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ABSTRACT OF THE DISSERTATION 
 

Fracture and adhesion of liquid crystal elastomers 
 

 
by 

 

Raja Annapooranan 

 

Doctor of Philosophy in Materials Science and Engineering 
 

University of California San Diego, 2024 
 

Professor Shengqiang Cai, Chair  
 
 
 
 
 

Elastomeric materials, characterized by their elasticity and energy dissipation capabilities, 

are crucial in everyday life. Over the years, the development of elastomers with novel properties 

is driven by the growing demand for materials that can meet the increasingly complex and specific 

requirements in automotive, aerospace, medical, structural and industrial applications and enable 

new applications such as soft robotics and flexible electronics. Liquid crystal elastomer is one such 

material system that combines liquid crystals with rubbery polymers, which gave rise to several 

unique properties such as anisotropic elasticity, stimuli responsiveness and actuation, energy 



xv 

dissipation, photoelasticity and reversible adhesion. Since materials need to withstand multiple 

cycles of mechanical loading and exposure to thermal fields in real world applications, it is 

important to understand the rate and temperature dependent properties of liquid crystal elastomers, 

which will result in the development of robust materials and reliable engineering structures. 

 

In this dissertation, we first explore the rate and temperature dependent fracture properties 

of liquid crystal elastomers and develop predictions of the temperature of self-rupture for various 

geometries. Secondly, we develop an interpenetrating network strategy to improve the high 

temperature fracture and fatigue properties of liquid crystal elastomers, while preserving their 

actuation properties. Then, we develop a pressure sensitive adhesive using liquid crystal 

elastomers and explore the ultra-high rate dependence of adhesion energy. Finally, we study the 

enhanced adhesion of liquid crystal elastomers on various rough surfaces. We hope that the 

understanding of the fracture and adhesive properties of liquid crystal elastomers and the strategies 

developed to further improve these properties using materials chemistry will translate to real world 

in solving critical challenges in medical technology, robotics, automotive, aerospace and industrial 

applications 



1 

Chapter 1 Introduction 
1.1 Background  

  Elastomers are polymer materials commonly known for their elasticity, are comprised of 

long crosslinked molecules, which are generated by the polymerization of smaller molecules or 

repeating units called monomers. These long molecules by themselves form a viscous liquid which 

on crosslinking or curing form a three-dimensional network structure1. Under zero external stress, 

these thermally fluctuating chains possess a random coil configuration with high entropy. On 

applying an external stress, the chains become more aligned which causes a reduction in entropy. 

Following the laws of thermodynamics, the entropy of an isolated system always increases.  

Therefore, an entropic restoring force provides the origin for the elasticity or the tendency of 

elastomers to return to their original shape. The combination of entropic elasticity and the long 

polymer molecules with intermolecular friction or viscosity, gives rise to the viscoelastic 

properties of elastomers that are dependent on temperature and time. 2  

There are archeological evidences for the use of natural rubber in Latin America dating 

back to 1600 BC.3 Today, elastomers are ubiquitous in everyday life with applications such as 

automobile tires, seals, gaskets, medical devices, vibration dampers, conveyor belts, consumer 

goods, adhesives and so on. Therefore, the understanding the physical properties of elastomers can 

improve the durability of existing materials and lead to the development of elastomers with novel 

properties, which in turn can pave way for new applications such as soft robotics, artificial muscles, 

flexible electronics, bio-compatible implants, energy harvesting etc 4. 
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1.2 Liquid crystal elastomers 

  Liquid crystals are rod like molecules which can flow like a liquid but also exhibit some 

orientational alignment like a crystalline solid. Liquid crystals are known for their anisotropic or 

direction dependent properties and are widely used in display technologies. Liquid crystal 

elastomers (LCE) are synthesized by combining liquid crystal molecules into an elastomeric 

polymer network.5  This combination endows LCE with unique properties such as anisotropic 

elasticity, shape memory, birefringence, photoelasticity and so on, out of which thermomechanical 

actuation and energy dissipation have generated great interest in the recent times.  6 

