previous Chapter, 

photoisomerizing azobenzenes dyes have been used for photogenerating work. The 

present Chapter focuses on the study of the isomerization kinetics of the azobenzene dye 

using an optical characterization method. The isomerization kinetics are of interest for 

many applications where response or processing speed is often one of the key application 

parameters. In azobenzene dyes, the two isomerization states can have two distinct 

absorption bands and therefore allow optical monitoring of the isomerization state. This 

effect will be used in this Chapter to study the isomerization kinetics.  

The Chapter starts with a short overview of the literature on isomerization mechanisms 

for azobenzenes. Based on these mechanisms, a simple model will be build that describes 

the behavior in systems that have high dye loading and that are exposed to intense light, a 

situation found in most practical systems such a LC photoactuators. The model reveals 

that for isomerization in these systems, both the time and the place along the optical path 

has to be taken into account for correct description of the absorption taking e.g. 

photobleaching into account. The model is tested on different systems, starting with a 

                                                 

 

 
* Partially reproduced from: D. Corbett, C.L. van Oosten, M. Warner, Nonlinear 
dynamics of optical absorption of intense beams, Phys. Rev. A, 78, 013823, 2008. 
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simple liquid host, but then incrementally moving to a rubber, an anisotropic liquid or an 

anisotropic glass as host material. Especially the latter are relevant for practical use. 

Finally, the limitations and implications of the photoactive absorptions in view of 

photomechanical actuators will be discussed. 

4.2. Isomerization of azobenzenes 
In azobenzenes, the absorption of a photon can cause the molecule to change from its 

elongated trans-state to the bent cis-state. Back-relaxation to the trans-state can occur 

thermally or optically by absorption of a photon. The exact absorption wavelengths 

depend on the molecular structure, but are typically in the UV for the trans-cis 

isomerization and in the visible for the cis-trans isomerization. The isomerization 

reactions are shown in Figure 4.1. 

The isomerization of azobenzenes has been studied extensively using absorbance 

measurements, fluorescence, Raman spectroscopy and computational techniques. [7 – 21] 

Reports cover the forward, optically stimulated trans-cis rate [14-18], and the backward 

thermally driven cis-trans isomerization [18-21], always assuming thin films or perfect 

stirring. Although conclusive evidence still lacks, the bigger picture is that in liquid- or 

rubber hosts, the dynamics are governed by a single rate, whereas in glassy systems, two 

rates may be present. The existence of a second rate is in that case ascribed to a 

heterogeneous distribution of free volume, where part of the azobenzenes are able to 

move freely, while the other part is limited by the host system.  

hνUV

hνVIS, T
trans-azobenzene cis-azobenzene  

Figure 4.1 Isomerization of azobenzene, showing the elongated trans-state and the bend cis-state. 
 

The rigidity of the host also greatly influences the response speed of the dye, with the 

fastest responses reported for liquids and rubbers, and the slowest response for glasses. 

However, a later study by Serra et al. [22] found only a minor influence of the viscosity of 

the host. Other factors that were found to influence the trans-cis conversion rate of the 

system are the chemical structure of the dye and the temperature of the environment. [18, 

21] Although these molecular motions are deeply intriguing and touch the heart of the 

energy transfer mechanism in photoactuators, here we will only acknowledge the fact 
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that there may be multiple rates present. Rather, we focus on the absorption in time and 

depth, an effect that is ignored in most studies but has a significant impact on the 

kinetics of the isomerization in the thick and highly loaded systems that are used in 

practice. [23, 24] For sake of simplicity, only a single reaction rate is assumed for every 

isomerization route. 

4.2.1. Modeling the isomerization dynamics 

The systems we have in mind is an azobenzenes loaded sample that is in its trans-

dominated state when it is illuminated with UV-light starting at t = 0 and then bleached 

in time as the trans population azobenzene is converted to cis. The ‘photobleaching’ 

starts from the illuminated top layer of the sample and penetrates deeper when more 

azobenzene has been converted to the cis-state. We will call the cis-dominated steady-

state the bleached state, keeping in mind that full conversion is impossible due to the 

thermal backrelaxation. A schematic of the system is shown in Figure 4.2. The bleaching 

of the system at UV-wavelengths is visible by the naked eye as an increase in absorption 

in the visible spectrum, as shown in Figure 4.2b. 

x

λUV (I0)

t = 0 t = s.s. 

a.

b.

w

 
Figure 4.2a. Model system of an azobenzene loaded sample that is bleached with UV -light from time t 
= 0. (b.) Example of an azobenzene loaded polymer on a glass substrate that is in its trans-dominated, 
UV absorbing state (left) and cis-dominated, visible light absorbing state (right). The change in color is 
visible with the naked eye. 
 

A simplified cross-section of the energy landscape of our model azobenzene dye is 

depicted in Figure 4.3 b. The conformation of the dye is considered with respect to the 

N=N bond: the trans-state has an angle φ of about +60o, whereas the cis state has an 

angle φ of roughly -60o. (Figure 4.3 a) In the ground state S0, the molecule is in an energy 

minimum in the trans-state (I). [25]  
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Upon absorption of a photon, the system is brought to the excited S1 state (II), from 

where it can isomerize to the cis-state (III) or fall back the trans state. In the cis state, the 

dye can go back to the trans-state directly under thermal motion (route III – I) or via 

absorption of a photon (route III – IV – I). For the system investigated here, we will 

assume only thermal cis to trans relaxations, ignoring optically stimulated backreactions 

and assuming that the cis-state does not absorb light of the stimulating beam. 
φ

+60o -60o
Conformation, φ

Fr
ee
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nt

ha
lp
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thermal 
barrier
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Figure 4.3 (a.) Conformation of azobenzene. (b.) Schematic energy landscape of the different azobenzene 
conformations. Upon absorption of a photon, the molecule is brought from the ground state S0 to excited 
state S1, where it can fall back to trans or cis. 

4.2.2. Modeling the photoresponse 

To find a description of the spatial and time dependence of the photobleaching in the 

system, first the rate equations of the isomerization will be introduced, which will then be 

considered over the thickness of the system. The dynamics of the isomerization can be 

written as 

 / /t t cn t In n τ∂ ∂ = −Γ +  (4.1) 

where nt is the number fraction of trans-azobenzene, nc = 1 - nt the number fraction of 

cis-azobenzene, Γ determines the rate of t→c transitions (route I – II – III), τ the rate of 

thermal back relaxation (route III – I) and I the intensity of the light.  

It is known that in some nematic systems, trans-cis isomerization of azobenzenes causes 

rotation of the nematic director to a low-absorbing orientation of the azobenzenes. Here, 

we will not consider this director reorientation and assume Γ constant, leaving the 

director reorientation case for future study.  
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The classical case of absorption is given by Beer’s law, where the intensity of a light beam 

through an absorbing material follows an exponential decay: /
0( ) x dI x I e−= , with I0 the 

intensity of the incoming light, x the location in thickness and d the Beer absorption 

length of the material. We characterize the system under study by its ratio of the Beer 

absorption length of the trans-state dt to the length of the optical path through the 

system, w. The photoresponsiveness of the material is defined by the intensity 

( )1tI τ= Γ  and the intensity of incident beam with respect to that material is expressed 

by α, with 0 / tI Iα = . [26] The local relative intensity is defined as 0( , ) ( , ) /x t I x t I= . 

Substituting this into (4.1), this reduces to 

 ( )/ 1 1 /t tn t nα τ∂ ∂ = − + −⎡ ⎤⎣ ⎦ . (4.2) 

To define the spatial dependence of the absorption, the spatial decay of the incident 

beam is given by  

 ( )/ /t t tI x n I I n I dγ∂ ∂ = − Γ ≡ − . (4.3) 

The Beer length dt is defined as ( )1td γ= Γ , where γ is a materials constant that scales 

with the dye concentration and the inverse quantum efficiency of the trans-cis 

isomerization. Inserting the local intensity into (4.3), this can be rewritten as 

 1 t

t

n
x d

∂ = −
∂

. (4.4) 

At long times, the systems reaches equilibrium: ( )1 1tn α∞ = + . Inserting this in (4.4)

and integrating, one obtains the equilibrium profile of the light intensity through the 

system [26 - 28]: 

 [ ] [ ]ln ( ) ( ) 1 / tx x x dα+ − = − . (4.5) 

At low intensities, α < 1, the light profile follows the Beer-like profile. At higher 

intensities, one observes a deviation from the Beer profile. As the concentration trans-

isomers is depleted by the intense light, the system is photobleached and light can 

penetrate deeper into the system. From (4.4) the absorbance of the light over the optical 

path at a given moment, [ ]ln 1/ ( , )A w t= , is a function of the average concentration 

trans-isomers tn  over that path: 

 
0

1( , )  ( , )
w

t t
t t

w wA w t n dx n x t
d d w

= ≡ ∫ . (4.6) 
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t/τ

5
w/dt = 107

310.3

7
 

Figure 4.4 Calculated transmission in time for photoactive system of various sample thicknesses w/dt 
under light with intensity α = 30. 
 

Especially for thick samples, w>>dt, the dynamic response deviates strongly from an 

exponential response. The exact solution to the absorption profile in time and space is 

derived in [23] and is given by 

 

 
/

/
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Ax d
t

dAt
x d A e

τ
α α −=
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Experimentally, it is usually convenient to observe the transmission over the complete 

optical path w as a function in time, and we will therefore use ( , )( , ) A x tx t e−≡  to plot the 

intensity transmitted through the sample. Figure 4.4 shows the transmitted intensity 

I(w)/I0 for a number of sample thicknesses w/dt.  
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Figure 4.5 Transmission response in time for a photoactive system with w/dt = 5 for different incident 
intensities α. 
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For practical applications, the time to reach full steady-state is often the most important 

factor. In Figure 4.5, the transmission response is plotted for a system with w/d = 5. For 

this system, an increase in intensity by a factor of 6 from α = 5 to α = 30 results in a large 

increase of both the steady-state response from 25% transmission to 83% transmission 

as well as an increase in response speed by approximately a factor 6. This intensity 

dependence approach will be used to test the model with the experimental data. 

4.3. Experimental results and discussion 
The theoretical model will now be tested on a number of systems. The model makes no 

distinction for the host material and should therefore be valid for both liquids and solids.  

The only expected difference is in the rate of the forward isomerization Г and the 

thermal backrelaxation τ. One system of particular interest is the photomechanical 

actuator. Liquid crystal (LC) photomechanical actuators use azobenzene to drive a shape 

change of the polymer. These systems typically have high dye-loadings such that w/dt > 1. 

The host material of a LC photomechanical actuator can be a rubber or a glass and one 

can find both ordered as well as disordered (multidomain) photomechanical actuators, 

each with their own benefits. [6, 29 - 31] 

 
Figure 4.6 Molecular structures of the azobenzene dyes A57 and A3MA used in this study, and the 
host materials poly(ethylene glycol) diacrylate (PEGDA), the liquid crystal 5CB and the reactive liquid 
crystal monomer C6M. 
 

We first choose a liquid host (poly (ethylene glycol) diacrylate monomers) and work with 

low concentrations and low light intensities. As a next step, the monomers are 

polymerized to form a rubber with a glass transition temperature (Tg) of -35 oC and the 

tests are repeated. Consequently, the step to an ordered system is made using a liquid 
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crystal host and high intensity light. Finally, we study the behavior of glassy liquid crystal 

polymer networks (Tg = 83 oC) that are used as photomechanical actuators. [30] 

As the basis for the system, a dye is chosen that has distinct trans- and cis- absorption 

bands such that the there is no optically stimulated cis-trans isomerization. Furthermore, 

the absorption of the dye should be relatively insensitive to the host material and cope 

with both the relatively polar rubber as well as the less polar liquid crystal. [22] Also the 

dyes have to be photostable on the experimental timescale and have a linear, rod-like 

shape to align well in a liquid crystal host. The dyes A57 and A3MA are two dyes that 

match these requirements (Figure 4.7). Their peak absorption in the trans- state is at 361 

nm, and the cis has weak absorption maxima at 310 nm and 449 nm. 

The experimental set-up is a simple transmission measurement, where the sample is 

placed between the UV light source and an optical detector that is logging received 

intensities at 10 Hz to a computer. Before every experiment, a baseline measurement was 

taken with a sample without any azobenzene; transmission was then calculated as follows: 

( ) ( ) /sample baselinet I t I= . The measurements were performed in a dark room and thus 

background light was close to zero. In the anisotropic samples a planar uniaxial 

alignment was used. After every experiment, the system was allowed to relax back to the 

trans-state before any new experiment was performed. 
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Figure 4.7 Absorption spectra of A3MA in the trans-dominated dark state and in the cis-dominated 
UV exposed state. 

4.3.1. Liquid host 

The azobenzene dye A57 was dissolved at concentrations of 20 ppm, 50 ppm and 100 

ppm in poly(ethylene glycol) diacrylate (PEGDA), average Mn is 700. The exact 

concentrations were measured using the optical absorption measurements. For 

convenience, we will call the samples L20, L50 and L100, where L stands for liquid and 

the number indicates the concentration A57. Low concentrations were chosen to avoid 

any possible dye interactions, and therefore a long optical path was necessary for 

significant absorption. In this case, a 1 mm quartz cuvette was chosen. The UV light was 
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from a Nichia UV LED (type NSHU 590B) with central wavelength 365nm fed at 

different amperages: 5.2 mA, 15.9 mA and 43.2 mA, giving UV intensities at the sample 

of 0.42 mW/cm2, 1.42 mW/cm2 and 3.3 mW/cm2, respectively. 
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Figure 4.8a. Relative transmission in time of sample L50 for three different intensities of light (dotted 
lines). The solid lines are model calculations with w/dt = 1.29, α = 20, α = 60 and α = 160 for 0.4, 
1.4 and 3.3 mW/cm2, respectively. The model was fit to the experimental data of 0.4 mW/cm2, giving a 
time constant τ = 110 s. (b.). Experimental data from sample L20 and model prediction for w/dt = 
0.40, using α = 20, α = 60 and α = 160 and τ = 110 s. 
 

The relative transmission is plotted in Figure 4.8. The model was fitted in the following 

sequence: a measure for the absorption length of the trans-state, dt, was obtained from 

the transmission value at t = 0, in this case w/dt = 1.29. Then, the intensity of the 

incident beam α was fitted for the steady state transmission of the low intensity 

experiment (0.42 mW/cm2). Finally, the time constant τ was adjusted to obtain a good fit 

between model and experiment, giving the values α = 20 and τ = 110 s. The model was 

then used to predict the transmission curves for the higher intensities by increasing α 

with the increase in light intensity, thus to α = 60 and α = 160, showing a good match. 
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Figure 4.9 Experimental data (dots) and model predictions (solid lines) of transmission in time for 
sample L100.  The light intensities were 0.42 mW/cm2 (blue), 1.4 mW/cm2 (green) and 3.3 mW/cm2 

(red), the model input parameters were w/dt = 3.3, α = 20,  α = 60 and α = 160 and τ = 110 s. 



Chapter 4   

 72 

To further validate the model, we used the sample L20 and L100. The Beer absorption 

length of these samples was measured from the transmission at t = 0, yielding w/dt = 0.40 

for L20 and w/dt = 3.3 for L100, leaving all other model parameters equal. Figure 4.8b 

and Figure 4.9 show the match between model prediction and experiment. The model 

and the experiment show excellent agreement; only at higher dye loads in this host, the 

expected value of α, the material dependent light intensity, is slightly higher than the 

experiment shows. 

4.3.2. Rubber host 

To test the model for a rubber host, the stock solutions of PEGDA with the azobenzene 

dye A57 was polymerized using a thermal initiator, lauroyl peroxide, by heating the 

monomers in a mold to 120 oC for 2 hours. We call the materials polymerized from the 

liquids L20, L50 and L100 the rubbers R20, R50 and R100, keeping the concentrations 

dye at 20, 50 and 100 ppm. A dynamic mechanical thermal analysis (DMTA) showed that 

the material indeed was a crosslinked rubber, with a Tg at -35 oC. The rubber strips had a 

thickness of 1 mm, the same optical path length as for the liquid samples. The 

illumination experiments were repeated at the same light intensities as the liquid samples. 

The results are plotted in Figure 4.10. 
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Figure 4.10 (a.) Relative transmission in time of sample R50 (w/dt = 0.81) for three different 
intensities of light (dotted lines). The solid lines are model calculations with α = 20, α = 60 and α = 
160 for 0.4, 1.4 and 3.3 mW/cm2, respectively. The model was fit to the experimental data of 0.4 
mW/cm2, giving a time constant τ = 140 s.  (b.). Experimental data from sample R100 and model 
prediction for w/dt = 2.3, using α = 20, α = 60 and α = 160 and τ = 140 s. 
 

The initial absorption length dt of the samples had to be measured again, as the samples 

all absorbed less than in the liquid state. One possible explanation is that a small part of 

the azobenzene dye degrades during the thermal heating. Here, w/dt was measured to be 

w/dt = 0.81 for R50 and w/dt = 2.3 for R100. The new values of w/dt and the value of α 
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obtained from the experiments in the liquid host were then used to obtain a fit of the 

time constant with the experimental data. As was expected, rotational mobility of the 

azobenzene dyes in the rubber is slightly slower and the characteristic time had to be 

raised from τ = 110 s to τ = 140 s to obtain a good fit. Again at higher dye loadings, we 

find a lesser fit for the model.  

In the interpretation of Figure 4.3b, this longer time scale for the back relaxation would 

mean a higher thermal barrier for the cis-trans isomerization. This is reasonable if one 

takes into account the lower mobility due to reduced segmental freedom in the 

crosslinked rubber. At the same time, the lower mobility should also reduce the forward 

trans-cis isomerization. Since we defined 0Iα τ= Γ , an increase in τ would indeed be 

balanced by a smaller forward rate Г, and it is thus possible that the trans-cis 

isomerization indeed proceeds less efficiently in the rubber compared to the liquid.  

4.3.3. Liquid crystal host 

In LC photomechanical actuators, the azobenzene dyes are used in an anisotropic liquid 

crystal host. Because of the rod-like shape of the azobenzene core the azobenzene dyes 

will align in a calamitic liquid crystal host and may exhibit liquid-crystalline behavior by 

themselves. Several aspects make the liquid crystalline host significantly different from an 

isotropic liquid host and therefore we are interested to test the model for the anisotropic 

host. First, the dyes can be oriented in such a way that they have an optimal alignment 

for maximum light absorption, that is, a uniaxial planar alignment. Here, laser light will 

be used that has its polarization state parallel to the alignment of the host and dye such 

that absorption is maximized. Second, it is known that there is a strong interaction 

between the host and the dye, so much that at concentrations as low as 2 wt%, the cis-

state of the azobenzene can cause a phase transition from the nematic to the isotropic 

phase. In these experiments, we stay within the nematic phase, as the phase transition is 

accompanied by scattering and thus would not allow proper measurement of the dye 

absorption. 