  An actuator is a device that converts input signal, in the form of energy, into output work, 

in the form of force and displacement. There is a great demand for novel actuators in medical 

devices, robotics and wearable devices, that are lightweight, versatile and safe for human 

interaction.4 The traditional types of actuators including hydraulic, pneumatic, electromagnetic 

etc, can be bulky, hard to miniaturize and might not be safe. On the other hand, soft actuators 

consisting of polymer materials, are compliant like the human muscle and can respond to various 

external stimuli such as heat, light, electric and magnetic fields7. Liquid crystal elastomer is a 

leading candidate of soft actuators, owing to the large reversible actuation, work capacity, specific 

power and programmable deformation under heating and cooling cycles8. Heating LCE changes it 

from an anisotropic nematic state to an isotropic state, which results in reversible actuation. In real 

world applications, liquid crystal elastomers will be subjected to cyclic loads and heating-cooling 

cycles as a thermomechanical actuator. Under static and cyclic loading of elastomers, the presence 

of any small defects or cracks can lead to decreased performance over time or even result in 
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catastrophic failure. Therefore, it is important to understand the temperature dependent fracture 

properties of liquid crystal elastomers, for designing robust soft actuators for various applications.  

 Due to their viscoelastic properties, elastomers are used in vibration attenuation, noise 

reduction, impact absorption and seismic dampers for buildings9,10. When elastomers are subjected 

to loading, they can dissipate a fraction of the input mechanical energy due to friction between the 

polymer chains11. The viscoelastic energy dissipation is frequency and temperature dependent, 

therefore the elastomers must be carefully designed based on the application criterion. One widely 

used technique to improve the damping abilities of elastomers, is to add fillers like silica and 

carbon black, which further enhance chain friction.  But the addition of fillers can lead to other 

properties such as increased stiffness and processing difficulties which might not be suitable for 

some applications12. Therefore, various combinations of materials and structural designs are 

constantly being explored for damping. Elastomeric adhesives, also rely on energy dissipation for 

providing robust adhesion between two substrates. 13 

 Liquid crystal elastomers have shown excellent energy dissipation under mechanical 

loading, for a wide range of temperature and frequencies14,15. The enhanced dissipative properties 

arise from the viscosity due to rotation of liquid crystal mesogens in addition to the polymer chain 

friction, which manifests as a large hysteresis area in the stress-strain curve. Over the past few 

years, various studies have explored the benefits of using liquid crystal elastomers for damping 

and vibration attenuation16,17. Due to compatibility with 3D printing, various structures have been 

fabricated using LCEs to further enhance the dissipative capabilities18. Since the dissipative 

properties of LCE are dependent on temperature, heating up LCE above the nematic transition 

temperature can change it into an isotropic elastomer with lower dissipation19. In the context of 
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adhesion, this large change in viscous dissipation has been recently harnessed to develop 

switchable adhesives triggered by temperature and light20,21.  

1.3 Dissertation structure 

 The objective of my dissertation is to understand the fracture and adhesive properties of 

liquid crystal elastomers and use materials chemistry to further enhance these properties. This 

dissertation is organized as follows :  

 Chapter 1 introduces the background of elastomeric materials and an overview of liquid 

crystal elastomers. In Chapter 2, we probe the rate and temperature dependent fracture properties 

of LCE and make predictions for the temperature of self-rupture of LCE. In Chapter 3, we describe 

an interpenetrating network strategy, to improve the high temperature fracture and fatigue 

properties of LCE. In Chapter 4, we study the adhesives developed using liquid crystal elastomers 

that show an anomalously high-rate dependence. In Chapter 5, we study the adhesion of liquid 

crystal elastomers on very rough surfaces. Chapter 6 summaries the dissertation and provides 

outlooks for future works.  
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Chapter 2 Thermally induced self-rupture of a constrained liquid crystal elastomer 
 

2.1 Introduction  
 

Inspired by the compliance and resilience of animal muscles, there has been a substantial 

surge in the development of various soft actuators recently 22–26. Liquid crystal elastomer (LCE) is 

one such soft actuating material with several fascinating properties. LCEs can be reversibly 

actuated by different stimuli like heat and light, exhibit large actuation strains and work density 

6,27 , can be 3D printed into complex geometries 28,29 and in some cases are re-processible and 

reprogrammable 30–32. These promising advancements endow LCE with great potential in 

applications such as artificial muscles, soft robots, biomedical and biomimetic devices 33–37.  