For the host material, the room temperature liquid crystal 5CB was chosen. The 

azobenzene dye is the A3MA di-methacrylate. The methacrylate functionality of this dye 

is not important for this experiment, but it will allow us to use the same dye in the next 

experiment. In this case, a thin glass cell was used, with an optical path through the liquid 

crystal of 18 µm. The cell was made from two glass slides with rubbed polyimide coated 

on the inside. In order to keep a w/dt ratio similar to the previous experiments, the 
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concentration of azobenzene was raised to 0.3 wt%, 0.5 wt% and 1.5 wt%. Again, the 

initial transmission was measured and the Beer length for the trans-state, dt calculated, 

giving w/dt ratios for these samples of 1.2, 1.7 and 4.8. The dynamic exposure 

measurements were performed with UV laser light, λ = 351 nm, at incident intensities of 

3 mW/cm2, 15 mW/cm2 and 90 mW/cm2.  
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Figure 4.11(a.) Transmission in time of laser light polarized parallel to the molecular director through 
sample 5CB with 0.3 wt% A3MA for intensities of 3, 15, 90 mW/cm2

 (dotted lines). Model 
calculations (solid line) with w/dt = 1.20, α =15, α = 55 and α = 315 for 3, 15 and 90 mW/cm2, 
respectively, and time constant τ = 140 s. (b.) Experimental data (dots) and model predictions (solid line) 
for sample 5CB with 0.5 wt% A3MA, with w/dt = 1.71 and α =15, α = 55 and α = 315 for 3, 
15 and 90 mW/cm2, respectively, and time constant τ = 140 s. 
 

The experimental results were fitted to the model for all three intensities, first matching 

the steady state and then fitting the time constant. Here, we performed the fit with the 

0.3 wt% sample, obtaining values for the relative incident intensity α = 15 (for 3 

mW/cm2), α = 55 (for 15 mW/cm2), α = 315 (for 90 mW/cm2). The values of α thus do 

not exactly scale with the measured intensities; if one would enforce internal scaling 

consistency in the model, a much poorer fit is obtained. The best fit was found with a 

time constant of τ = 140 s.  

The experimental results and the model fit are shown in Figure 4.11a. The model was 

then used to predict the dynamic absorption of the two other samples. The results are 

shown in Figure 4.11a (0.5 wt%) and Figure 4.12 (1.5 wt%). For the intermediate dye 

loading, the model gives a good prediction for the transmission. However, at higher 

intensities, the sample does not bleach as much as the model predicts. 

Unexpectedly, the material now appears less sensitive to light, whereas one would have 

expected the opposite due to the matching between the polarization of the laserlight with 

alignment of the dye. For an incident intensity of 3 mW/cm2, the material dependent 

relative intensity α was fitted to 18 for (polarized) laser light, while for 3.3 mW/cm2 light 
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from the unpolarized UV LED, a value of α = 160 was found. A number of factors 

could attribute to this. First, there is a better match between the peak absorption of the 

dye (360 nm) and the peak wavelength of the LED (365 nm), whereas the laser emits at 

351 nm. However, it is unlikely that this alone could cause such a large change in 

sensitivity. Second, there may be a host effect. The host 5CB provides an environment 

that is less polar than the PEGDA, and thus may influence the dye dynamics. Third, the 

interaction with the liquid crystal environment may cause a less efficient trans-cis 

isomerization, resulting in a lower forward rate Г and thus a lower value for α (see 

equations (4.2) and (4.3)). In the Maier-Saupe model for liquid crystals [32], the trans-cis 

isomerization creates additional free volume, which is expensive in energy terms. [33] 

This energy barrier may cause a lower efficiency in the trans-cis isomerization and thus 

be the cause for a slower forward response rate. With a time constant of τ = 140 s, the 

time constant of the system is in agreement with the previous results. 
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Figure 4.12 Experimental data (dots) and model predictions (solid lines) of transmission in time for the 
sample of 5CB with 1.5 wt% A3MA at different light intensities. The model input parameters were 
w/dt = 4.8, α = 15, α = 55 and α = 315 and τ = 140 s. 
 

Although the model appears to predict the experiments well for this case, the fit between 

the model and the experiments is less than for the previous experiments. A cause for the 

misfit could be that the host material absorbs slightly in the UV. As the absorption by the 

matrix affects (in a non-linear fashion) the absorption of the azobenzene, the matrix 

absorption is not cancelled by the baseline correction. Overall it can be concluded that 

the model also holds for anisotropic hosts. 
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4.3.4. Liquid crystal network host 

As a last step, the dynamics of the optical absorption was measured in a liquid crystal 

network host, the same systems that are used as photomechanical actuators [30]. The 

azobenzene A3MA is crosslinked into a network made from the monomers C6M (Figure 

4.6). This means that the mobility of the azobenzenes in the polymer is limited. If in the 

liquid host the azobenzene dye may have rotated to a lower absorbing state, the 

molecular motions in this host are limited such that dye rotation can be excluded. The 

polymer is glassy at room temperature, with a glass transition temperature at 83 oC for 

the pure C6M polymer. [34] 

In order to photopolymerize the monomers in the liquid crystal phase, a radical 

photoinitiator, Irgacure 819 was used in small concentrations (0.5 wt%). Films with 

uniaxial planar alignment were prepared in polyimide coated cells with a cell gap of about 

20 µm. After polymerization the films were kept at 150 oC for at least 30 minutes to 

remove all polymerization induced stresses. Samples with the following concentrations of 

A3MA were made: 0 wt%, 0.3 wt%, 0.5 wt%, 0.75 wt% and 4 wt% of A3MA. 

The cells were opened and the films removed with a razorblade. For characterization of 

the dynamic response, the films were left floating on water in a glass Petri dish using the 

surface tension of the water. In this way, the stresses in the film are reduced (although 

never zero) and heating of the film is kept to a minimum, similar to the previous 

experiments where the glass cell is used as a heat sink. In most of the cases, when the 

film was removed from the water at the end of the experiment, it did bend, showing that 

the film was indeed not completely stress-free.  

The initial Beer length dt of the samples was measured, yielding w/dt ratios of 1.5, 2.2, 4.1 

and 20.7 for the samples with 0.3 wt%, 0.5 wt%, 0.75 wt% and 4 wt%, respectively. The 

absorption length of the 4 wt% sample was measured indirectly, as hardly any light with 

polarization parallel to the molecular director of the sample is transmitted through in the 

trans-state of the sample. Light with polarization direction perpendicular to the molecular 

director of the sample is transmitted in measurable fractions through the sample. Using 

the dichroic ratio measured in the lower concentration samples, the absorption of light 

polarized parallel to the director in the 4 wt% sample could be estimated. 

Dynamic transmission measurements were taken with intensities 15 mW/cm2, 45 

mW/cm2 and 75 mW/cm2 of 351 nm laser light. The polarization state of the laser light 

was parallel to the molecular alignment of the sample. The model was fitted starting with 

the sample with 0.5 wt% A3MA and the high intensity experiment. Keeping the linear 
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scaling of the model, a decent fit for the higher intensities was found for the values α = 

3.5 for 45 mW/cm2 and α = 5.5 for 75 mW/cm2, as is shown in Figure 10.  

The best fit for the time constant for these experiments was found at τ = 2.75 s. The 

value for the time constant of the thermal back relaxation is much lower in the liquid 

crystal network than in any of the previous cases. It is speculated that stress in the 

network may be the cause of a lower thermal barrier for the backrelaxation, and thus 

speed-up the relaxation rather than slow it down as was expected. In the work of Mita 

and coworkers, similar results are reported. [14] Eisenbach [20] also reported 

anomalously fast backrelaxation in glasses, which supports the current findings. 
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Figure 4.13 Transmission response of a sample of poly(C6M/A3MA) at 0.5 wt% dye loading, w/dt 
= 2.2, for different intensities of laser light (dotted lines). The solid lines show a model calculation with 
values α = 1.2, α = 3.5 and α = 5.5 and τ = 2.75 s. 
 

As a consequence of the low τ, the value of α is also lower since 0Iα τ= Γ . However it 

appears that the forward rate has not changed: for the 5CB host we obtained for I0 = 15 

mW/cm2 the values α = 55 and τ = 140 s, and thus the forward rate can be deduced: 

0Iα τΓ = = 0.025 cm2/mW s. In the liquid crystal network, we find a forward rate of Г 

= 0.028 cm2/mW s, which is a very close match to the rate in the 5CB host. It is perhaps 

counterintuitive that a stressed environment does not affect the forward rate, but single 

molecule experiments have also indicate that the forward trans-cis isomerization is 

relatively stress-independent. [24] 

Although qualitatively the shape of the response still agrees, quantitative fitting of the 

model to the results from the samples with a higher dye loading did not yield a good 

match. Several factors can play a role here. First, the presence of the photo initiator 
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causes significant absorption of the host matrix. Although a baseline was taken with a 

pure C6M polymer sample, absorption of the host leads to a complex interaction 

between dye and host absorption which is not in the model. Second, the assumption of 

single rates for the forward and backward isomerization may be too restrictive in this 

glassy system to obtain a good fit. The two time-scale rates that other authors have used 

to describe their systems may offer a way out, but as yet, evidence for the origin of this 

second rate is still thin. 

4.3.5. Optical response of photomechanical actuators 

Even though the model may be quantitatively not accurate for the glassy azobenzene 

systems, it is still relevant to study the transmission dynamics for the higher dye-loaded 

samples. In literature on photomechanical actuators one can find dye loadings up to 100 

wt% [31], although 10 – 20 wt% is more common. Therefore, the transmission of 

polarized light through a number of samples that can be used as photoactuators is 

investigated. Here, the dye loadings are still relatively low, with a maximum of 4 wt% dye 

(w/dt = 20).  
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Figure 4.14 Relative transmission of laser light through samples with different w/dt ratio, upon 
irradiation with laser light of intensity 45 mW/cm2 polarized parallel to the molecular director of the 
sample. 
 

The dynamic transmission of laser light at 45 mW/cm2 for the different samples is 

shown in Figure 4.14. Especially at the higher dye loadings (w/dt = 20), the bleaching 

effect in the sample is clearly visible. At the high dye load (4 wt%), the transmission 

response of the sample is initially zero, and only after 100 seconds the sample has been 
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bleached enough to let some light through. This effect may explain the slow response in 

the mechanical response of some photoactuators, as for example in [31]. After the first 

rapid response of the actuator, the system continues to bleach slowly. It is speculated that 

this slow part of the response may be creep resulting from the photo-induced strains. 

4.4. Conclusions 
In the dynamics of the photoisomerization of dyes in thick and highly loaded systems, 

the absorption along the optical path in the sample plays a crucial role. As dyes early 

along the optical path change to their low absorbing isomerization state, the dye 

molecules deeper into sample will experience higher intensities of light. This in turn 

causes a front of bleaching to move through the sample. The photobleaching of the 

sample can be observed in transmissive experiments, showing strong non-exponential 

responses. Using a simple analytical model, this behavior can be correctly described for 

relatively low dye loadings in liquid and rubber systems, whether they are isotropic or 

anisotropic. It was found that in a liquid crystal host, the trans-cis isomerization is 

significantly slower than in the liquid or rubber host. In glassy samples with high dye 

loadings, such as photomechanical actuators, the same qualitative behavior was observed. 

However, additional dynamics in the response that are not in the model do not yet allow 

proper quantitative understanding of the results. This study shows that the isomerization 

rate and steady-state isomerization in the sample is highly dependent on the light 

intensity. These results are directly applicable in practical applications such as 

photomechanical actuators.  
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5.  Bending dynamics and directionality 

reversal in LCN photoactuators* 

 

5.1. Introduction 
In this Chapter, we connect the isomerization kinetics of azobenzene to the mechanical 

response of a liquid crystal network photoactuator. In an ordered liquid crystalline 

network, the trans-cis isomerization of azobenzene leads to an order reduction, causing a 

macroscopic contraction along the molecular director and an expansion perpendicular to 

it. In this way, the polymer functions as a photo-mechanical actuator. The classical case 

of the liquid crystal network or liquid crystal elastomer based photoactuator is that of a 

film with a planar uniaxial molecular director, where a gradient in light intensity through 

the thickness of the film causes bending. [1-6] In the previous Chapter it was shown that 

the transmission of light through these actuators follows a non-exponential behavior in 

time and space, strongly deviating from those cases where the absorption is low. In these 

high-absorbing actuators, the isomerization gradient forms the basis of the photo-

mechanical response and drives the directionality of the shape deformation. [7]  

It is the dynamics and directionality of this shape deformation that is the focus of this 

Chapter. The Chapter starts with a theoretical approach to describe the dynamics of the 

photo bending. The dynamics of the optical response will be expanded to predict the 

mechanical behavior of photoactuators. Two cases will be considered: the classic case of 

the LC photoactuator with planar uniaxial molecular director, and a new type of 

photoactuator with internal composition gradient. In both cases, we will observe a 

complex, non-exponential behavior in time. In the experimental section, the theory will 

                                                 

 

 
* Partially reproduced from: C.L. van Oosten, D. Corbett, D. Davies, M. Warner, C.W.M. 
Bastiaansen, D.J. Broer, Bending Dynamics and Directionality Reversal in Liquid Crystal 
Network Photoactuators, Macromolecules, 41, 8592–8596, 2008. 
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be validated using this classic LC photoactuator with planar uniaxial alignment. In the last 

part of this Chapter, it will be shown that the systems with the internal composition 

gradient show a reversal in bending direction upon prolonged exposure. 

5.2. Modeling the mechanical response 

5.2.1. Trans-cis isomerization of azobenzene 

Under normal room conditions, azobenzene dyes are mostly in their elongated trans state. 

A typical azobenzene molecule is A3MA, as shown in Figure 5.1, which has an 

absorption maximum in the UV at 360 nm. Upon exposure to UV-light, the molecule 

undergoes an isomerization to the bent cis-state. The sample changes color as the 

absorption of UV light decreases and the absorption of visible light increases. For A3MA, 

the cis-state has absorption peaks in the visible at about 450 nm and in the near UV at 

about 310 nm, with a significant reduction of the absorption at 360 nm (Figure 5.1b.). 

Relaxation back to the trans-state is driven thermally and by exposure to light at the peak 

wavelengths of the cis state. The photostationary, UV-illuminated state is therefore an 

equilibrium state between the forward trans-cis isomerization rate and the thermal 

relaxation rate.  
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Figure 5.1 Molecular structures (a.) and absorption spectra of A3MA for the dark (trans-dominated) 
and UV-exposed (cis-dominated) states (b.). 
 

One convenient way to optically characterize a film is by its ratio of the Beer absorption 

length of the trans-state dt to the film thickness w. The Beer absorption length is a 

measure for the absorptivity of the material and depends on material parameters such as 

dye concentration. For films with moderate to high dye loads (w/dt > 1), the transmission 

of intense beams of light through the film follows a non-exponential profile both in 

space and time. [8, 9] We will first briefly repeat the analysis of the dynamics of the 

optical absorption from the previous Chapter and then introduce the analysis of the 
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effected mechanical behavior. Assuming the back relaxation only happens thermally, the 

dynamics of the isomerization can be written as 

 / /t t cn t In n τ∂ ∂ = −Γ +  (5.1) 

where nt is the number fraction of trans-azobenzene, nc = 1 - nt  the number fraction of 

cis-azobenzene, Γ determines the rate of t→c transition and τ the rate of thermal back 

relaxation and I the intensity of the light. Here, we make the simplification that Γ is 

independent of the nematic order, i.e. the absorption of the trans-chromophores does 

not change with the order parameter. To characterize the intensity of the beam in 

relation to the material, we define the material by the intensity ( )1tI τ= Γ  and find a 

measure for the incident beam using 0 / tI Iα = , where I0 is the incident intensity of the 

light. When a LC film containing azobenzene units and with w >> dt is exposed to UV 

light, initially only the top layer of the film isomerizes due to the high absorption. As 

absorption decreases in this top layer, more light is transmitted through the films and 

layers below are bleached. In effect, this behavior can be described as a ‘front of 

bleaching’ moving through the film from the top to the bottom. If we define the local 

relative intensity 0( , ) ( , ) /x t I x t I=  and assume no optically-stimulated back reaction, 

this bleaching is visualized in an increase in the number density of cis-azobenzene nc in 

space and time (rearranging equation (4.3)): 

 ( , ) 1 ln( )c tn x t d
x

∂= +
∂

. (5.2) 

Figure 5.2 shows this propagation of the region with a high cis-concentration through 

the sample. When the bleaching effect is large enough, i.e. ΓI > 1/τ, there is almost no 

gradient in cis nematogens nc left in the film in the photostationary illuminated state. [8] 

The curves for t/τ = 5 in Figure 5.2 are close to the steady gradients in cis-concentration, 

showing little bleaching for α = 2 and high bleaching for α = 10. Experimentally, it is 

often more convenient to measure the relative intensity of the light transmitted through 

the film, which can be calculated by inverting  

 
/

/
/x d

dt
x d e

τ
α α −=

− − +∫  (5.3) 

wherein ( , ) ln( )x t = −  and hence in (5.2) ( , )( , ) 1c t
x tn x t d
x

∂= +
∂

. [9] The 

quantity  looks very much like the standard absorbance but in non-exponential cases, it 

will depend in a complex way on depth x. 
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Figure 5.2 Profiles of number fraction cis-azobenzene nc propagating through the thickness x of the 
sample at times t/τ = 0.1, 0.5, 1.5, 5 and for α = 2 (dashed lines) and α = 10 (solid lines). 

5.2.2. Mechanical gradient 

Now, we make the connection to the macroscopic mechanical deformation of the 

material. The equilibrium deformation of the beam is found by balancing the photo-

induced strains εphoto in the plane of the film with the bending- and in-plane strains using 

the approach from Chapter 3 and [7]. The resultant strain, ξ, relative to the photo-strain 

at each depth x is given by: 

 ( , ) ( , )photo
xx t K x t
R

ξ ε= + −  (5.4) 

where x denotes the location in thickness, K a uniform in-plane contraction and t the 

time. The bending radius R as a function of thickness w and photostrains εphoto can be 

found by applying the conditions of zero-net force and zero-net moment, arising from 

the elastic effect of the net strain ξ. These conditions result in: 

 3 0

1 12
2

w

photo
wx dx

R w
ε⎛ ⎞= −⎜ ⎟

⎝ ⎠∫ . (5.5) 

We build on the assumption from Chapter 3, equation (3.2), that for the low end of the 

azo-concentrations (up to 10 wt%), the photo-induced deformation scales simply with 

the concentration of cis-azobenzene and thus 

 ( , ) ( ) ( , )photo cx t P x n x tε =  (5.6) 

where P(x) is the photoresponsivity of the material. The magnitude of P depends on a 

number of parameters such as the initial order of the system, the molecular director 

orientation, the crosslink density of the network and the temperature relative to the glass-

transition temperature of the network. Here we work with a glassy polymer and therefore 
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assume small (< 5%) strains and small changes in order parameter, typically from 0.6 to 

0.5. As the motions are relatively slow with respect to the dimensions and weight of these 

systems, we assume that inertia plays no role and the bending dynamics is entirely a slave 

to that of absorption. [10] Further on in this Chapter we will introduce actuators with a 

composition gradient in thickness, and therefore allow P(x) to be a linear 

function: 1 2( )P x a a x= + . Substituting this into equation (5.5), rewriting it and 

performing integration by parts results in:  

( ) 33
2 1

20

1 12 ln ln 2
2 12 2

wt
w w

t t t t t t t

P wd a aw w x w dxa
R w d d d d d d d

⎡ ⎤⎧ ⎫⎛ ⎞ ⎛ ⎞⎪ ⎪⎛ ⎞ ⎢ ⎥= − − + + −⎨ ⎬⎜ ⎟ ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎢ ⎥⎪ ⎪⎝ ⎠ ⎝ ⎠⎩ ⎭⎣ ⎦

∫  (5.7) 

In the classic case of a homogeneous photoactuator, one can assume that P(x) is constant 

throughout the thickness: P(x) = a1. Upon photobleaching from the top, at first only the 

top surface of the sample contracts. In time, deeper layers of the sample contract as well. 

The strain gradient between top and bottom will thus be larger half-way the deformation 

than in the final equilibrium deformed state. Following the evolution of the bending 

radius in time, dt/R first increases in time to a maximum before it reaches an equilibrium, 

less bent state. A sketch of this behavior is shown in Figure 5.3. 
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Figure 5.3.(a.) Schematic illustration of the optical bleaching and the mechanical responses of actuators 
with homogeneous composition and with a concentration gradient, from the initial situation to the 
illuminated steady state (s.s.). (b.) Plot of curvature d/R against time t/τ, with α = 10, w/d = 5 for a 
homogeneous sample (solid lines) with P(x) = -1, for a sample with internal gradient illuminated from 
side A (dashed lines), P(x) = - (1 + 0.2 x/w) and the same sample illuminated from side B, P(x) = - 
(1.2 - 0.2 x/w). 

5.2.3. Gradient in material properties 

We seek to further exploit the relaxation of the bend and amplify it. To do so, we use the 

fact that the maximum deformation depends on the local properties of the polymer 

matrix, expressed in the P(x) in equation (5.6), i.e. a2 ≠ 0. Polymers with a lower number 

of crosslinks have more rotational freedom for internal molecular reorganization and are 
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therefore able to show larger deformation for the same input, down to a certain lower 

limit of crosslinks. For instance it was shown that a small reduction of 5 wt% in 

concentration of diacrylate crosslinkers resulted in a large, 20% increase in contraction. 

[11] Even for homogeneous order reduction, an aligned uniaxial planar actuator with 

lower density of crosslinks at the bottom than at the top would thus contract more at the 

bottom and bend down.  

Films with an internal gradient in crosslink density can be made using a mix of 

mesogenic mono- and diacrylates, an optical absorber and a photoinitiator that are active 

at the same wavelengths. [12] The absorber causes a gradient in light intensity through 

the thickness of the sample. During polymerization the diacrylate monomer has a higher 

probability to be captured and connected to the forming network than the monoacrylate 

monomer. Therefore the diacrylate, as a free, non-bound molecule, is depleted faster 

than the monoacrylate. As the overall polymerization rate scales with the light intensity, 

this is especially the case at the location of high intensity at the top. This causes a 

concentration driven diffusion of diacrylate monomer to the top of the film during 

polymerization (Figure 5.4). Being a diffusion-limited process, the light intensity during 

the polymerization offers control over the steepness of the gradient: At lower intensities, 

there is more time for the diffusion to take place, creating a steeper gradient. For 

convenience, we will call the top side during polymerization side A and the bottom of the 

sample side B. 

Fast reacting molecules

Slower reacting molecules
Substrate

UV light

Intensity
gradient

Side A

Side B  
Figure 5.4 Schematic illustration of the process to create a polymerization induced concentration gradient. 
Side A of the sample is the side closest to the light source during polymerization, side B is furthest. 
 

For the present system, it suffices to add the monoacrylate C61BP (Figure 5.1) in order 

to produce the gradient in crosslink density. The azobenzene A3MA acts as an absorber 

for the wavelengths that the photoinitiator Irg819 dissociates at, thus creating the desired 

gradient during polymerization. In this system, an additional complexity arises due to the 

reactive azobenzene monomers. As they are bifunctional as the C6M, they are expected 

to diffuse to some extent to the high intensity areas. Moreover, in copolymerization with 

acrylates, methacrylates usually have a higher reaction rate than acrylates, and thus 
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diffusion of the dimethacrylate azobenzene to the high intensity region at the top is even 

enhanced. [13, 14] This azobenzene gradient generates an effect opposite to that of the 

modulus (cross-link density) gradient. Therefore, we choose to optimize the system by 

making a number of samples under different light intensities for the photopolymerization. 

Assessing the bending dynamics of these gradient actuators, when illuminated from side 

A, 2 phases can be distinguished. At the beginning, the light gradient through the film is 

so strong that it dominates and the film bends over side A towards the light. When much 

of the film is bleached, in the 2nd phase, the lower crosslinked side B allows for more 

contraction. The gradient in crosslink-density dominates over the gradient in azobenzene 

concentration and the film bends over side B, away from the light. In this way, a 2-way 

bending actuator is created using a single continuous input, making the behavior highly 

non-linear. 

5.3. Materials and Methods 
Samples were prepared with the azo-dye A3MA and reactive mesogen C6M (Figure 5.1). 

A photoinitiator (Ciba Irgacure 819, 1 wt%) was added and the mixture was filled into a 

home-made glass cell with 20 µm spacing treated with planar-aligning polyimide on the 

inside. The cell was filled with the monomer mixture in the isotropic phase at 125 oC, 

after which it was cooled to the nematic phase and the mixture photopolymerized for 

180 seconds at 92 oC using a high-pass optical filter such that λ > 400 nm. After the 

photopolymerization, the samples were heated to 150 oC to ensure complete conversion 

of the acrylate groups and remove any stress that may have been caused by 

polymerization shrinkage. Three different polymer films were made; with 0.5 wt%, 1.5 

wt% and 4.0 wt% A3MA.  

The dynamics of the optical response of these films was measured in a laser set-up using 

an Ar+ laser with emission at 351 nm, close to the absorption maximum of the trans-state 

at 356nm, during the first 180 seconds of exposure. The transmitted intensity of the 

laser-light through the polymer film was measured using a Newport 4832-C Optical 

Power Meter and recorded at 10Hz using a PC running LABView. A cell filled with 

poly(C6M) was used to record a baseline for the measurement; the intensity of the laser 

light was 150 mW/cm2, with the polarization state of the light always parallel to the 

molecular director. Although polarized light is no prerequisite for the effects described 

here, the azobenzene dye is dichroic, giving the sample a preferential absorption along 

the director. Any other polarization state of the light with respect to the film would thus 
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lead to a lower absorption. In that case, the isomerization of azobenzene through the 

thickness of the film proceeds slower.  

After optical characterization, the cells were carefully opened with a razorblade and a 

strip of 4 mm wide and 10 mm long was cut with the length of the strip parallel to the 

director. The films were clamped such that about 7 mm was still freestanding and 

consequently exposed with the same laser light. The motion of the film was recorded 

using a digital camera at 15 fps. The bending radius was analyzed for a selection of the 

frames by manually fitting a circle to the movie-stills. The fit was made only with the top 

part of the actuator where the bend was sharpest; the parts of the actuator that received 

little light due to the bend state were ignored. 

For the samples with an internal crosslink gradient, a mix was made with mesogenic 

mono- and diacrylates in a weight ratio of 2:3. The concentration of A3MA was chosen 

at 4 wt% to allow comparison with the films without a gradient, making the total 

monomeric composition 55 wt% C6M, 40 wt% C61BP, 4 wt% A3MA and 1 wt% Irg819. 

The nematic phase of the mixture was much reduced by the addition of the monoacrylate 

and therefore the curing temperature was set to 40 oC. A band-pass filter (320-370 nm) 

was used in combination with a UV-lamp (Hg) for the polymerization. The samples were 

polymerized with light intensities ranging from 0.5 mW/cm2 to 10 mW/cm2. A first 

check on the gradient in the film was made by heating of the film above a hotplate. 

These films bend under a homogeneous order reduction to side B. The composition 

gradient was confirmed by ATR IR-spectrometry measurement, where the composition 

of the outer surface layers of the film is analyzed within 1 µm from the surface.  

The bending behavior of the film was analyzed in the same laser set-up while keeping 

track of the orientation of the higher- and lower crosslinked sides. The radius of 

curvature was measured, where bending towards the laser light is defined as positive 

bending. 

5.4. Results and discussion 

5.4.1. Response of homogeneous films 

The non-exponential increase of transmitted light through the samples was found for the 

samples with 1.5 wt% and 4.0 wt% A3MA, but was less pronounced at the sample with 

the lower dye load of 0.5 wt% (Figure 5.5). By evaluating the transmission at t = 0 and 

assuming a Beer-like attenuation profile, one can extract the w/d ratios for these samples: 

2.3, 6.9 and 10.4 for 0.5 wt%, 1.5 wt% and 4.0 wt% respectively.  
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Figure 5.5 Transmittance of laserlight (λ = 351 nm, I = 150 mW/cm2) through 20 µm samples of 
poly(C6M/A3MA) with weight concentrations of 0.5 wt%, 1.5 wt% and 4 wt% (dots). The solid lines 
show the fit using α = 8, τ = 6 for the samples with 0.5 wt% and 1.5 wt% and τ = 30 for 4.0 wt%. 
The insert shows a detail of the plot with a linear I/I0 axis. 
 

By fitting equation (5.3) to the transmission profiles, one can obtain the values of α and 

the time constant τ. A good fit was obtained with α = 8 and τ = 6 for the samples with 

0.5 wt% and 1.5 wt% and τ = 30 for 4.0 wt%. There is a consistent deviation in the 

optical properties of the 4 wt% sample. As one would expect the w/d ratios to scale 

linearly with concentration of azobenzene, the w/d value is relatively low for the 4 wt% 

A3MA sample. This internal inconsistency in the time-scale fit was found upon repetition 

of the experiment. The reader is referred to Chapter 4 for an in-depth discussion on the 

match between the model experiments. 

The mechanical bending of the film was studied for the films with 1.5 wt% and 4.0 wt% 

of A3MA. Figure 5.6a shows the main stages of the motion: the films reach a maximum 

in bending and then slowly relax back to a less bend state, while the UV light was kept on. 

Here, there is only a gradient in light intensity through the film present. The influence of 

gravity or heating is limited: the films showed the same behavior in a standing 

configuration rather than a hanging configuration. Furthermore, these films are glassy at 

room temperature with a modulus of around 1.1 GPa parallel to the director and 0.5 GPa 

perpendicular to it. [15] 

Of course, the sample with 4 wt% A3MA is able to show larger deformation as a result 

of the higher azobenzene content. The bending of this sample is so strong that it eclipses 

itself after about 6 seconds. The eclipsing causes part of the sample to receive less light, 
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giving it the opportunity to relax back, while the end part of the strip is now illuminated 

from the other side, thereby causing this end part to slightly bend in the other direction. 

Finally, the film is bleached so much that the bend reduces to a final state that is curved 

only slightly more than the initial position. A plot of the bending radius is given in Figure 

5.6b.  
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Figure 5.6 (a.) Bending of uniaxial planar aligned films with 1.5 wt% (top) and 4.0 wt% of A3MA 
upon exposure of laser light (351 nm) from the left side with I = 150 mW/cm2. The propagation 
direction and polarization state of the light and the molecular orientation of the actuators are sketched on 
the right. (b.) Experimental bending radius (symbols) and modeled bending radius (lines). Fits for the 
1.5 wt% sample (□ and solid line) were obtained with α = 6, τ = 2.6 s and P(x) = -0.865, a fit for 
the 4 wt% sample (* and dashed line) was obtained using α = 6, τ = 13 s and P(x) = - 1.73. 
 

A good fit with the model was found for α = 6, τ = 2.6 and P(x) = -0.865 (1.5 wt% 

sample) and α = 6, τ = 13 and P(x) = - 1.73 (4 wt% sample). However, the fit parameters 

differ from the values found in the optical fit: α is slightly lower, 6 instead of 8, but more 

striking is the reduction of the timescale τ by a factor 2.3 in both cases. The difference in 

α may be explained by the fact that the optical measurements were performed on films 

that were not allowed to bend, and thus obliquity factors do not play a role, whereas in 

the bending actuators they do and thus incident intensity may be lower. The faster 
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thermal backrelaxation, as found in the smaller τ, may be explained by the heating of the 

actuators. Heating may play significant role in the thin, free moving actuators, whereas in 

the optical measurements, the glass could serve as a heat sink. Indeed the motion of the 

actuators is much slower when the experiments are performed at equilibrium 

temperatures in a water bath. 

5.4.2. Response of films with internal gradient 

As a next step the films with the internal crosslink gradient were evaluated. As expected, 

the IR-data revealed two gradients (Figure 7). The first gradient is in cross-link density, 

visible from the peaks at 1195 cm-1, ascribed to the O-CH3 group of C61BP and at 1692 

cm-1, ascribed to the C=O stretching in the acrylate groups. [16] The measurement of the 

peak surface indicated a concentration difference of the mono-acrylate of 45 wt% at side 

A and 35 wt% at side B. A second gradient is found in the azobenzene, visible from the 

broad peak around 1380 cm-1. The azobenzene gradient is estimated to be from 5 wt% 

A3MA on side A to 3 wt% A3MA on side B.  
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Figure 5.7. ATR FT-IR spectra of a single film taken from both sides of a film with internal crosslink 
gradient, polymerized at 10 mW/cm2. 
 

The actuators made with photopolymerization intensities of 0.5 mW/cm2 to 10 mW/cm2 

all showed the reversal of bending direction upon prolonged exposure. A typical 

response is given in Figure 5.8. Upon illumination from side A, the films first rapidly 

bend towards the lightsource. Upon prolonged exposure, the films relax similar to the 

films without a gradient, but eventually reach a position curving in the opposite direction. 

The samples polymerized at 5 and 10 mW/cm2 showed a larger backwards bend then the 

samples made with 0.5 and 1 mW/cm2. One explanation for the poorer performance of 
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the samples polymerized at lower intensities is that there the gradient in azobenzene 

intensity may start to dominate over the effect of the crosslink gradient. Furthermore, 

samples polymerized at an intensity of 0.5 mW/cm2 and 1 mW/cm2 sometimes twisted 

over their length axis, showing the presence of two competing bending axes. Competing 

bending axes may be the result of a more complex 3 dimensional stress in the sample 

than the 1 dimensional stress analysis of the model used here shows. The reader is 

referred to Appendix B of Chapter 3 for more details. 
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Figure 5.8 (a.) Bending of a planar uniaxially aligned actuator with internal composition gradient of 
poly(C6M/C61BP/A3MA), polymerized at 10 mW/cm2 and illuminated with laser light coming 
from the left of 150 mW/cm2 at 351 nm. The top sequence shows the response of the film oriented with 
side A towards the laser light, the bottom sequences shows the same film but now oriented with side B 
towards the laser light. The polarization state of the light and the orientation of the nematic director in 
the samples are denoted with E and ne (b.) Curvature 1/R in time for the gradient sample that was 
polymerized at 10mW/cm2, side A (□) and side B (*). 
 

The development of the bending radius in time is shown in Figure 5.8b. The shape of the 

response was similar for all samples. The typical speeding up of the response when the 

sample returns to its elongated, unbent state (at 150 seconds in Figure 5.8b), was not 

predicted in our model. When unbending, the sample catches more light and therefore 
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the motion speeds-up to a maximum, slowing down again when the sample bends away 

from the light. These obliquity factors were not included in the model. Although the 

glass-transition temperatures of the films have been lowered compared to the films 

without internal composition gradient, there is no significant change in response time, as 

the films are still glassy at room temperature. The responses of side A and B are 

qualitatively similar to the theoretically predicted response in Figure 5.3b. At this stage, it 

is not yet possible to obtain a quantitative fit for these gradient systems, as there is too 

little known on the relation between the chemical composition and the maximum 

deformations, i.e. the exact shape of P(x) for these systems. 

The two-directional bending in this system occurs over time scales that are long for 

practical applications of these systems as actuators in devices. However, this relatively 

slow system is suitable for demonstrating the nuances of the dynamics, showing that a 

response is much more complex than a simple exponential curve. Other authors have 

shown that with slightly different choices of azobenzene guests and LC hosts, very fast 

systems can be constructed. [2, 17] The two-way bending of this system offers a road to 

more control and added versatility of these optically driven actuators. 

5.5. Conclusions 
The photo stimulated bending of light driven LC actuators driven by the isomerization of 

azobenzene, shows a non-linear response in time. It was shown that the bending of these 

actuators reaches a maximum bent state much before the equilibrium deformation is 

reached. This bending behavior was modeled, showing a good fit with experiments. 

Actuators with an internal composition gradient can be simply created by using a mixture 

of mono- and di-functional reactive mesogens. These actuators with composition 

gradient can be used to amplify the relaxation of the bending, leading to a reversal of the 

bending direction upon continuous illumination. This two-way bending opens the road 

to new potential applications for light-driven LC network actuators. 
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6.  Printed artificial cilia modularly driven 

by different colors of light* 

 

6.1. Introduction 
Manufacturing of miniature polymeric actuators has been complicated due to the need to 

include electrodes for actuation or lithographic techniques for patterning. Here, we 

demonstrate that all-polymer microdevices can be fabricated using inkjet printing 

technology in combination with self-organizing liquid crystal network actuators. We 

exploit the self-assembling properties of the liquid crystal to create large strain gradients 

and light-driven actuation is chosen to allow simple and remote addressing. By using 

multiple inks, micro actuators with different sub-units are created which can be 

selectively addressed by changing the wavelength of the light. The actuators mimic the 

motion of natural cilia and can be used to create flow and mixing in wet environments 

such as lab-on-a-chip. The process is easily adapted for roll-to-roll fabrication, allowing 

for large scale and low cost production of miniaturized active polymer systems. 