In LCEs, rod-shaped liquid crystal mesogens are covalently bonded to polymer chains, 

resulting in a crosslinked elastomeric network, while preserving some of the liquid crystalline 

properties. Using the two-step method 38–41, a crosslinked LCE with the mesogens aligned 

uniformly along a direction can be obtained, which is also defined as a “monodomain LCE”. The 

thermally driven actuation of a LCE is due to the nematic to isotropic transition, where the polymer 

chains transform from an anisotropic to an isotropic conformation on heating 42,43.  

When used as a thermally driven soft actuating material, LCEs are subjected to various 

mechanical loads and heating, to generate work. A free-standing LCE sample can contract on 

heating, but in the applications, the LCE actuators are often subjected to a mechanical load, or the 

deformation is nearly constrained with large actuation stress being generated by the LCE sample. 

As a result, the LCE often ruptures by its own actuation stress (as shown in Figure 2.1) or the 

external load. Therefore, understanding and predicting the fracture behavior of LCEs at different 

temperatures is critical for their applications.  
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Figure 2.1 : Photographs of the thermally induced self-rupture of a monodomain liquid crystal 
elastomer sample with a precut. The displacement of the sample was fixed and the precut sample 
was subjected to a temperature increasing from 20°C to 91°C, with a ramp rate of 0.1°C/s.  The 
vertical arrow indicates the mesogen alignment direction (n). Note, at lower rates of heating, 
complete rupture happens at a narrower temperature range. 
 

In this work, to investigate the fracture of monodomain LCEs, we measure the fracture 

toughness of monodomain LCE at different temperatures and different strain rates using pure shear 

test. We observed that the fracture energy of LCE decreases drastically at higher temperatures and 

at lower loading rates. Such measurements enabled us to quantitatively predict the thermally 

induced self-rupture of a constrained monodomain liquid crystal elastomer.  

 

2.2 Methods  
 
2.2.1. Chemicals  

  1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (RM257) (Wilshire 

Technologies; 95%) , 2,2′-(ethylenedioxy) diethanethiol (EDDET; Sigma-Aldrich; 95%), 

pentaerythritol tetrakis (3-mercaptopropionate) (PETMP; Sigma-Aldrich; 95%), (2-
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hydroxyethoxy)-2- methylpropiophenone (HHMP; Sigma-Aldrich; 98%), dipropylamine (DPA; 

Sigma-Aldrich; 98%), were used as received without further purification.  

 

2.2.2 Synthesis of Liquid crystal elastomers (LCEs)  
 

  LCEs were synthesized following the two-stage reaction from previous literature 38. Liquid 

crystal monomer RM257 (10.975 g, 18.6 mmol) was dissolved in Toluene at 85°C. To this mixture, 

EDDET (3.076 g, 16.9 mmol), PETMP (0.244 g, 0.5 mmol), DPA (0.038 g, 0.4 mmol) and HHMP 

(0.077 g, 0.3 mmol) were added, which corresponds to a    

mol % ratio of RM257/EDDET/PETMP = 104%/94.4%/5.6%. Then the mixture was poured in a 

glass mold and left for 24 hours at room temperature for the first stage crosslinking reaction to 

conclude. Then the loosely crosslinked LCE film was placed in an oven at 85°C for 12 hours to 

evaporate the solvent. Finally, the loosely crosslinked LCE film was uniaxially stretched to a strain 

of ε=100%, and placed under an ultraviolet lamp (365 nm, 100W) for 15 minutes to complete the 

second stage crosslinking reaction of the excess acrylate groups (4%) from RM257 and obtain a 

monodomain LCE film. In all the mechanical tests, the LCE samples were prepared such that the 

liquid crystal mesogens (monodomain) were aligned along the direction of the applied tensile load. 

The nematic to isotropic transition temperature (TNI) of this LCE is reported to be 75-80°C 38.  

 

2.2.3 Measurement of fracture energy of LCE at different temperatures  

 

  We conducted the mechanical tests using TA instruments Electroforce 3300 with a 250 lbf 

load cell and a temperature chamber. When a free-standing LCE sample of height HO is heated to 

a temperature T, the sample contracts along the mesogen alignment direction, and the 
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corresponding strain is defined as the actuation strain as denoted by εa(T). If an LCE sample is 

fixed between the grippers of the tensile tester and heated, the contraction is restricted, and it can 

generate actuation stress of 100-500 kPa. Therefore, at a given temperature T, prior to the test, the 

sample height is decreased by the corresponding actuation strain to begin the tensile test at a stress-

free state.  

 

To measure the fracture energy of LCE, we adopted the pure shear test 44–50. In this method, 

two rectangular LCE samples (~10mmx 50mm) were glued on to acrylic plates (Figure 2.2). An 

edge crack (length=2*Ho, ~20mm) was created in the precut sample using a sharp razor blade. At 

a fixed temperature, the precut sample was subjected to a monotonically increasing tensile load 

and the critical strain at which the sample ruptured (εc) was noted. Then, a pristine LCE sample 

was also subjected to a monotonically increasing tensile load until failure. Strain (ε) is defined as 

ε = (h-H(T))/H(T), where h is the height of the sample in the deformed state and H(T) is the height 

of the sample in a stress-free state at that temperature.   
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Figure 2.2: Pure shear test of monodomain LCE for measuring its fracture energy at a constant 
temperature. The figures on the left show the configuration of the LCE in free standing state and 
the figures on the right show the deformed configuration. (a) Photos of pristine LCE sample, (b) 
Photos of LCE sample with a precut. Strain (ε) is defined as ε = (h-H)/H.  
 
 

The fracture energy Γ can be calculated as 

 

Γ=W(εC)×H          (1.1) 

 

where W is the external work density, which is obtained by integrating the stress-strain curve of 

the pristine samples between ε=0 to ε=εc, (εc is the critical strain at rupture for the precut samples) 

and H is the height of the samples in a stress-free state. This test was performed at different 

temperatures (20,40,50,70,90°C) and strain rates (0.5 s-1, 0.01 s-1, 0.001 s-1, 0.0001 s-1).  
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For visualization purposes, the data from the tensile tests were smoothed using “smoothdata” 

function with ‘sgolay’ option on MATLAB (R2021a) to generate the stress-strain curves.  

 

 

 

Figure 2.3: Stress-strain curves of pristine LCE samples subjected to pure shear loading at 
different temperatures (20°C, 40°C, 50°C, 70°C and 90°C) and at loading rates of (a) 0.5 s-1, (b) 
0.01 s-1, (c) 0.001 s-1 and (d) 0.0001 s-1. The black crosses at the end of the curves (x) indicate 
rupture.  
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Figure 2.4: Stress – strain curves of LCE samples with precut subjected to pure shear loading at 
different temperatures (20°C, 40°C, 50°C, 70°C and 90°C) and at loading rates of (a) 0.5 s-1, (b) 
0.01 s-1, (c) 0.001 s-1 and (d) 0.0001 s-1. The black crosses at the end of the curves (x) indicate 
rupture. 
 

  It is to be noted that there are still quite a few fundamental debating questions regarding 

the fracture in viscoelastic solids. We do not try to address those fundamental problems in this 

paper. The original Rivlin and Thomas analysis 51 assumed that the material is hyperelastic without 

viscosity. However in practice, it not uncommon that the original analysis was extended and used 

similar ways to measure rate-dependent fracture energy of viscoelastic materials44–46. It is 

important to note that in the Rivlin-Thomas analysis, W is the strain energy density of the material 
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which is the same as external work density. However, for a viscoelastic material, the W in the 

equation is external work density, which is not the same as strain energy density. Despite this, the 

measured fracture energy of a viscoelastic material based on pure shear testing method is often a 

material constant.  

 

2.2.4 Heating induced self-rupture of a constrained LCE 
 
  In this test, rectangular LCE samples (pure shear) with five different heights (Ho = 

5,7.5,10,12.5 and 15mm) and an edge crack (length=2*Ho) were used. The samples held between 

tensile testing grippers inside a temperature chamber, without any applied pre-strain. The sample 

was then subjected to a temperature ramp from 20°C to 100°C at a rate of 0.01°C/s with its 

boundary being constrained (iso-strain) as shown in Figure 2.1. The temperature at which the 

sample catastrophically ruptured due to the actuation stresses was measured.  