The Chapter starts with an overview of microstructuring of polymer actuators. First, we 

select monomers such that the actuator can be generated in a single polymerization step 

from the monomers and describe how the molecular self-assembly is controlled to obtain 

the proper molecular order. A simple actuator design is adopted, mimicking cilia in 

nature to act as active pumps or mixers microfluidic systems. [1] Then, processing by 

inkjet printing and device integration is demonstrated. Large deformations of the 

actuator structure are achieved and it is shown that the different substructures can be 

independently addressed using different colors of light. This is followed by a 

characterization and analysis of the actuator motions.  

                                                 

 

 
* Partially reproduced from: C.L. van Oosten, C.W.M. Bastiaansen and D.J. Broer, 
Printed artificial cilia modularly driven by different colors of light, Nat. Mater. (submitted) 



Chapter 6   

 98 

6.2. Microstructuring polymer actuators 
Polymers are attractive for MEMS and Lab-on-a-chip systems because they allow for 

lightweight, flexible and disposable devices that are cheap and easy to process. Numerous  

MEMS components can already be fabricated from polymers. However, the 

manufacturing of polymer microactuators on a large scale using, for instance, roll-to-roll 

processing on a single substrate is still facing a few challenges. The polymer actuators 

reported so far are hardly suitable for microstructuring. [2, 3] For instance the polymer 

microactuators consisted of multilayer conjugated polymers which complicates the 

production micro-actuators [4]. Secondly, the actuators are often electrically addressed 

and require inorganic (metal) electrodes and thus manufacturing conditions are harsh and 

laboriously which enormously complicates their processing. [5].  

Previously, it was shown that liquid crystal polymer actuators are able to show large and 

reversible shape deformations in response to a variety of applied stimuli such as heat and 

a change in chemical environment and light. [6-9] The strain response can be as large as 

300 % in one dimension and is controllable in magnitude with the input stimulus, 

without the need of a reset, such as, for example, in shape memory materials. [10-12] 

Early reports already mention the potential of light driven actuators for MEMS devices 

[18] and Lab-on-a-chip applications [13]. These actuators are usually produced by 

mechanical stretching of a rubbery liquid crystalline polymer which induces the required 

order. Especially, the mechanical stretching is almost impossible to perform on a 

microscale in a (semi-)continuous line and is not compatible with common patterning 

techniques. [14] Previous reports on patterned actuators showed small actuator responses 

due to the fixation of the actuators to the substrate. [15-17]. In the following, we will 

address all of these issues. 

Here, a new approach is presented to produce micro-actuators using inkjet printing 

followed by UV light polymerization. Monomers containing azo-compounds as an 

additive are used to allow for the addressing of the actuators. In other words, self-

organizing inks are used for processing and light is used for polymerization and 

addressing which allows for both micro-processing and remote and simple addressing.   

6.3. Materials choice and device design 

6.3.1. Host materials and dyes 

In liquid crystal actuators, the shape deformation is driven by a change in the molecular 

order in the polymer. A reduction of the molecular order from the aligned state causes a 
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macroscopic contraction along the molecular director and an expansion perpendicular to 

it. The common way of obtaining light driven order change in LC polymers is through 

inclusion of molecules incorporating the azobenzene unit. Azobenzene molecules are 

able to undergo the trans-cis isomerization upon irradiation with light. The trans-state of 

the molecule aligns with the mesogenic host material, whereas the bent cis-state 

decreases the order of the mesogenic host. 

 

Figure 6.1 The monomers used to form the actuators in this study. The two photoactive monomers are 
A3MA and DR1A. The host matrix is build from C6M, C6BP and C6BPN. The surfactant PS16 
is used to obtain the desired in-plane alignment at the air interface. 
 

A number of azobenzene dyes are known that can cause shape deformations when 

included in an LC network or LC rubber [7, 8, 17-19]. Depending on their chemical 

structure, they have absorption bands for the trans-state that vary from UV all the way 

into the green. Here we use two dyes, A3MA and DR1A (Figure 6.1). A3MA has a 

yellowish appearance, with an absorption peak of 360 nm for the trans-state, whereas the 

trans-absorption band of DR1A is at 490 nm, giving the dye a reddish appearance. The 

optimal dye concentration depends on the molar absorption of the dye and the thickness 

of the film. [20] We choose an azobenzene concentration of 4 wt% for the A3MA dye 

and 1 wt% for the DR1A dye; high enough to give still a significant response, but low 

enough such that in a 10 µm thick film, the light penetrates deep enough to affect more 
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than just the top layer. The host matrix of the actuator is based on a combination of 

liquid crystals functionalized with acrylates or methacrylates. (Meth)acrylates can rapidly 

photopolymerize using a radical initiator while preserving the molecular alignment from 

the monomers to the polymer. [21] With this one-step manufacturing route, an 

optimized molecular alignment can be obtained in the monomer phase such that the 

desired bending motion of the actuator is obtained.  

6.3.2. Self organization of the actuator 

In many actuators bending is achieved by creating a bilayer structure, using two materials 

with a different degree of responsiveness. Here, we exploit the self-organizing and 

anisotropic properties of the liquid crystal to create an internal gradient in a single layer. 

By changing the director orientation through the thickness of the film in a splay-bend 

configuration, significantly stronger bending can be achieved than with a uniaxially 

aligned film of the same chemical composition. In splayed LC light driven actuators, the 

bending direction and bend axis is controlled by the molecular orientation and is 

independent of the direction of the incident light, allowing for easy operation using 

global fields. The reader is referred to Chapter 3 for more details on the effect of the 

alignment. 

The mix of reactive liquid crystals C6M, C6BP and C6BPN, with weight ratio 2: 3: 1 has 

a balanced ratio of LC elastic constants such that a splay-bend configuration is 

energetically permitted using surface alignment techniques on a single substrate. These 

monomers are therefore chosen as a host material for the dyes and in the remainder, the 

resulting polymer will be referred to as A3MA polymer or DR1A polymer depending on 

the dye that is included.  

80o80o

a. b.

5 µm substrate
PVA

LC network

air

 
Figure 6.2 (a.) Schematic representation of the molecular orientation through the thickness of the film. 
The arrows indicate the direction of the strain upon actuation. (b.) SEM image of a cross-section of an 
LCN film fixed on a PVA release layer, broken along the director at the top surface. The molecular 
alignment is visible in a cross-section of the film.  
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An essential step towards large amplitude actuators is to control the self assembly of the 

liquid crystals such that an upward-bending splayed actuator is created, rather than a 

downward-bending actuator. As the material deforms with an expansion perpendicular to 

the director and with a contraction along the director, the molecular director should be 

pointing perpendicular to the substrate at the bottom and parallel to the substrate at the 

top of the film. This alignment will cause an expansion at the bottom and a contraction 

at the top resulting in an out-of-plane bending away from the substrate (Figure 6.2a). 

Under unforced conditions, the mix of liquid crystals monomers will align perpendicular 

to the air interface to minimize its surface free energy. To overcome this, in-plane 

alignment at the air interface is obtained by adding a small amount of surfactant PS16 to 

the reactive monomeric mix. Directionality of the alignment at the air interface is 

introduced by giving the molecular alignment at the bottom surface a slight pretilt from 

the surface normal. A molecular anchoring of 80o with respect to the substrate is 

obtained by unidirectionally rubbing of a homeotropic aligning polyimide layer, 

reproducibly yielding the desired molecular alignment. The alignment becomes visible by 

breaking the sample and inspecting the fracture surface using SEM (Figure 6.2b). After 

crosslinking the host material forms a glassy LC polymer with a room temperature 

modulus of 1 GPa parallel and 0.5 GPa perpendicular to the director. This high modulus 

in combination with the medium strains gives the actuator a large work potential.  

6.3.3. System design 

Here, the goal is to produce artificial cilia that are driven by light for use as mixers or 

pumps in microfluidic systems. Artificial cilia are nature-inspired structures, mimicking 

the behavior of cilia that are for instance used by paramecia to move through fluids 

(Figure 6.3a). An individual cilium makes a flapping, asymmetric motion, with a forward 

and backward stroke, causing an effective flow in the surrounding fluid (Figure 6.3b.).  

Flow
a. b.

10 –
50 µm20 µm

 
Figure 6.3 Natural cilia and their motions. Cilia can be found on several micro-organisms, such as 
paramecia (a.), where the asymmetric, beating motion of the cilia on its surface is used for propulsion (b.). 
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Artificial cilia can provide effective mixing in microchannels. [1] Using a single dye, 

asymmetric motion can only be introduced into LC azobenzene actuators by varying, in 

time, the light intensity over the actuator surface. Given the small dimensions of the 

actuator and the large deformations, this is difficult to realize in practice. Instead, we 

propose to use two dyes, varying the composition of the actuator in the plane (Figure 

6.4).  

By selecting the color composition of the light, the position of the actuator can be 

brought into four positions: in the dark, the actuators are flat. With only UV light, the 

yellow A3MA dyed part of the actuator bends. At the same time, any DR1A in the cis-

state absorbs (peak absorption at 360 nm) and is therefore actively brought to the unbent 

trans position. When both UV and visible light are used, the flap bends over its total 

length. Finally, if only visible light is used, the red DR1A dyed part of the flap only bends. 

Simultaneously, cis-A3MA (peak absorption at 449 nm) absorbs and is therefore actively 

driven to the flat, trans-dominated state. By switching between these four positions a 

cilia-like motion is produced. The weak cis absorption in both dyes adds to the thermal 

driven recovery to the flat state, speeding up the rate at which the illumination cycle can 

be run. 

UV on

UV + VIS on

VIS on

light off

UV on

UV + VIS on

VIS on

light off

 
Figure 6.4 Artificial cilia motion design. Artificial, light-driven cilia produce an asymmetric motion 
controlled by the spectral composition of the light. 

6.3.4. Macroscopic modularly driven system 

To demonstrate the effect on a macroscopic scale, two strips of A3MA polymer and 

DR1A polymer were cut and glued together at one end. Care was taken to orient the 

films such that they both had the same molecular alignment and that the strip was cut 

parallel to in-plane alignment of the molecules. Figure 6.5a. schematically shows the set-
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up and the alignment, with the DR1A polymer mounted at the top and the A3MA 

polymer mounted at the bottom.  

A broad spectrum mercury-xenon lamp in combination with two band pass filters was 

used to actuate the strip in air. The steady state positions are shown in Figure 6.5b. When 

the strip was illuminated with visible light, 455 nm – 550 nm, the top part with the 

DR1A polymer showed a small bend. Then, the strip was illuminated with the complete 

spectrum of the lamp, UV and visible light, and the strip quickly bend over the whole 

length, assuming a final state completely bend into the light. When a UV-pass filter was 

placed in front of the lamp, the top part of the film relaxed and only the bottom, A3MA 

polymer part of the film was bend. With the light off, the film completely relaxed back to 

its original position. This shows the desired motion of the actuator.  

Start VIS-light UV+VIS light UV light Light off

hν

a. b.

 
Figure 6.5 (a.) Schematic representation of the macroscopic set-up, showing the orientation of the 
molecules. (b.) Steady state responses of a 10 µm, 3 mm wide and 10 mm long modular LCN actuator 
to different colors of light. 

6.4. Inkjet printing actuators 
Inkjet printing is chosen as a process for microstructuring the actuators. Inkjet printing 

allows variations of the material composition in the plane of the substrate, something 

that is impossible or elaborate to achieve using other patterning techniques. [14] A 

detailed description of the experimental procedures is given in the appendix to this 

Chapter, here only the main steps will be mentioned. Using a commercial (Fuji Dimatix) 

inkjet printer, the monomeric LC mix containing one of the two dyes is deposited on the 

substrate. In our case, the reactive monomeric mix has a crystalline – nematic transition 

just above room temperature and the mix is therefore printed using a solvent. Heating of 

the substrate and the inkjet nozzle helps to evaporate the solvent and the LC monomers 

self-assemble into the splayed orientation.  

Now, we turn to build the miniature actuators. The four basic process steps to free-

standing actuators are shown in Figure 6.6. As a release layer, a 1 µm thick polyvinyl 

alcohol layer is used. Polyvinyl alcohol is chosen as it is soluble in water, but not in the 

solvents used for depositing the polyimide or the LC monomers. A lift-off process is 
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used to pattern the polyvinyl alcohol to the desired structure on the substrate. The 

polyvinyl alcohol was dyed blue to increase its visibility and thus enable easy visual 

alignment of the actuator structures. Consequently, the ‘soft’ homeotropic aligning 

polyimide is spincoated over the whole sample to a layer of 100 nm thick and cured 

thermally. A short buffing of this polyimide creates the desired molecular pretilt angle of 

800.  

The monomeric LC mix is deposited with the inkjet printer. To produce multi-colored 

flaps, the deposition process is repeated with a second print cartridge containing the 

monomeric mix with a different azobenzene dye. The reactive monomers can be cured 

after printing every separate color, or after printing the full structure, depending on 

whether a distinct separation of the colors or a strong adhesion between the two parts is 

desired. For the remainder we choose to follow the first approach for practical reasons: 

with the current printing set-up, only a single mix could be printed at one time. 

Polymerizing directly after printing helps to preserve the morphology during the 

exchange of a printer cartridge. The cilia are released from the substrate by dissolving the 

polyvinyl alcohol layer in water. The polyimide layer is thin enough that it breaks, in 

some cases it was observed that the polyimide broke upon first actuation of the cilia. The 

cilia are kept in a water bath to minimize sticking of the cilia to the substrate. 

 

Figure 6.6 Schematic overview of the four basic processing steps to produce the modular cilia. I. structured 
deposition of the polyvinyl alcohol release layer (1.), II. Spincoating, curing and buffing of polyimide 
alignment layer (2.), III. Inkjet deposition of the monomer mixes containing DR1A (3.) and A3MA 
(4.) and curing, IV. Dissolving the polyvinyl alcohol release layer. 

6.5. Characterization of the actuators 

6.5.1. Actuator geometries and alignment 

Different produced microactuators are shown in Figure 6.7a – d. The printed structures 

have a thickness of about 10 µm in the flaps, slightly thinner at the point where actuators 

are joined together than in the top of the cilia. It is believed that the combination of the 
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print geometry and the drop coalescence causes this height difference. In the base of the 

flaps, where the structures are permanently attached to the substrate, the printed layer 

has a thickness of 20 µm. In this thicker layer, the monomers do not form a 

monodomain oriented structure as is visible from the crossed polar images (Figure 6.7b). 

As this part of the structure will not contribute to the motion, this is not expected to 

have a great impact on the performance. At smaller line widths, the structures become 

somewhat irregular due to dewetting of the monomers on the substrate. With the current 

set-up, using a drop spacing of 15 µm, the minimum line width to produce a bending 

flap was 100 µm, but it is expected that this can be decreased with further optimization 

of the printer, substrate and mixture of monomers. 

a. c. d.

0o

45o

0.5 mm

b.

0.5 mm

0.5 mm
 

Figure 6.7. Microstructured cilia and their response to light. (a.) shows arrays of A3MA polymer flaps 
(yellow) on polyvinyl alcohol (blue). Crossed polar microscopy with the sample at 45o and 0o shows that 
the splayed alignment in the flaps is parallel to the length of the flap (b.) Cilia with a gradient in 
composition from DR1A to A3MA polymer (c.) and cilia with two separate parts of DR1A and 
A3MA polymer (d.).  

6.5.2. Response in water 

The response of A3MA polymer cilia in water to cycled light is shown in Figure 6.7. All 

flaps bend in response to illumination with UV light. The forward, UV-induced response 

is much faster than the thermally driven back reaction. The response of the cilia is 

completely reversible. The experiments were carried out in water to minimize initial 

sticking of the cilia to the substrate and limit the thermal heating from the light source. 

Throughout all experiments, the temperature of the bath was controlled within 2 degrees. 

A difference in response between the different cilia is mainly attributed to this sticking 

and variations in thickness of the cilia.  

The response of the color printed cilia is shown in Figure 6.7f. When illuminated with 

visible light, the DR1A part of the actuators show a small bending. Upon illumination 

with UV light, the A3MA polymer part strongly bends. Visible actuation drives the 

A3MA polymer back to its original state and bends the DR1A part again. At this 

moment, the response is still too slow to induce flow. It is expected that thinner 

actuators and higher light intensities will improve the response speed. 
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Figure 6.8 (a.) Actuation of A3MA polymer cilia with UV light (1 W/cm2) in water. (b.) Actuation 
of multicolor cilia in water addressed with VIS (4 mW/cm2) and UV (9 mW/cm2) light. 
 

To characterize the steady-state light-response, uniform flaps with only A3MA dye or 

only DR1A dye were produced. The incident intensity of the light was varied while a few 

cilia were monitored using optical microscopy. The images were analyzed by fitting the 

bend radius of the cilia with a circle. At maximum intensity, the A3MA polymer cilia 

show a full bend with respect to the surface at an intensity of 2 W/cm2, with an average 

bending radius of 220 µm. To compare the performance of the inkjet printed flaps with 

bulk material, the strain gradient is estimated using t rε∆ = , where t is the film 

thickness (here 10 µm), r is the bending radius and ∆ε the average strain gradient over the 

thickness of the film. Figure 6.9 shows this strain as a function of intensity UV and 

visible light. At an intensity of 100 mW/cm2, the average bend radius for A3MA flaps is 

0.7 mm, giving a strain gradient of 1.4%. For bulk material, the deformation in a film of 

10 µm was measured at the same intensity, and found to be -0.75% and 0.35% for the 

directions parallel and perpendicular to the director (Chapter 3). For a splayed orientation, 

the predicted in-plane strain gradient is thus 1.1%, matching closely the deformation of 

the microactuator. The slightly better performance of the printed flaps than the bulk film 

is ascribed to an overestimation of the strain due to thickness variations. 

The response of the DR1A polymer for the same intensity of light in the visible regime 

was significantly less than that of the A3MA for UV light. Even though the weight 

fraction of DR1A dye in the polymer was 4 times lower than that of the A3MA polymer, 

the high molar absorptivity resulted in a similar amount of energy absorbed. It is 

speculated that the molecular structure and in particular the monofunctionality of the 

DR1A dye results in a less efficient strain transfer to the host material.  
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Figure 6.9 Calculated strains in printed cilia from A3MA polymer (♦) and DR1A polymer (□), in 
response UV light (250 – 390 nm), randomly polarized, and to visible light (488 nm), with 
polarization state parallel to the molecular director. The inset shows how the bending radius was 
measured by fitting a circle to the bending part of the flap. 
 

Finally, it was verified that the A3MA and DR1A polymer can indeed be addressed 

independently, by actuating the A3MA polymer flaps with visible light and the DR1A 

flaps with UV light (Figure 6.9). In both cases, the response of the flaps was minimal, 

confirming that indeed the response is wavelength specific. 