 

2.3 Results and Discussion 
 

2.3.1 Dependence of Fracture energy and Rupture strain on Strain rate and Temperature 
 

Figure 2.3 shows the tensile stress-strain curves for pristine LCE samples at different strain 

rates and temperatures. At a constant temperature, the stress at rupture of the pristine sample 

generally decreased when the loading rate was reduced from 0.5 s-1 to 0.0001 s-1.  
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Figure 2.5: (a) Rupture strain (εc) of precut LCE samples and (b) Fracture toughness of LCE, at 
different temperatures (20°C, 40°C, 50°C, 70°C and 90°C) and loading rates (0.5 s-1, 0.01 s-1, 0.001 
s-1 and 0.0001 s-1). The solid markers denote the mean value of three samples and error bars 
represent one standard deviation.  (b) Inset : Linear fitting of fracture energy data (loading rate : 
0.0001 s-1) between 50-90°C. Equation of linear fit Γ(T)=A×T+B where A = -5.0962 J.m-2.°C-1, B 
= 503.51 J.m-2.  
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For the precut samples (Figure 2.4 and Figure 2.5a), the strain at which the samples 

catastrophically ruptured also dropped with increase in temperature or decrease in loading rate. 

This resulted from the dramatic reduction of the fracture energy of LCEs at high temperatures and 

low loading rates. Figure 2.5b summarizes the fracture energy of LCE, which decreased from 

25.37 kJ/m2 at 20°C and a strain rate of 0.5 s-1 to 41.82 J/m2 at 90°C and a strain rate of 0.0001 s-

1. The dependence of fracture energy of LCE on the temperature and strain rate agrees well with 

that of most elastomers 47–49,52,53. Previous studies have shown that an LCE can exhibit strong 

viscoelasticity, resulting from the mesogen rotation and the sliding between polymer chains 

15,19,54,55. The main reason for such rate and temperature dependence of the fracture energy is the 

reduction of viscoelastic dissipation of the elastomer at high temperature and low strain rate 47,53.  

  

As seen in Figure 2.5b, at 90°C the fracture energy of LCE drops from 1570.51 J/m2  at 0.5 

s-1 to 41.82 J/m2 at 0.0001/s rate. The fracture energy at the highest measured temperature and 

lowest strain rate (41.82 J/m2) is in the same order as the threshold fracture energy (50-100 J/m2 ) 

predicted by the Lake-Thomas model and observed in several elastomers 47,49,56. Compared to the 

fracture energy of natural rubber (~ 10000 J/m2)45 and skeletal muscles (~2490 J/m2)57, one can 

notice that LCE is quite tough at room temperature, but it becomes very brittle at high temperature 

with small strain rate. Therefore, our results indicate that for the application of LCE as thermally 

actuating material, it requires toughening mechanisms for enhancing its fracture toughness above 

the nematic to isotropic transition temperature (TNI), to prevent unexpected failure.  
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Figure 2.6: (a) Actuation strain εa(T) of LCE at various temperatures with a linear fit, where εa(T)= 
(Ho–H(T))/H(T), Ho is the height of the sample at room temperature and H(T) is the free-standing 
height of the sample at temperature T. The range of temperature for the linear fit is 50-90°C. The 
equation of linear fit is ϵa(T) =	C×T+D, C = 0.00493 °C-1 and D = -0.18569.  (b) Temperature 
dependent effective work density W*(T) between 50-90°C, with a linear fit. Equation of linear fit 
is W∗(T)=E×T+F;	 where E = 971.47 Pa.°C-1, F = 46682 Pa. (c) The temperature of thermally 
induced self-rupture of precut LCE samples of height Ho (5-15mm). The solid markers denote the 
mean experimental result of three samples and error bars represent one standard deviation. The 
dashed black line represents the theoretical predictions. 
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2.3.2 Self-rupture of a constrained LCE 
 

  When a free-standing LCE sample is heated to a temperature T, one can observe the 

contractile actuation strain (εa(T)) along the monodomain direction. On the other hand, if the 

displacement of an LCE sample is fixed and then heated to temperature T, the contraction is 

constrained. As a response, actuation stress is generated in the LCE sample.  The increase of the 

actuation stress together with the reduction in the fracture energy at high temperatures (Figure 

2.5b), cause the rupture of the constrained precut LCE sample as shown in Figure 2.1.  

 

  Figure. 2.6C shows the temperature of self-rupture for precut LCE samples with different 

heights (5-15mm). Given that the fracture energy of an elastomer is independent of specimen 

geometry, we can predict the critical temperature, at which the constrained LCE with different 

dimensions ruptures. For a displacement constrained precut LCE sample of height Ho at room 

temperature, its energy release rate (G) at an elevated temperature T can be given as:  

      

G(T)=W∗(T)×H(T)         (1.2) 

   

where H(T) is the height of the LCE sample at temperature T in the free-standing state such that 

H(T)=H0/(1+ϵa(T)) with ϵa(T) the actuation strain as the offset in the stress-strain curve shown in 

the inset of Fig.6b. The actuation strain of LCE at different temperatures is shown in Figure 2.6a. 