6.6. Conclusions 
It was demonstrated that liquid crystal network actuators can be inkjet printed to yield 

freestanding polymorphic microstructures exhibiting large deformations upon 

illumination with UV or visible light. The structures are made in only a few processing 

steps, exploiting the self-assembling capacity of the liquid crystal. Inkjet printing of the 

actuators opens new possibilities, such as color printing to vary actuator responsiveness 

in the plane. Artificial light-driven cilia were made using this technique, showing 

asymmetric actuator motion resembling that of natural cilia. The processing steps here 

allow fabrication of large area and roll-to-roll active all-polymer devices and opens up 

possibilities for rapid prototyping of low cost MEMS. 
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APPENDIX: Fabrication of microcilia 

Materials: Monomers C6M, C6BP and C6BPN were obtained from Merck (Darmstadt, 

Germany). Monomer A3MA was obtained from Syncom (Netherlands), DR1A was 

bought from Aldrich. The surfactant PS16, 2-(N-ethylperfluorooctanesulfonamido) ethyl 

acrylate, was bought from Acros and added in 0.5 wt% to the mix. Irgacure 819 (Ciba, 

Switzerland) was added in 0.5 wt% as a photoinitiator. The system was dissolved in a 1:1 

weight ratio with dichloroethane (Biosolve, Netherlands). 

Fabrication of macroscopic system 

Macroscopic flaps were produced on a glass substrate coated with Polyimide Grade 5300 

(Nissan Chemicals, Japan). The polyimide was buffed manually to obtain the desired 

pretilt. The monomeric mix was then spincoated on at 2000 rpm, 30 seconds to form a 

10 µm thick monodomain alignment. After spincoating, the samples were left at 37 oC 

for 60 seconds to evaporate the solvent and then photopolymerized under nitrogen 

blanketing. With a razorblade, strips were cut from the A3MA and DR1A polymer and 

glued together.   

Device processing 

All experiments were performed on glass substrates, 30 x 30 mm that were cleaned in 

ethanol and dried before using. The polyvinyl alcohol release layer was structured using 

lift-off patterning: first, the negative image was patterned using the Ma-N 490 photoresist 

(Microresist, Germany) following regular processing conditions. The polyvinyl alcohol 

(Aldrich, 87-89% hydrolyzed, Mw 31,000 – 50,000) was dissolved by 10 wt% in water 

with blue dye (Parker fountain pen ink, Royal Blue) to improve the visibility of the 

patterned structure for the inkjet patterning. The PVA solution was spincoated at 1500 

rpm, 30 seconds and then dried at 60o for 1 hour before the photoresist was dissolved in 

acetone and the PVA that was on top of the photoresist ‘lifted-off’. The samples were 

rinsed in ethanol to remove residue from the acetone and PVA.  

As alignment material, Polyimide Grade 5300 (Nissan Chemicals, Japan) was prepared 

according to the manufacturers instructions. Light manual rubbing on a velvet cloth gave 

the substrate the desired alignment. 

The monomeric mix was printed using a commercial Fuji Dimatix printer. The nozzle 

was heated to 50o C and the substrate was kept at 37o C. Drop spacing was set such that 
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the drops just coalesced and a uniform print was obtained, in this case 15 µm. The 

samples were cured under nitrogen blanketing at 37o C for 5 minutes using visible light 

(A3MA polymer) or UV light (DR1A polymer). The printer’s camera was used to obtain 

the correct alignment of the prints on the substrate. 

The cilia were partially released from the substrate by dissolving the sacrificial PVA layer 

in water, which took at least 3 days for a complete release. After release, the structures 

were kept in water to avoid sticking to the substrate. 

Characterization of the microstructures 

The height of the microstructures was measured in a Fogale Nanotech Zoomsurfer 3D 

interferometer. The alignment of the liquid crystal polymer was checked using 

microscopy and visually using crossed polars. Scanning Electron Micrographs were made 

on a Philips XL30 FEG ESEM at 10 kV under high vacuum, after coating the sample 

with a 25 nm gold layer. 

Characterization of the response 

The light source used for Figure 6.5b and Figure 6.8b was an Oriel  300 W broad 

spectrum Hg(Xe) lamp. Filters were used to select the desired wavelengths: an Andover 

011FG09-50 filter to select UV wavelengths 280 nm – 390 nm, and a Newport FSQ-

GG455 filter to select the wavelengths 455 nm and up. The intensities at the location of 

the sample were 9 mW/cm2
  for the UV with the Andover filter, 4 mW/cm2 for the 

visible light with the Newport filter, and 20 mW/cm2
 and 5 mW/cm2 for the UV and 

visible light without the filter, respectively.  

For the bending characterization in Figure 6.8 and the measurements performed for 

Figure 6.9 an EXFO Omnicure S2000 lamp was used for the UV light and an Argon 

laser tuned at 488 nm for the visible light. 
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7.  Cholesteric polymer sensors from a 

liquid crystal ink* 

 

7.1. Introduction 
Cholesteric polymers based on liquid crystals selectively reflect light within a certain 

bandwidth due to their periodic modulation of the refractive index. The color of the 

reflection is determined by the pitch of the cholesteric and thus a change in pitch will 

result in a change of the reflected colors. This effect is well known for temperature 

sensitive liquid crystals and can be used as detection principle in a sensor.  

In the previous Chapters, it was shown that liquid crystal networks can respond to a wide 

range of inputs to function as actuators. For actuators, uniaxial-planar or splay-bend 

alignment is of interest. In this Chapter, we combine these responsive liquid polymers 

with a cholesteric alignment to obtain a sensor. In these polymers, the shape deformation 

results in a change in the cholesteric pitch or birefringence and thus causes a change in 

color which is often reversible. Similar to the actuators, the cholesteric sensors can be 

inkjet printed and thus can be easily applied as ink in many applications such as 

packaging and lab-on-a-chip systems. In contradiction to the actuators, interest is now in 

irreversible responses, such that the sensor serves as an indicator for the input history, 

and therefore irreversible responses are deliberately pursued. It is demonstrated that 

these systems can rapidly respond to a number of inputs, including liquid or gas agents. 

The responsiveness of the sensors can be easily tuned to other inputs, showing that 

cholesteric polymers offer an attractive platform for low cost polymeric sensors. 

                                                 

 

 
* Partially reproduced from: C.L. van Oosten, D.A. Nowak, C.W.M. Bastiaansen and D.J. 
Broer, Gas sensitive cholesteric polymer from a liquid crystal ink, Angew. Chem. Int. Ed. 
(submitted) 
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The Chapter starts with an introduction to cholesteric networks and the basic principle 

of the sensor operation. Then, the materials and the processing route are described. 

Section 7.4 gives a characterization of the sensor for heat, gas and liquid agents. 

7.2. Cholesteric liquid crystal polymers 
Optical sensing and detection methods are popular because they offer the benefit of easy 

visual read-out and can be used in wet environments like lab-on-a-chip applications. [1- 4] 

As no electrodes are required in the sensor, optical sensors are attractive in low cost 

applications such as packaging or other disposables. One method to obtain an optical 

sensor is through cholesteric liquid crystals. Liquid crystals provide an attractive platform 

for these sensors, as their self-organizing properties allow for simple fabrication. 

Furthermore, the cooperative behavior of the liquid crystals can be used to amplify small 

changes on the molecular level. [5, 6] Liquid crystals in a cholesteric ordering can be 

made to Bragg reflect a portion of the incident light, thus giving it a colored appearance. 

The Bragg reflection is caused by the periodic modulation of the refractive index, as the 

molecular director is rotated through the thickness of the layer. The length over which 

the director rotates 360o is defined as the cholesteric pitch. (Figure 7.1). The reflected 

wavelengths are centered around o npλ = , where n is the average refractive index and p 

the pitch. The width of the reflection band, ∆λ, is determined by the birefringence (∆n) 

of the liquid crystal: o
n

n
λ λ ∆∆ = . As only one circular polarization state of the light will 

encounter the periodic change in refraction, cholesteric LC’s will reflect a maximum of 

50% of the incident light.  

hv

p

 
Figure 7.1 Schematic representation of a cholesteric liquid crystal phase. The cholesteric pitch p is 
indicated. The layer reflects a portion of the incident light hv. 
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It is well known that the temperature dependence of the cholesteric pitch near a phase 

transition can be used for temperature sensing. Cholesteric thermometers based on this 

principle are widely available on the market. In cholesteric thermometers, LC’s are 

microencapsulated in a polymer matrix to droplet sizes of about 5 µm in diameter. The 

composition of the LC mixture is often varied across the substrate to be able to cover a 

range of temperatures. Although these systems can be produced on a large scale for low 

prices, they are less suited for in-situ manufacturing, which is desired when applied in 

lab-on-a-chip systems. Also, the relatively large capsule size makes it difficult to use 

micro-patterning techniques such as lithography, micro-contact printing or inkjet printing. 

Furthermore, when other sensors inputs such as gas or liquid agent have to be detected, 

the encapsulation limits the responsivity of polymer dispersed LC sensors, as it does not 

allow direct contact with the agent. 

Several authors have tried to address these drawbacks. For example, Kirchner et al. [7] 

used a high molecular weight polymer to stabilize a cholesteric liquid crystal in a solvent. 

Shibaev and coworkers took this one step further and used a liquid crystal polymer, made 

in a glass cell, to obtain a tunable laser [8]. In this study, we will extend this approach and 

use a cholesteric liquid crystal polymer to make the sensor in-situ and on a single 

substrate. With the application of indicators of food packaging in mind, we will focus on 

optical indicators with non-reversible responses that indicate that a certain threshold in 

temperature or agent has been exceeded. This new method allows for sensors that rapidly 

detect gasses or liquids, and where the chemical composition – and thus the sensing 

input or range - of the sensor can be easily changed over the surface. 

7.3. Cholesteric network sensors 

7.3.1. Responsive LC networks 

In a liquid crystal polymer, the LC monomers are covalently linked by a polymer 

backbone. As was shown by Finkelmann and coworkers in [9], external stretching or 

compression of a cholesteric polymer leads to a change of the cholesteric pitch and thus 

of the reflection band.  Here we use internal changes within the material to create a 

geometric deformation and thus a color change. The internal generation of geometric 

deformations is well known from the field of liquid crystalline actuators, see the previous 

Chapters. In recent years, the number of inputs available to drive LC actuators has 

expanded from heat and light to include chemical inputs such as water vapor, solvent 

polarity and pH. [10, 11]. These liquid crystal actuators can be patterned and created in a 
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number of molecular alignments, including splayed, twisted-nematic and cholesteric 

alignments. [12] The responses of these actuators are large and rapid, in the order of a 

few seconds. In this work, these materials are used not as actuators but as sensors. As the 

cholesteric reflection band is linked to the length scale of the pitch, the internally 

generated morphology changes directly relate to an optical change. Three changes of the 

reflection band are possible, shown in Figure 7.2: a decrease of the cholesteric pitch 

(shrinking of the polymer), resulting in a blue shift of the reflection band. Second, a 

reduction of the order in the system results in loss of the birefringence ∆n and thus 

disappearance of the reflection band. Finally, swelling of the polymer results in an 

increase of the cholesteric pitch, giving a red shift. 
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Figure 7.2. Schematic illustration of the change of the network order and its result on the reflected 
wavelengths by the polymer (a.). When the sample shrinks in thickness, the pitch of the sample decreases 
causing a shift towards the blue (I). Reduction of the order leads to a narrowing and eventually 
disappearance of the reflection band (II.) Swelling of the sample causes an increase in the reflection band, 
resulting in a larger pitch and a red shift of the reflection band (III.) A schematic of the corresponding 
changes in transmission of randomly polarized light (b.). 
 

For the construction of the cholesteric polymer sensors, two elements determine the 

choice of the chemical composition: the capability of forming a cholesteric ordered liquid 
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crystal phase by the presence of at least one chiral component and the availability of 

moieties allowing for stimulus- or agent-controlled breaking of bonds in the network. 

Here, the polymer network is built from a combination of hydrogen bonds and covalent 

bonds, giving it both responsiveness and mechanical stability. The polymer is made from 

the monomer in a single polymerization step. The processing from the low molecular 

weight allows a large number of coating- and patterning techniques, including micro-

transfer printing and inkjetting. Inkjetting is attractive because it allows for easy variation 

of the composition across the substrate by mixing inks, thus forming sensors for multiple 

inputs or for a larger range. 

7.4. Experimental 

7.4.1. Materials 

The main components of the polymer network are the monomers 6OBA and 6OBAM 

(Figure 7.3). These monomers are not rodlike by themselves, but they are able to pair 

under the formation of hydrogen bridges forming a rodlike dimer that stabilizes the 

nematic phase [13]. It is known that these hydrogen bonds give extra flexibility to the 

network when exposed to external stresses [14].  

 
Figure 7.3. (a.) The monomers used for the synthesis of the polymer network. The monomers 6OBA and 
6OBAM, chiral component (+)-3-methyladipic acid MAA,  mono-acrylate reactive liquid crystal 
C6BP, diacrylate reactive liquid crystal C6M and photoinitiator Irg.(b.) One of the trimers that form in 
the monomeric mixture, in this case a trimer from the components 6OBA, 6OBAM and MAA. 
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When the chiral component methyladipic acid (MAA), shown in Figure 3., is added to 

the monomers, part of the MAA forms hydrogen bonds with the carboxylic acid groups 

of the 6OBA or 6OBAM monomers and thus creates a chiral nematic phase from 

supramolecular trimers [15, 16]. The diacrylate C6M is added to obtain the desired 

mechanical stability of the polymer. Monomers C6BP and 6OBAM are added for easier 

processing: C6BP decreases the crystalline-nematic phase transition, the methyl group on 

6OBAM hinders recrystallization of the 6OBA.  

7.4.2. Sensor processing 

For best color and reflection, a monodomain cholesteric alignment with the helical axis 

perpendicular to the substrate is desired. At the bottom substrate, this is achieved by 

using rubbed polyimide alignment layer on glass, or using a rubbed polymer film such as 

triacetate cellulose foil. To allow for unobstructed migration in and out of the network 

by the chemical agents, the traditional cell configuration cannot be used to control the 

alignment at the top of the cholesteric layer. Instead, a small fraction (0.5 wt%) of 2-(N-

ethylperfluorooctane-sulfonamido)ethylacrylate was added to the mix to force in-plane 

alignment at the air interface. This mix of monomers can now be coated from solution 

onto the substrate. Here, we are interested to explore inkjet printing of this solution. A 

commercial inkjet printer (Fuji Dimatix) was used to deposit a solution on a treated glass 

or polymer substrate.  

 

10 mm

a.

b.

 
Figure 7.4 Original print bitmap (a.) and inkjet prints (b.) of the cholesteric network, cured at high 
(blue), low (red) and intermediate temperatures (green). 
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The two main factors influencing print quality are stable droplet generation and 

formation of a monodomain aligned film from these droplets. The solvent and inkjet 

nozzle temperature greatly influence the droplet formation. Here, the monomers were 

dissolved (1:1 weight ratio) in THF, and the nozzle was heated to 50oC. The drop spacing 

of the printer is adjusted such that the deposited ink just flows and forms a 

homogeneous structure. The flow generated during the coalescence of the drops 

stimulates monodomain alignment of the liquid crystal. 

The substrate is heated to the temperature of the cholesteric phase and, under nitrogen 

blanketing, UV-exposed to initiate polymerization of the polymer. The cholesteric order 

of the monomer phase is preserved in the polymer [17]. The polymer is highly 

crosslinked and glassy, with the thickness of a printed layer being around 3 µm, giving 

about 10 full pitches in the layer, enough to obtain a strong Bragg reflection. When the 

material is cured just above the crystalline melting temperature, varying the 

polymerization temperature by a few degrees leads to a large change in pitch. Figure 7.4 

shows prints on triacetate cellulose foil that were cured at three different temperatures 

(35 oC, 32 oC and 33 oC) to give blue, red and green reflecting cholesteric networks. For 

the remainder of the experiments we will choose a reflection band centered around 495 

nm for a MAA weight concentration of 18% and use glass substrates for stability reasons. 

7.5. Results: Sensor characterization 
The temperature response of the polymer shows three different regimes. Figure 7.5 

shows the transmission of right-handed circularly polarized light through the sample 

(curve a). For temperatures up to 130 oC, the reflection band shows a small irreversible 

shift towards the blue. It is thought that uncomplexed MAA evaporates from the sample 

(curves a – d). When heated above 130 oC, the reflection band rapidly shifts irreversibly 

towards the blue with a shift of 18% in the reflected central wavelength. In heating 

further from 150 oC to 235 oC, the reflection band decreases in depth (curves e – h), 

indicating that the order of the network is lost. This order loss is reversible and is 

restored when the sample is cooled down again to room temperature (curve i.).  

To examine the morphology change of the polymer, a cholesteric film was broken in half, 

where one half was heated to 170 oC such that the MAA evaporated. The two halves are 

shown in Figure 7.6. The pitch has decreased by 16%, as is visible from the shift in the 

absorption band from 480 nm to 405 nm. This correlates roughly to the 18 wt% of the 
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MAA in the film, the only component that is non-covalently bound to the polymer 

network. 
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Figure 7.5 Spectral transmission of right handed circular polarized light through a cholesteric polymer 
network before (a.), during (b. – h.) and after heating (i.). 
 

In the cross section of the film, the cholesteric pitch is visible. Comparison of the 

periodicity in the cross section of the two halves shows a reduction in pitch length that 

indeed corresponds to the change in reflection band: the number of cholesteric pitches 

over the film thickness stays equal, but the overall film thickness is reduced.  
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Figure 7.6 SEM images of the cross sections of two halves of a spincoated cholesteric polymer sample. 
The sample was made on a 30 x 30 mm glass slide and cut in half. Half (a.) is untreated, half (b.) has 
been heated to 170 oC. The cholesteric pitch is visible in the cross-section. The insets show photographs of 
the two halves of the sample. 
 

A schematic representation of this response is the change from Figure 7.12(start) to 

Figure 7.2(I.), where the green units representing the MAA have gone. The MAA that is 

hydrogen bonded in the network becomes mobile above 130 oC and evaporates. Even 
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though the MAA is the chirality inducing component, the chirality of the polymer is still 

preserved after evaporation of the MAA. This memory effect is ascribed to the 

crosslinked acrylate backbone of the polymer and the presence of the covalent crosslinks 

formed by the C6M. Although one would expect the largest contraction to happen along 

the molecular director, the majority of the observed deformation is perpendicular to the 

substrate. It is believed that the substrate prohibits any in-plane deformations and 

therefore the only allowed deformation is in the thickness of the film. This is consistent 

with findings from previous studies, see for example [12]. 

7.5.1.  Response to gasses 

Borrowing from the work done on hydrogen bonded LC actuators [10], response to 

gasses is expected when the hydrogen bonds are broken due to the presence of a 

sufficiently strong basic agent [10]. Here, the gas trimethylamine (TMA) is chosen, as it is 

a strong base and has practical relevance as it is one of the products of decaying fish [18]. 

Due to the strong hydrogen bonding capacity of the TMA, some of the 6OBA – MAA 

bonds in the network will be broken and replaced by the TMA. This destroys the order 

of the network, as is schematically shown in Figure 7.2 II.  

Figure 7.7 Change in reflection of the cholesteric network with MAA in response to the gas 
trimethylamine, evaporating from a 45 wt% solution in water. After 60 minutes, the samples is dipped 
in the solution and then dried for 15 minutes. 
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To test this, the polymer was exposed to fumes of TMA, evaporating from a 45 wt% 

solution in water. Upon exposure to the fumes, the reflection band of the polymer first 

shows a small increase in the reflection band after 5 minutes of exposure (Figure 7.7), 

followed by a gradual decrease in time. After 60 minutes of exposure to the fumes, the 

reflection has visibly decreased, from 40% to 30%. The network is swollen by the TMA 

and a slight red shift is visible. The order of the network is not completely lost due to the 

presence of the permanent crosslinks. A short dip in the TMA solution results in further 

loss of the order and a large red-shift, probably due to a combination of water and TMA 

swelling the network. Dipping the film in the TMA solution does result in loss of part of 

the MAA: when the system is dried, the reflection is partially recovered, accompanied by 

a blue shift compared to the original situation.  

7.5.2. Response to swelling agents 

To complete the overview of the responses of the cholesteric network sensors, a shift 

towards the red is explored. Like the TMA, a molecule has to be introduced that is able 

to break the hydrogen bonds of the network such that it can swell, but here, the order 

should be preserved. Therefore, 4,4’ dipyridyl is chosen, as it is capable of complexing 

with the hydrogen bonds on two sides of the molecule [16].  

Figure 7.8 The change in reflection of a cholesteric network in response to immersion in a 1 wt% 
dipyridyl solution at 60 oC. In this sample, the MAA was removed by heating the sample for 5 minutes 
to 170 oC. As a reference, the original reflection band with the MAA present is given. 
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The cholesteric polymer was immersed in a solution of 1 wt% 4,4’ dipyridyl in water. To 

avoid any secondary responses caused by complexing of the dipyridyl with the 

methyladipic acid, we start with a cholesteric network where the methyladipic acid has 

been removed by a short heating to 170 oC.  A schematic representation of the expected 

final state after this experiment is shown in Figure 7.2(III). The response to the dipyridyl 

was slow and the solution was therefore heated to 60 oC. Figure 7.8 shows that the 

polymer indeed swells, with a 9% red shift of the reflection band from 421 nm to 460 

nm. There is only a small decrease in order visible, significantly less than for the TMA.  

As a control, the effect of pure water was tested for samples with MAA and without 

MAA. In both cases, the response was minimal (Figure 7.9). The changes in the 

reflection band in Figure 7.7. and Figure 7.8. can thus be ascribed to the presence of the 

gaseous TMA and the dipyridyl. This shows that the network is in effect capable of 

sensing gas and chemical agents and that the response is agent specific.  
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Figure 7.9 Response of the network with and without MAA to immersion in water as a reference. 
 

Thus we have shown that in principle, all 3 possible responses of the reflection band are 

possible using responsive LC networks. The responses and inputs used here can be 

replaced by others by changing the composition of the network or using different non-

covalent bonds to build the network. The hydrogen-bonding capability of the network 

makes the responses irreversible. Irreversible responses are highly desirable in 

applications as indicators, for example in food packaging applications to signal that a 
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certain level of contamination was passed. The sensors can be easily made in-situ by 

printing techniques, and therefore they can be easily integrated in products. We expect 

that future work will show the integration of multiple sensing elements within a single 

layer, opening the doors to applications such as freshness indicators in packaging or use 

in lab-on-a-chip applications. 

7.6. Conclusions 
In summary, we have shown that cholesteric LC polymer networks can show large 

optical responses to changes in their environment. Using a network incorporating on 

hydrogen bonds, the periodic pitch and order of the network can be modified, leading to 

strong optical responses. In this study all three possible responses of the reflection band 

are demonstrated in a responsive liquid crystal network. The polymers can respond to 

heat, gaseous trimethylamine or a solution of 4,4’ dipyridyl and show a different response 

depending on the input. The cholesteric networks can be inkjet printed from the 

monomer, which is subsequently photopolymerized, demonstrating the potential for use 

as versatile, low cost optical indicators. The response can be a shift or decrease in the 

reflection band and is selective for the type and dose of input. The systems can be used 

as ink and are easily integrated with current printing processes. Therefore, these 

cholesteric networks have a great potential for use as low cost sensors. 
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APPENDIX: Manufacturing cholesteric sensors 

The materials 6OBA, 6OBAM, C6BP and C6M were purchased from Synthon 

Chemicals (Wolfen, Germany). R(+)- 3- methyladipic acid (MAA), 4,4’ dipyridyl and the 

aqueous solution (45 wt%) of TMA were purchased from Aldrich, the planarization 

agent 2-(N-ethylperfluorooctanesulfonamido) ethyl acrylate was obtained from Acros 

and the photoinitiator Irgacure 369 from Ciba. The monomers 6OBA, 6OBAM and the 

methyladipic acid were dried in an oven at 100oC for 24 hours before using. The solvent 

THF was purchased from Biosolve (Netherlands). The monomeric mix consisted of 17 

wt% of each of 6OBA, 6OBAM and MAA, 20 wt% of the C6M, 28 wt% of the C6BP, 
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0.5 wt% of each of the photoinitiator and the planarization agent. The liquid crystalline 

behavior of the monomeric mix was verified by DSC, showing a nematic phase on 

cooling between 60o C and 25o C. In all of the processing, spincoating or printing, the 

monomeric mix was dissolved in THF in a 1:1 ratio. 

Glass substrates were cleaned and coated with a thin layer of polyimide, grade 3046 (JSR 

Chemicals). For the polymer substrate, triacetate cellulose was used. In both cases, the 

substrates were rubbed with a velvet cloth before printing. A Fuji Dimatix printer was 

used for the inkjet printing. The printer was set to a drop spacing of 20 µm with nozzle 

temperature 50oC and substrate temperature 40o C. Before curing at 32o C, the solvent 

was allowed to evaporate out of the sample. An EXFO Omnicure mercury lamp was 

used for the photopolymerization. 

Treatment with fumes of TMA was done by placing the sample directly above the 

opening of a 1 liter bottle of 45 wt% TMA in water. Treatment of the sample with the 

dipyridyl solution and with water was done by immersing the sample in the liquid, 

without any additional stirring. In the case of the dipyridyl, the solution was heated to 60 
oC. The cholesteric LC polymer films were optically characterized using a Shimadzu UV-

3102 PC’ UV-VIS NIR Scanning Spectrophotometer. A home-made temperature 

controlled heating stage was used to heat the samples in the spectrophotometer. Relative 

specular reflection measurements were performed with light incident at 8o of the normal 

on the sample. The baseline of the reflection measurements was made with a silver 

mirror. TGA measurements of the samples have been carried out to detect the loss of 

material of the polymer films by heating. For the SEM imaging, the samples were sputter 

coated with a 20 nm gold layer and studied in a Philips XL30 FEG ESEM at 10 kV 

under high vacuum.  
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8.  Ferromagnetic structures 

for mixing and pumping 

 

8.1. Introduction 
A number of actuation mechanisms allow remote addressing of actuators. In the 

previous Chapters, focus was on light driven actuation with the objective to generate 

active mixers and pumps. In this Chapter, the fabrication of ferromagnetic 

microstructures is explored with the goal to make magnetically actuated mixers and 

pumps. The Chapter starts with a short introduction to magnetic actuation, forces and 

materials. Two different designs are tested: freely suspended ferromagnetic elements in 

section 8.4, and hinged magnetic cilia in section 8.6. The suspended magnetic needles can 

function as mixer and as pump and their functioning is tested in microchannels. To make 

hinged ferromagnetic cilia with large responses, a number of routes are explored and the 

fabricated structures characterized. The Chapter closes with design recommendations 

and conclusions. 

8.2. Magnetic actuation 
In lab-on-a-chip devices, remotely addressable actuators are attractive because they allow 

for a simple and cheap device design, while the more expensive electronics can be in the 

reusable controller. In the previous Chapters, the focus was on light driven actuation, but 

other input fields are available to achieve the same effects. Magnetic fields have particular 

interest, because they are easily generated using electrical currents or with permanent 

magnets, and they have little or no interaction with the biological liquids in a lab-on-a-

chip device. 

This potential has been recognized by many and therefore there exists a large body of 

literature on magnetic elements for microfluidics, a selection of which is given in [1 – 10]. 

There are two main types of forces that a magnetic object can experience: a gradient 

induced translational force and a field induced magnetic torque. Furthermore, there are 

many different classes of magnetic materials, from superparamagnetic to ferromagnetic 
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and paramagnetic. In order to structure and focus this study, first the magnetic forces 

will be discussed in this Chapter. Next, the choice of material class for the magnetic 

object is made. Based on this information, two actuator designs are made and tested. 

Finally, design recommendations are made for ferromagnetic mixers and pumps for lab-

on-a-chip systems. 

8.2.1. Magnetic forces 

When a magnetic object is placed in an externally applied magnetic field, it can 

experience rotational as well as translational forces. A rotation force arises in a 

magnetized object in a magnetic field, when the magnetization direction of the material is 

misaligned with the direction of the applied magnetic field (Figure 8.1a.). The torque on 

the object depends on the volume V of the body, the magnetization M  and the 

magnetic field H , and is given by the expression: 

 0V M Hτ µ= × . (8.1) 

In case of free space, the permeability is 7
0 4 10µ µ π −= = ⋅  [T m/A)]. This expression 

equals zero when M  and H  are pointing in the same direction. The torque will tend to 

align the magnetization with the direction of the magnetic field, i.e. a rotational force acts 

on the body. This situation is sketched in Figure 8.1a.  

H∇
(a) (b)τ

M

H

M

F

 
Figure 8.1: A magnetic body in a magnetic field, experiencing a torque τ as a result of the field H (a.) or 
a translational force F as a result of field gradient (b.). 
 

In case there is a gradient in the magnetic field, H∇ , or a gradient in the magnetization 

of the material M∇ , the object may experience a translational force (Figure 8.1b.). The 

magnitude of the force F is given by 

 ( )0 0F M H dVµ= ⋅∇∫  (8.2) 

The dominance of one of the two forces, rotational or translational, thus depends on the 

field and the field gradient. As input for the actuator design, feasibility of fields and field 

gradients will be studied next before the choice of material and design is discussed. 
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8.2.2. Generating magnetic fields in microsystems 

In order to obtain the design parameters for our system, we are interested to find an 

indicative number of the force that can be generated. We therefore now study the 

maximum field and field gradients that can be reached in microsystems. Here, the 

magnetic fields are given as the magnetic inductance, B , which relates to the magnetic 

field as 

 00 ( )B H Mµ= +  (8.3) 

In the experiments performed in the remainder of the Chapter, a macroscopic field is 

used that is generated with a large external magnet. For application reasons, we are 

interested in integrated systems where also the field can be generated in the microsystem. 

For microsystems, there are two different approaches to create a magnetic field: using the 

magnetic field generated by a current wire or the field from a permanent magnet. In 

permanent magnets, maximum field strengths are in the order of 1.2 Tesla, see for 

example [11]. There are two issues with the use of permanent magnets. In order to 

generate a fluctuating field or field gradient that is required for actuator motion, the 

permanent magnets have to physically move. This motion thus requires an extra actuator, 

which brings us back to the starting point: building an actuator. The second challenge is 

to find microstructuring or deposition methods that are compatible with polymer 

systems. Usually, the rare-earth metals that make up these permanent magnets require 

harsh processing conditions. 

A more convenient route is to use the field from current wires, as there are many 

techniques available to make current wires and control over the field strength is straight 

forward. Every electrode that carries a steady current generates a magnetic field around it. 

The strength of the field that is generated by the current, for the case of a thin and long 

straight wire, can be calculated by  

 0 2
IH
Rπ

= , (8.4) 

where I is the current in the wire and R is the distance from the current wire. In an 

ambitious design, typical maximum values for the current (I) are 1 A and a wire-actuator 

separation (R) of 10 µm, giving a maximum field strength of about 20 mT. 

A field of 20 mT is low, but stronger fields can be created when the fields of multiple 

wires are combined, for example by using coils. When a soft magnetic material is used as 

the core, the coil forms an electromagnet and even higher fields can be generated. For 

coils in microsystems, due to space requirements, typical field strengths are limited at 
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about 0.5 T. Coil sizes below 100 µm in diameter are hard to achieve, as most structuring 

techniques are 2 dimensional in nature, resulting typically in flat coils with a large area. 

When there are no limitations to space and power consumption, fields of over 16 Tesla 

can be reached. However, these very high fields are normally only of scientific interest. 

Sometimes they also make for entertaining experiments such as the levitation of frogs 

[12]. Due to their size and power requirements, these large coils are not suitable for 

microsystems. We will therefore limit ourselves to 20 mT for locally applied fields, 

generated in a single current wire, or 500 mT for globally applied fields, generated by 

coils or permanent magnets. 

A maximum for the field gradient is derived from equation (8.4). As the magnitude of the 

field drops with 1/R with the distance from the current wire, the magnitude of the field 

gradient is thus given by 

 22
dH I
dR Rπ

−= . (8.5) 

Assuming I = 1 A and R = 5 µm, the maximum field gradient is then roughly 6 kT/m. 

As can be seen from the relations (8.2) and (8.5), close spacing of the magnetic object to 

the current wire is essential to generate large forces. 

8.3. Ferromagnetic materials 

8.3.1. Magnetization of materials 

Many materials exhibit some form of magnetism, which can be diamagnetism, 

paramagnetism or ferromagnetism. Here only ferromagnetic materials will be considered. 

A ferromagnetic material that has been inside a magnetic field exhibits a remanent 

magnetization (Mr) when the magnetic field is removed. This hysteresis is typical for 

ferromagnetic materials. Iron, nickel and cobalt are well known ferromagnetic materials. 

Figure 8.2 shows a typical magnetization curve for a ferromagnetic material. The 

ferromagnetic material loses its magnetization over time, when it has been heated above 

the Curie temperature or when a large enough field in the opposite direction has been 

applied. The minimum opposite pointing field necessary to reduce the magnetization of 

the material to zero is called the coercive field (Hc). 

For soft magnetic materials such as iron or nickel, the magnetization curves sketched 

above are greatly exaggerated: in reality, the remanent magnetization is only a fraction of 

the saturation magnetization. A typical bulk value for iron is a saturation magnetization 

of 1.69·106 A/m. Nickel has a saturation magnetization of 0.56·106 A/m, about 1/3rd 
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that of iron. [13] For processing reasons, we choose nickel as the ferromagnetic material, 

while keeping in mind that a higher magnetization may be possible by choosing iron or 

alloys. 

H

M

Ms
Mr

Hc

 
Figure 8.2 Sketch of a magnetization-field strength curve for a ferromagnetic material. The saturation 
magnetization Ms, remanent magnetization Mr and coercive field strength Hc are indicated. 

8.3.2. Shape anisotropy 

Amongst others, the shape of a ferromagnetic object has a strong influence on the 

magnetization of the object. This is especially true if the object has a large aspect ratio, i.e. 

one dimension is significantly longer or shorter than the other dimension. When a 

material is magnetized, unbalanced magnetic dipole moments may form a field inside the 

material with an opposite direction to the applied field. This opposing field is usually 

called the demagnetizing field Hd. This opposing field thus reduces the applied field, H0 

to the effective field Heff: 

 0eff dH H H= −  (8.6) 

The compliance to magnetization of a material is given by the magnetic bulk 

susceptibility bulkχ  and the effective field effH :  

 effbulkM Hχ=  (8.7) 

The size of the demagnetizing field is dependent on the magnetization of the material 

and is defined as  

 dH NM= −  (8.8) 

where N is the demagnetization factor. The demagnetization factor is always between 0 

and 1 and for three dimensions Nxx + Nyy + Nzz = 1. For a sphere, the demagnetization 

factor is thus 1/3 in all directions. For a thin long rod, the demagnetization factor along 

the rod length is 0 and ½ in the two other directions. This means that the effective 
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magnetic susceptibility is lower perpendicular to the rod than parallel to it, and equation 

(8.7) can be written as: 

 
( )0

0    ,  with 
1

bulk

bulk
eff eff

bulk

M H NM

H
N

χ
χχ χ

χ

= −

= =
+

 (8.9) 

The rod is thus more easily magnetized along the axis where N = 0 (the long or easy axis). 

As a consequence, it reaches saturation at lower external field strengths, and the 

remanent magnetization is higher (Figure 8.3). 

H

M

 
Figure 8.3 Effect of the shape anisotropy on the magnetization of a ferromagnetic object. Compared to the 
bulk (dashed line), the real susceptibility is lower (solid line). 
Due to the shape anisotropy, a ferromagnetic rod will always tend to be magnetized in 

the direction of its long axis and therefore will like to align with the direction of the 

magnetic field (equation (8.1)). 

8.4. Suspended microstirrers and pumps 

8.4.1. Design background 

The first design ideas that will be tested are miniaturized versions of macroscopic mixers 

and pumps. Using the shape anisotropy of a ferromagnetic rod, we generate a rotating 

object, similar to a compass needle. The use of rotating mixers or pumps in 

microchannels has been widely studied, see for example [6 - 8, 10]. These studies show 

that a mixer or a pump can be made, using designs that range from relatively flat, 2D 

systems to advanced 3D geometries. In many cases, the design incorporates a single bar 

or an array of ferromagnetic bars or impellers that are fixed on a hinge, functioning as 

mixer or as pump. The hinge fixes the impeller within the system, to avoid moving with 

the flow. However, these systems require complex processing involving a number of 
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lithographic steps and are therefore not compatible with the low-cost demand for 

disposable lab-on-a-chip cartridges.  

Therefore, other authors have used ferromagnetic particles that were fabricated 

separately from the microfluidic cartridges and then simply inserted as a suspension into 

the microchannels. A magnetic field is then used to hold the stirrers in place. By applying 

a space- and time-varying magnetic field (e.g. a rotating field), the beads stir and hence 

mix the fluid [7]. In the case of ferromagnetic discs or spheres, rapid mixing required 

special channel geometries or was limited by the agglomeration of the ferromagnetic 

particles [8]. One way to overcome this is to stabilize the assembly of particles using 

coatings [9] or magnetic fields [14]. Another possibility is to add superparamagnetic 

beads to the fluid in the micro-channel. Under the influence of an applied magnetic field, 

the particles line up and form strings. A subsequent continuous rotation of the magnetic 

field causes these strings to rotate and act as stirrers. However, this works effectively as a 

mixer only within a narrow range of parameters (magnetic field strength/rotation 

rate/viscosity): at low rotation rates there is no effective mixing, and at high rotation 

rates the strings break up. [15, 16]  

8.4.2. System design 

In our design, we combine the use of a torque and a field gradient to make a design that 

is both simple and effective. Using the torque from the magnetic field we use 

ferromagnetic rods rather that magnetic beads, to rotate inside the fluid. The shape 

anisotropy of the rods stabilizes the aggregates in a rotating magnetic field. Using the 

field gradient, ferromagnetic rods are pinned in the location with the highest field 

strength. This makes a pivotless hinge for the needles, and thus greatly simplifies 

manufacturing. Furthermore, the mobility of the ferromagnetic rods is exploited to use 

the same rods both as mixers and as pumps: by pinning the rods in a different location, 

the system can be switched between a pump and a mixer. The creation of a mixer by a 

rotating rod is straightforward and found in many kitchen tools and laboratory 

equipment and will therefore not further be explained. Creating a pump by using rotating 

needles is perhaps not obvious and will therefore be briefly explained here. 

The purpose of a pump is to create a pressure difference between the inlet (low pressure) 

and the outlet (high pressure) of the pump. Here we choose a centrifugal pump design, 

where a rotor is used to increase the velocity of the fluid and thus create the desired 

pressure difference. [17] In a typical centrifugal pump design, the fluid enters near the 
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heart of the rotor, where it is accelerated outward by the rotor action. Two typical pumps 

designs are shown in Figure 8.4. We will choose the design of Figure 8.4b here to 

demonstrate pumping action. 

+

a. b.

 
Figure 8.4 Two typical designs for a centrifugal pump. a. is a 2D design that is particularly suited for 
microchannels, b. is the more traditional design where the fluid enters along the axis of the pump rotor. 

8.4.3. System manufacturing 

In the classic high-school experiment, iron filings are used to visualize magnetic fields. In 

principle, these filings could serve as micromixers, but for practical applications, control 

over the size and shape is desired, which is hard to achieve using filing. Instead, we 

choose templated electrodepositing to fabricate miniature wires in a controlled fashion. 

Perhaps the first report of fabrication of ferromagnetic needles through templated 

electrodepositing was in 1993, where the magnetic properties were explored for use in 

magnetic recording. [18] The fabrication method is shown in Figure 8.5.  

 
Figure 8.5a. Schematic of the manufacturing steps of templated electrodepositing of nanowires. I. The 
process starts with a membrane (a.) that is coated with a conductor (b.) and subsequently covered with an 
insulating tape (c.) in step II. Then, the membrane is brought into an electroplating solution (e.) and the 
metal is grown inside the membrane (III.) caused by a current running from the anode (d.) to the cathode 
in the membrane. The metal (f.) is grown to the desired length (IV.) Finally, the tape, conductor and the 
membrane material are removed or etched away, leaving the electroplated wires. (b.) SEM micrograph of 
Whatman Anodisc membrane with a poresize of 200 nm. The scale bar indicates 1 µm. 
 

One starts with a membrane that has straight pores trough the membrane, in practice 

often an anodized aluminum membrane or a track etched polymer membrane. By coating 

one side of the membrane with a conductor, which will become the cathode, and placing 

a b
I.

II.

III.
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V.

a.

b.
c.

e.

d.

f.
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it in an electroplating solution, the pores can be used as a ‘mould’ for the growth. Finally, 

the membrane and the conductor are etched, leaving only the wires. The benefit of this 

method is that the diameter of the wires can be controlled by choosing the pore size of 

the membrane and the length of the wires is controlled by the current and time of the 

electroplating. Suitable membranes are commercially available with pore sizes from 20 

nm up to 20 µm, offering a great freedom in system design. 

Here, we used a Whatman Anodisc membrane with a pore size of 200 nm. Nickel was 

used as an electroplating material. The length of the rods is controlled with the 

electroplating current and time. Here, the rods were grown to a length of about 25 µm, 

resulting in an aspect ratio of about 100. Images of the wires are shown in Figure 8.6.  

 

5 µm

a b

 
Figure 8.6 Optical microscopy image (a.) and SEM image of nickel wires produced using the templated 
electrodeposition method. 

8.4.4. Device testing 

To study the effectiveness of these needles as mixers and pumps, a Y-shaped 

microchannel was fabricated from polydimethylsiloxane (PDMS), such that fluid 

behavior in the channel could be studied. The cross-section of the channel measured 0.5 

x 1 mm. In one inlet of the microfluidic system, pure water was used, in the other inlet 

dyed water. Using two syringe micropumps, the flow was controlled to 20 µl/min for 

each inlet. The nickel wires could be easily inserted by suspending them in water and 

injecting the suspension in one of the two channels. A permanent magnet pinned the 

nickel wires in the channel just after the fork and generates a rotating magnetic field with 

a controllable speed. A schematic of the set-up is shown in Figure 8.7. 

 

N S
1 x 0.5 mm microchannel

Fluid outFluid in

100 – 1000 rpm

Mixing area under observation

PDMS cartridge

 
Figure 8.7 Schematic of the experimental set-up for the mixing experiment. 
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With a microscope, the channel was observed and the mixing behavior studied. To test 

the pumping functionalities of the wires, a similar channel was used, but with only one 

inlet. The centrifugal pump design of Figure 8.4.b was used, where the inlet diameter was 

500 µm, the pump chamber had a diameter of 750 µm. Again, the nickel wires were 

inserted and pinned using the magnetic field of a permanent magnet. The magnet could 

be rotated, with the speed of rotation controllable up to 1000 rpm. To characterize the 

pump performance, we evaluate the pressure difference the pump creates. The system is 

filled such that the water partly fills the two capillaries on the inlet and the outlet. Due to 

the action of the pump, the water level in the inlet capillary should drop and the outlet 

level should rise. From the height difference in water levels created by the pump action, 

the pump head, the pressure generated by the pump can be calculated and the pump 

characterized (Figure 8.8). 
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Glass capillary PDMS channel
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Figure 8.8 Schematic of the experimental set-up to measure the pumping performance. 

8.5. Results  

8.5.1. Mixing performance 

The needles self-assemble into a few larger rods upon application of the magnetic field. 

The length of the rods is determined by the size of the channel. When the magnetic field 

is rotated the rods follow the alignment of the magnetic field. The strength of the field is 

large enough to prevent the needles from washing out of the channel when the flow is 

turned on. When there is no rotation, mixing of water and dyed water only occurs slowly 

through diffusion of the dye (Figure 8.9). Upon rotation (300 rpm) of the magnetic field, 

the assembly of rods follows the direction of the field, continuously reassembling after 

breaking at the channel wall. The rotation of the wires greatly improves the mixing speed, 

with vortices visible just after the mixing section of the channel. The presence of the 
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vortices indicates strong stretching of the boundary layer between the two liquids, 

thereby creating rapid mixing. 

 

 
Figure 8.9 Images of the ferromagnetic microneedles in the mixing channel with water and dyed water. 
The needles assemble into a few larger clusters (a.) and rotate when the magnetic field is rotated (b. and 
c.). When the rotation of the magnetic field is stopped, the original fluid pattern reappears (d.). Image e. 
shows an enlarged part of image c., showing the vortices in the channel. 

8.5.2. Pump performance 

When the wires are brought into the pumping chamber and rotated at 1000 rpm, a small 

pressure head appears of 50 to 100 µm. The exact displacement is hard to measure due 

to the meniscus of the water level inside the capillary. Using p g hρ∆ = ∆ , with ρ the 

density of water and g the gravitational field, the pressure difference of the pomp can be 

calculated, here about 0.5 Pa for a pump head of 50 µm. In a microsystem, typical 

required pump pressures are in the order of 1 – 10 kPa. [19] 

8.5.3. Discussion on suspended microneedles 

The nickel microneedles offer a solution to the mixing and pumping that is simple to 

implement and requires a limited number of processing steps. The separate 

manufacturing of mixers and microchip allows for low complexity in the fabrication. By 

pinning the needles in different locations, the function can be changed at will between a 

pump and a mixer. 

The downside of the design is the low output of the pump. We now turn to a deeper 

analysis of the pump performance to study the possibilities to improve pump 

performance. We approximate water as an incompressible liquid. In a centrifugal pump, 

the added velocity given to the water by the pump is turned into a pressure head, and 

thus there is a balance between the kinetic and the potential energy.  

a. b.

c. d.

e.



 

Chapter 8   

 136 

r1

r2

v1

v2

Ω

 
Figure 8.10 Schematic of the centrifugal pump constants, where v1 and v2 illustrate the input and output 
velocities, respectively, and r the corresponding radii. The rotational speed of the pump is Ω. 
 

The water enters the pump in the middle at radius r1 from the center, with velocity v1, 

and exits again at radius r2 with velocity v2. Taking into account the dimensionless pump 

efficiency η , the energy balance is: 

 ( )2 21
2 2 1mg h m v vη∆ = − . (8.10) 

If the pump rotates with rotational speed Ω and we assume that there are only velocities 

normal to the axial acceleration, this can be simplified to 

 ( ) ( )( )2 21
2 2 1g h r rη∆ = Ω − Ω  (8.11) 

For the pump in our experiment, Ω = 1000 rpm, r1 = 0.5 mm and r2 = 0.75 mm. This 

leads to a pump efficiency of η = 0.29, which is in agreement with typical values for 

rotary pumps. [20] 

Possibilities for improvement are immediately visible in this analysis. First, the centrifugal 

pumps work best if there really is a net fluid flow and thus the efficiency varies with the 

pump discharge. [14] In this static analysis, the net flow is zero, and thus low efficiencies 

can be expected. Furthermore, the difference between inlet and outlet diameter was 

limited for this pump design, and an increase in diameter could greatly enhance the pump 

output. One has to keep in mind however that the output of a centrifugal pump drops 

quadratically with the pump size, see equation (8.11), and thus further miniaturization 

will limit pump performance. It is therefore questionable whether the desired pump 

pressure of 1 kPa can be reached using this design. It is however possible to use a 

number of pumps in series to increase the output of the pumps. 
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8.6. Hinged ferromagnetic microcilia 

8.6.1. Introduction 

As an alternative to the design of the freely suspended rods, we return to the design idea 

of the ‘artificial cilia’ from the previous Chapters. We have shown that high aspect ratio 

ferromagnetic rods respond in a rotating magnetic field, and are interested to use the 

same principle for hinged ferromagnetic rods. In another study, the potential of flexing 

rods attached perpendicular to the substrate. For example [21] shows the actuation of 

bending rods using hydrogels. The systems respond fast and are claimed to offer control 

over flow, but the use of hydrogels limits the amount of control one can exert in Lab-on-

a-chip systems and therefore we are interested to build magnetic field actuated rod-arrays. 

In Figure 8.11 the schematic design of the cilia is shown. In their rest position, the cilia 

are attached in the upright position with respect to the substrate. By applying a magnetic 

field, either from a global field or from a local current wire, the cilia can be addressed.  In 

order to maximize the volume of ferromagnetic material, the top part of the cilium is 

nickel. As the bulk modulus of nickel is about 200 GPa [22], this section can be regarded 

as a stiff element. The bottom part serves as a hinge, and therefore a soft rubber, PDMS, 

is chosen, with a modulus of around 2.5 MPa.  

nickel

PDMS 
hinge

optional:
current wire

r

L

V

d

α
p

 
Figure 8.11 Schematic design of the hinged ferromagnetic cilia. The ferromagnetic part of the cilium has 
volume V, the hinge has height L and diameter r. The displacement of the rods is indicated with the 
deflection d and bending angle α. The distance between two rods is p. Optionally a current wire is 
included in the design, for addressing of the neighboring rods with the local magnetic field. 
 

To obtain an indication of the magnetic field required to deflect this element over a small 

angle (α = 10o) we perform a mechanical analysis of the bending. The layout of the cilium 

is sketched in Figure 8.11. We assume that the cilia have a circular cross-section and that 
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bending deflections are small. The moment of inertia Im is given by 41
4mI rπ= and the 

required moment τ can the be found using  

 
m

L
EI
τα = , (8.12) 

wherein E is the modulus of the hinge (2.5 MPa) and L the height of the hinge. For a 

hinge diameter of r = 0.5 µm and a height of L = 1 µm (aspect ratio 2), the torque 

necessary for a 10o bend is τ = 1.3 10-15 Nm. The rod is assumed to have the same cross 

section as the hinge and a length of 10 µm, giving a volume of ferromagnetic material is 

2 10-18 m3. With a SQUID measurement the magnetization curve of the sputtered nickel 

structures in this section was measured, giving a remanent magnetization Mr = 55.5 

kA/m and a coercive field strength of 22 mT.  With this information, it is now possible 

to evaluate if this 10o deflection can be reached with the magnetic fields that are available. 

In the most optimistic case, the direction of the field and the magnetization of the rod 

are perpendicular. Using equation (8.1), the necessary field strength for 10o deflection is 

estimated at 12 mT, which is just within the reach of our current wire (section 8.2.2). A 

similar calculation showed that for a significant contribution of the translation force, 

much larger fields gradients are necessary, and thus only the torque is of interest here. 

8.6.2. Glancing angle growth of ferromagnetic cilia 

As a design strategy to build the ferromagnetic cilia, glancing angle deposition of nickel is 

used. The high aspect ratio requirement of the flaps sets high demands for top-down 

strategies such as wet-etching, reactive ion etch (RIE) or lift-off processing. We therefore 

choose a bottom-up strategy, where the PDMS substrate is patterned first and the nickel 

structures are grown on top of the structured PDMS.  

Glancing angle deposition (GLAD) is a technique where material is deposited at a very 

high angle from the substrate normal. The shadowing effects of bumps on the substrate 

cause a porous film, where deliberate shadows can nucleate the growth of columns. By 

rotating the substrate during the film deposit, various shapes can be grown, including 

straight columns, zigzag structures or slanted posts. [23] Figure 8.12 shows a schematic 

of the manufacturing set-up where nickel is vapor deposited onto a PDMS sample. The 

PDMS sample is pre-patterned with the hinges, whereby the hinges also serve as nuclei 

for the column growth. The PDMS samples were made by curing the PDMS pre-

polymer (Dow Corning Sylgard 184) in a mould from SU-8 photoresist. 
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angle >80o

vapor flux

PDMS sample  
Figure 8.12. Glancing angle deposition on a pre-patterned substrate. 
 

The SU-8 (MicroChem Corp, USA) mould was made in two exposure steps from an 

interference pattern of two laser-beams. For more details on the interference holography, 

see for example [24]. To improve the structural properties of the mould, in particular to 

avoid adhesion of the SU-8 to the PDMS, the sample was first covered with an 

unpatterned layer of SU-8, and a second layer was patterned on top. Furthermore, the 

SU-8 mould was fluorinated to using (tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-

trichlorosilane (ABCR, Karlsruhe, Germany), following the procedures described in [25].   

1 µm2 µm

 
Figure 8.13 SEM images of the cross-section of the SU-8 mould (left) and a top view (inset). The final 

PDMS hinges, with a height of about 800 nm and width of 550 nm (right). 

 

The resulting PDMS hinges are shown in Figure 8.13. The PDMS hinges are spaced 2 

µm apart and are about 800 nm high and 550 nm wide. The posts are placed in a square 

grid. When nickel is sputtered on the samples, cauliflower-like structures are grown on 

the PDMS hinges (Figure 8.14). The structures are very regular over a large area. The 

nickel structure widens significantly compared to the PDMS host. The posts remain 

regular to a nickel height of about 1.5 µm. When growing higher posts, there sputtering 

of the nickel causes so much stress build-up in the nickel posts that the posts degrade 

and irregular structures appear. 
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1 µm 20 µm1 µm 20 µm20 µm

 
Figure 8.14 SEM images of GLAD deposited nickel on PDMS hinges: side view (left) and top view 
(right), showing the regularity of the structures. 

8.6.3. Characterization of GLAD cilia 

To test the response of the GLAD cilia, they were magnetized with a homogeneous field 

of 400 mT along the length axis of the posts. The sample was then placed in an optical 

set-up, where the transmission of collimated light through the sample was measured. 

Because of the close spacing of the cilia, it is assumed that the transmission of light 

changes when the cilia bend. A detector monitors the transmission at all angles from 0o 

to 60 o from the normal. Figure Figure 8.15 shows the experimental set-up. A field of 20 

mT parallel to the substrate was applied, creating the maximum possible torque. 

However, no deflection could be measured. Also at higher fields, no change was 

measured.  

cilia

hν

M

H

detector

 
Figure 8.15 Schematic of the test set-up for characterizing cilia motion. The magnetized cilia are brought 
into a magnetic field that is pointing parallel to the substrate. A detector measures the transmission of 
collimated light trough the sample over the hemisphere. 
 

There are a number of probable causes that no response was measured. First, the volume 

of nickel is quite small to generate the large torque necessary to bend this hinge. 

Simulations show that with a field of 20 mT, the maximum coercive field of the nickel, 

the expected deflection is 2.5o, which would easily fall within experimental noise. With 
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the techniques used here, it is hard to increase the aspect ratio of the hinge or to increase 

the volume of the nickel. Furthermore, the shape is not rod-like, but almost a sphere. 

This will not help to stick the magnetization perpendicular to the substrate. Upon 

application of a field parallel to the substrate, the magnetization direction may thus easily 

rotate and reduce the torque that can be applied. Also, there may be some nickel on the 

‘neck’ of the hinges, stiffening the hinges effectively. Analysis of SEM images of the 

hinges indicate a nickel layer of about 50 nm on the PDMS, which would be enough to 

stiffen-up the hinges, considering the very unfavorable location and high modulus. 

However, a short nickel etch did not help to create measurable motion.  

8.7. Templated growth of cilia: electrodepositing 
To improve the structures compared to the low achieved aspect ratios of the GLAD 

process, we switch back to the process that produced the high aspect ratio nickel needles 

in the first part of this Chapter: templated growth of the cilia. The templated 

electrodepositing approach is combined with the PDMS mould-casting process: the 

nickel wires are fabricated first, but are not grown through the full thickness of the 

membrane. Consequently, the PDMS casting method is used to cast the PDMS hinges 

with the membrane as mould. When the membrane is etched away, the PDMS and nickel 

wires are left, with the nickel wires on top of the PDMS hinges. In principle, more 

complex designs are possible by depositing multiple layers, for example the deposition of 

a softer material can again form a hinge half way the cilia. [26] The approach and the 

resulting system are shown in Figure 8.16. This method uses the relatively low-cost 

membrane to structure areas up to 10 cm2 with micrometer sized cilia in a simple process. 

The downside of this approach is that the cilia cannot be made ‘in situ’ and have to be 

integrated with a microchannel after fabrication. 

8.7.1. Characterization of the electrodeposited cilia 

Surprisingly, the PDMS attachment to the nickel is strong enough to survive the etching 

and drying step. The PDMS pre-polymer fills the pores under the capillary action, and 

there is no vacuum needed to achieve complete filling as the PDMS is permeable enough 

for most gasses. The cilia now have an aspect ratio that exceeds the minimum design 

requirements.  
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Figure 8.16 Processing steps for the creation of ferromagnetic cilia using templated electrodepositing (left). 
Cilia made in an Whatman Anodisc membrane with pore size 200 nm is shown right. The PDMS 
hinges have a length of 18 µm, the nickel wiresare 35 µm long (right image). 
 

In magnetic fields, no motion of the cilia could be observed. One of the most obvious 

causes is that the cilia are too close together. As was observed before, the rods cluster in 

a magnetic field. This may create friction between the rods that prevents them from 

rotating. Furthermore, the analysis of Whitney et al [18] showed that nickel grown rods in 

200 nm Anodisc membranes showed almost no effects of shape anisotropy when they 

were still in the membrane. Simulations in 2D confirm that the demagnetization factors 

change from N⊥  = 0.85 and ||N  = 0.15 for a spacing of 10 times the rod diameter, p = 

10 r, to N⊥  = 0.55 and ||N  = 0.45 for a spacing of 1 time the rod diameter (p = r). [27] 

Larger actuator spacing is achievable with a membrane with lower porosity. These 

membranes with a lower porosity are commercially available, and it was recently proven 

that a larger spacing indeed results in actuators that move in a magnetic field. [28] 

8.8. Recommendations and conclusions 
In this Chapter, the use of magnetic fields was studied for use as mixers and pumps in 

microfluidic systems. Magnetic actuators suffer from miniaturization, as the magnetic 

forces are volume forces and therefore when scaling down, generating large enough 

forces is a challenge. From the two designs tested, the freely suspended ferromagnetic 

rod design is the most promising. High aspect ratio ferromagnetic rods are easily made 

using templated electrodeposition in mircoporous membranes. These rods form excellent 

mixers and reasonable pumps for lab-on-a-chip systems. Using magnetic fields, the 
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ferromagnetic rods are pinned at will in the desired location, forming a mixer or a pump. 

A further optimization of the pump design should yield a better overview of the limits of 

this design. 

Fixed, hinged rods, in the shape of cilia, offer a much larger design challenge. Due to the 

small volume of the magnetic material, a volume effect, high fields are necessary to 

achieve any significant bending. At high aspect ratios, bending can be obtained with 

realistic fields. However, these high aspect ratios are hard to manufacture in practice. 

From the two explored routes, glancing angle deposition (GLAD) and templated growth 

in a membrane, the latter one has the highest potential. However, the spacing of the cilia 

has to be chosen carefully, as magnetic interaction and friction between the needles may 

significantly hinder motion. 
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9.  Technology assessment 

 

9.1. Introduction 
According to a recent market study, the future for responsive polymers is booming. [1] 

There already exist a number of commercial companies specializing in the production of 

responsive materials for artificial-muscle like applications, see for example the listing on 

the online webhub for artificial muscles, [2]. However the world-wide market is not yet 

very big: it is estimated that in 2007 the global turnover in artificial muscle materials, of 

which the materials in this thesis are a subclass, was only 15 M USD. [1] This small 

market penetration is attributed to a lack of standardization of product specifications by 

the manufacturers and reliability and durability issues of the currently available systems. 

 

Medical 
devices
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Construction 
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Figure 9.1 Market shares in 2007 for electro-active polymers over the applications.[1] 
 

Due to the benefits of the small footprint and the potential for high power-packing of 

the systems, the market for artificial muscle materials is expected to grow rapidly to 247 

M USD in 2012. The largest market by far (78% market share) is the market for medical 

devices, followed by textile applications (13%) and mechatronics (7%) (Figure 9.1). 

Another application of responsive polymers is in packaging. In particular the use of 

polymer sensors in packaging is attracting increasing attention, and it is estimated that the 

world market is annually growing at 30%, from 22 M USD in 2005 to 82 M USD in 2010. 

[3] In the following, the technology is discussed from the perspective of the four fields of 

applications discussed before: Lab-on-a-chip applications, textile, mechatronics and 

packaging. 
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9.2. Lab-on-a-chip applications 
The use of the liquid crystal networks as actuators in lab-on-a-chip devices depends on 

the technical requirements and the costs of the actuators relative to their alternatives 

such as external actuators and inorganic actuators. Currently, most lab-on-a-chip systems 

do not use actuators on the chip. They are based on passive systems driven for example 

by capillary action or use external actuators such as pumps or valves to achieve the 

desired control. On a short timescale of 3 – 5 years, it is unlikely that the quality and 

price of the LCN actuators can compete with these solutions. On a longer timescale 

however, the simplicity of these actuators and their small volume may become an 

attractive option. 

On a shorter timescale, LCN actuators are attractive for functions where high demands 

are set for the selectivity of the response. There are few alternative materials that can 

respond to different inputs such as two different wavelengths of light (Chapter 6) or heat 

and pH (Chapter 7). The freedom to choose the actuator input is larger than with any 

other material class and it allows for example tailoring the wavelength of the input from 

the less biologically compatible UV to the more biologically compatible VIS light 

(Chapter 6). One of the few material classes that can compete are hydrogels, but they 

lack the structural properties (modulus and strength) of the LCN actuators. A potential 

lab-on-a-chip application is in slow responding elements such as valves. To prove the 

applicability of these materials in hand-held devices, a simple battery driven device was 

build. In this device, LCN photoactuators were driven with UV-LEDs. Although the 

response was slow, the actuators responded even after 2 years. 

 
Figure 9.2 Battery operated device with UV-LED’s. LC network actuators mounted close to the 
LED’s bend in response to the UV light. 
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Very fast responses, with a characteristic timescale of less than 0.1 s, are still problematic 

for LCN actuators. The use of these materials for pumping and mixing applications, one 

of the objectives of this project, is limited by the slow speed of the response. The 

characteristic frequency of the actuators in Chapter 6 is in the order of 0.1 Hz, a factor 

100 lower than the minimum specifications. [6] The dynamics of the response are still 

poorly understood though, and the work in Chapters 4 and 5 show some possibilities for 

improvement. For example, in Chapter 4 it was found that the optical cis-trans response 

of azobenzene in glassy systems is faster than that in rubber systems. Since we can 

directly relate the optical reponse to the mechanical response, it is expected that 

optimization of the systems can yield a large improvement. Furthermore, the very fast 

responses that have been observed in rubber-photoactuators in air that were in the order 

of 30 Hz [6, 7] have not been reproduced in glassy actuators yet. It is expected that when 

the LCN photoactuators are driven at the same intensities of light (1 W/cm2 and higher) 

they will reach similar speeds and they will outperform the elastomers when a splayed 

alignment is used. At those very high intensities, the heat contribution to the motion will 

be dominating, see Chapter 3 and its appendices for a more detailed analysis. These high 

intensities may not be practical in lab-on-a-chip systems, as the heat may degrade the 

biological species on the chip and cause a high power consumption of the system.  

9.3. Textile applications 
Anybody that has ever worn an old-fashioned non-breathing rain coat will appreciate 

textiles that are able to breath and control body temperature. Responsive liquid crystal 

networks could be used to make garments based on woven fibers that respond to their 

environment. In this work, fiber processing of these materials has not been considered. 

The alignment of the LC-elastomers in the spinning process is very well possible and is 

an attractive route to large scale fiber manufacturing. Therefore several groups have 

started research activities in this field. Fiber spinning with the reactive monomers used 

throughout this work will be more challenging, as the low molecular weight of the 

monomers limits the viscoelastic behavior. Possible applications include textiles that 

respond to stimuli in the environment such as heat or humidity (sweat). Any success for 

LC actuators in this market will depend on the ability to fiber-spin the material and the 

ability to use the economies of scale to bring prices down.  
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9.4. Mechatronics 
Mechatronics is the field where mechanics and electronics meet, with applications 

varying from the lens positioning system in a CD-player to complex manufacturing 

systems. Currently, the mechatronics world is dominated by inorganics. Although metals 

or silicon may not have the processing advantages of polymers, inorganics are technically 

superior when it comes to speed. As electrical stimuli dominate in the mechatronics 

world, LC-actuators will find it hard to compete with their inorganic or hybrid 

counterparts: organic actuators outperform inorganic actuators in maximum strain, but 

loose on speed, durability and power. 

In disposable devices where performance (speed) is not an issue, the LC actuators are an 

attractive option. One can imagine toys that are driven by LC actuators. One journalist 

developed the idea of printable origami, where robot butterflies can be printed using a 

home desktop printer. [2] Flying butterflies may still be far off, but Chapter 6 shows that 

this inkjet printing on a home deskjet printer may be nearby. 

 
Figure 9.3 Artist impression of inkjet printing of responsive origami butterflies, where the artificial 
muscles are printed on the paper and can make the butterflies fly when folded into shape. [2] 
 

Inkjet printing may not be able to reach the desired precision when true microsystems 

are desired. In that case, lithography offers a route to higher resolutions. Already LC 

patterns with a line width of 100 µm have been made in planar-uniaxial and cholesteric  

LCN systems.[9] The splayed alignment causes more difficulties for patterning and it has 

not yet been possible to preserve the splayed alignment during the developing step in the 
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lithographic processing. It is believed that a reactive LC composition that enters a glassy 

state directly from cooling from the nematic phase will help preserve the alignment and 

would thus be beneficial for future applications. 

9.5. Packaging applications  
In packaging, polymers offer a clear advantage over many other materials, as they are 

light weight and low cost. In general, the materials used throughout this thesis are too 

expensive for use as a packaging material, but there are a number of applications where a 

small quantity of material can add a lot of value. The applications of food-safety sensors, 

laser markings and responsive insulator foils are discussed below. 

9.5.1. Cholesteric sensors 

In the Netherlands alone, consumers throw away 24 billion Euros of food. [10] A part of 

this food is still edible, but is thrown away as it has past the ‘best-before’ date. On the 

other hand, it is estimated that 300 000 – 700 000 people in the Netherlands suffer from 

food poisoning annually. About 25% of this is caused by seafood. One solution is to 

integrate sensors in the packaing that can sense the freshness of the food, rather than use 

a static ‘best before’ date. One embodiment of such a sensor is given in Figure 9.4.  

A number of products are already on the market that offer direct or indirect sensing of 

food freshness, see for example [9-11]. Responsive liquid crystal networks have a 

potential to be used as such sensors in the way that has been described in Chapter 7.  

Current situation Envisioned: safe milk Envisioned: spoiled milk

a. b. c.

 
Figure 9.4 Artist impression of responsive ink on a milk bottle. In the current situation, the best before 
date is static (a.), in the future, the bottle may be able to report the quality of its contents (b. and c.). 
 

As the material can simply be printed as ink on the packaging, the cholesteric sensors are 

thought to be cost competitive with these systems. In Chapter 7, it was shown that the 

cholesteric LC networks can be made to respond to temperature or a decay product of 

fish. Again here the versatility of the liquid crystal networks as a platform technology for 
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a number of sensing inputs offers many possibilities, such as the construction of a pint 

containing multiple sensing areas that are triggered by heat and different chemical stimuli.  

Before the cholesteric LC network sensors can be applied in food applications, a number 

of challenges have to be solved. Currently, the sensitivity of these systems has been 

poorly studied and it is likely that the sensors need to be more sensitive in order to detect 

the low concentrations relevant for the food industry. Second, the materials that make up 

the sensors have to be proven to be food compatible and, if they are not, strategies have 

to be developed to make them compatible.  

Another field of application for the cholesteric sensors are laser markings. Laser 

markings are used in many applications where polymer products have to be inscribed 

with a unique label. Most of the current systems such as DSM’s Micabs®, go from a 

colored state to a black (degraded) state. Furthermore, they need high intensities of 

laserlight to make the marking. The cholesteric LC networks can be used as an alternative 

system, where the marking is from one color to the other, including UV or IR reflecting 

states that are not visible to the eye. It is likely that the writing intensity can be tuned by 

altering the concentration of covalent- and noncovalent bonds in the network, which 

would allow lower intensities or faster writing speed. However, the market for laser 

markings is currently small and the current low price levels do not make this a likely first 

application for these cholesteric networks. 

9.5.2. Responsive foils 

When large area, low cost production of the LC networks comes within reach, they can 

be used as responsive foils in packaging. For many products, it would be beneficial if the 

packaging could adapt its properties depending on the environment it is in. Thermal 

insulation of a milk bottle for example would be desired during moments when the milk 

is kept outside the fridge, but when it is inside, thick insulation hinders rapid 

equilibration of the milk with the refrigerator temperature and is thus not desired. There 

are a number of applications where the active packaging adds high value, for example in 

the packaging of medical transplants. In that case, the price of the packaged contents 

justifies many measures to keep the contents at the required conditions. 

One example would be a foil covered with hairy structures that are raised when 

temperature drops below a certain level, very much like the hairs on a human body when 

it is shivering. The cilia-like structures shown in Chapter 6 can almost be directly used, 

although their thermal response starts at temperatures that are too high for biological 
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contents. Optimization of these systems for lower temperatures would be required for 

this application to become within reach.  

9.6. Recommendations for future research 
In conclusion, the versatility of the response inputs and the large potential strains makes 

responsive liquid crystal networks an attractive candidate material for many applications. 

To further exploit this potential, there are still a number of open questions that are 

fundamental in nature. For most applications, a deeper understanding of and a better 

control over the response speed is desirable. This work has only made a start by 

investigating the kinetics of the light driven systems, but the same question holds for 

example for the chemical agent driven systems. New and more selective input 

mechanisms are of interest for both lab-on-a-chip applications and for sensing 

applications. For the processing of these materials, realization of fiber-spinning of these 

materials would open the doors to the textile market. Development of a glassy reactive 

liquid crystal that allows high definition lithography would be desirable for micro systems. 

Finally, the adoption of these materials outside the lab into real applications, where they 

are tested for reliability and durability, will be the key to success.  
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Samenvatting 

 

Responsieve polymeren zijn interessant voor een groot aantal toepassingen, omdat de 

eigenschappen van deze materialen over een breed bereik ingesteld kunnen worden en 

het bovendien mogelijk is om ze tegen lage kosten en op grote schaal te fabriceren. 

Vloeibaar-kristallijne netwerken vormen een platformtechnologie voor deze responsieve 

materialen. Een groot aantal stimulusgevoelige moleculen kunnen worden toegevoegd 

om het polymeer gevoelig te maken voor warmte, licht, pH, waterdamp of biologische 

stimuli. De vloeibaar-kristallijne kernen van het polymere netwerk versterken de stimulus, 

wat snelle en grote responsies tot gevolg heeft. De responsies kunnen zowel mechanische 

als optische veranderingen zijn, en zijn naar wens reversibel of irreversibel te maken. 

In dit werk wordt het gebruik van deze materialen in microsystemen, zoals lab-on-a-chip, 

onderzocht. Actuatie met licht wordt gekozen omdat dit compatibel is met een natte 

omgeving en van afstand aangestuurd kan worden.Theoretische en experimentele 

resultaten laten zien dat door een optimalisatie van de moleculaire ordening in een ‘splay-

bend’ orientatie, de prestaties van buigende actuatoren sterk verbeterd kan worden. 

Daarnaast is er theorie ontwikkeld die de beweging van de actuator onder invloed van 

aansturing met licht beschrijft en deze theorie wordt door experimentele resultaten 

bevestigd. 

Voor toepassing in microfluidische systemen worden actuatoren ontworpen die 

gebaseerd zijn op cilia in natuurlijke organismen. Deze actuatoren kunnen dienen als 

pompen en mixers, maar daarvoor is het noodzakelijk dat de beweging van de cilia 

asymmetrisch in de tijd is. Verschillende manieren voor het genereren van deze 

asymmetrische beweging zijn onderzocht. Eén manier maakt gebruik van actuatoren 

bestaande uit verschillende delen die elk reageren op een andere kleur licht. Een andere 

manier maakt gebruik van een gradient in compositie van de actuator door de dikte van 

het materiaal, waardoor een sterk niet-lineaire responsie ontstaat. 

Verschillende methodes voor het miniaturiseren van deze actuatoren zijn verkend, 

waaronder lithografie en inkjet printen. Het is aangetoond dat met inkjet printen, 
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actuatoren kleiner dan een millimeter gemaakt kunnen worden, zonder dat de prestaties 

van de actuatoren daaronder te leiden heeft. 

Behalve de toepassing van vloeibaar-kristallijne netwerken als actuatoren is de toepassing 

als sensor ook onderzocht. Als het materiaal een cholesterische ordening heeft, kan dit 

een gedeelte van het licht reflecteren. Als de reflectieband in het zichtbare gedeelte van 

het licht ligt, lijkt het materiaal een kleur te hebben. Net als bij de actuatoren kan het 

netwerk gedeformeerd worden door de moleculaire ordening te verstoren of door het te 

laten zwellen of krimpen, hetgeen een zichtbare verschuiving van de reflectieband tot 

gevolg kan hebben. Het is aangetoond dat door gebruik te maken van waterstofbruggen 

in het netwerk, cholesterische sensoren kunnen reageren op vluchtige amines, pH of 

temperatuur. 

Als alternatief voor de licht gestuurde actuatoren zijn magnetisch gedreven, 

ferromagnetische systemen onderzocht. Magnetische velden zijn net als licht compatibel 

met een nat milieu en kunnen van afstand aansturen. Twee methodes zijn onderzocht om 

kunstmatige magnetische cilia te maken: ‘glancing angle’ depositie van nikkel op PDMS 

scharnieren en electrolytisch gegroeid nikkel in een membraan. De beste resultaten 

werden bereikt met electrolytische gegroeide staafjes die vrij in een kanaal ronddreven. 

Toepassingen van de actuatoren uit dit onderzoek liggen in medische applicaties zoals 

lab-on-a-chip systemen, maar ook in andere toepassingen zoals mechatronica en textiel. 

Omdat de materialen in een continu proces aan de lopende band verwerkt kunnen 

worden, hebben ze de potentie om in goedkope systemen zoals slimme verpakkingen of 

wegwerp applicaties toegepast te worden.  
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