Inset of Figure 2.6b shows the schematics for the determination of the temperature dependent 

effective work density W*(T) at different temperatures, where T0 is the room temperature. For a 

given temperature T>T0, the stress-strain curve of pristine LCE is offset by the actuation strain 

εa(T) of LCE at that temperature. The corresponding W*(T) is obtained by integrating the stress-
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strain curve between strain ε=-εa(T) to ε=0 and W*(T) is the shaded area in grey. When the energy 

release rate reaches the fracture energy of LCE, namely,	G(T)=Γ(T), the LCE sample ruptures, 

where Γ(T) is the fracture energy of the LCE measured at the lowest strain rate (0.0001 s-1) shown 

in Figure  2.5b. We obtain the function Γ(T), ϵa(T) and W*(T) by a linear fit of the experimental 

results between 50°C and 90°C in Figure  2.5b, Figure 2.6a and 2.6b respectively. The fitting 

functions are Γ(T)=A×T+B;  ϵa(T)= C×T+D, W∗(T)=E×T+F; where A = -5.0962 J.m-2.°C-1, B = 

503.51 J.m-2, C = 0.00493 °C-1 and D=-0.18569, E = 971.47 Pa.°C-1, F = 46682 Pa.  

 

Figure 2.7: The temperature of thermally induced self-rupture of precut LCE samples of height 
Ho (5-15mm) at two temperature ramp rates : 0.01°C/s (Red) and 0.1°C/s (Blue). The solid markers 
denote the mean experimental result of three samples and error bars represent one standard 
deviation. 

 

  With a given H0, the fitting equations above and the equation (1.2) allow us to predict the 

critical temperature T at which the LCE ruptures. The comparison between the prediction and the 

experimental measurements are shown in Figure 2.6c, which shows good agreement. For the 
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temperature ramp rate of 0.01°C/s, the average strain rate corresponds to approximately 0.00005 

s-1. Hence, we used the fracture energy measured at the lowest loading rate (0.0001 s-1) to predict 

the rupture temperature, since the viscous effects are minimal at this loading rate. For higher rates 

of heating, the fracture energy corresponding to an appropriate higher loading rate can be used to 

predict the rupture temperature. The theoretical predictions and experimental results of the self-

rupture temperature of precut LCE samples at a higher heating rate (0.1°C/s) is given in the Figure 

2.7 and 2.8.  In this work, we ignored the effect of the wavy configuration on the stress state in the 

sample, since the wavy crack morphology only becomes obvious after the crack extends through 

the elastomer (as seen in Figure 2.1). These results can help one to choose the appropriate geometry 

for designing structures using LCE that can reliably perform in a certain temperature range.  

 

Figure 2.8: The temperature of thermally induced self-rupture of precut LCE samples of height 
Ho (5-15mm) at a heating rate of 0.1°C/s. The solid markers denote the mean experimental result 
of three samples and error bars represent one standard deviation. The dashed red line represents 
the theoretical predictions using 0.001 s-1 fracture data. 
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2.4 Conclusion 
 

  In this chapter, we systematically explore the fracture properties of liquid crystal 

elastomers at different temperatures and loading rates. LCE, being a viscoelastic material, shows 

rate and temperature dependent fracture behavior. At high loading rates and low temperatures, 

LCE is a tough elastomer. But once it is heated above the isotropic transition temperature, the 

viscous dissipation effects are minimized, leading to lowered fracture energy. Using the measured 

fracture energy, we can predict the rupture temperature under self-actuation stress for monodomain 

LCE. We believe that the results from this article can be used in designing LCE structures for 

various applications. The results also shine a light on the need to incorporate toughening 

mechanisms that can improve the fracture properties of LCEs at high temperatures.  
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Chapter 3 Highly durable and tough liquid crystal elastomers 
 
 
 
3.1 Introduction 
 

Liquid crystal elastomer (LCE) is an emerging soft actuating material, that has garnered a 

lot of attention over the past few years. LCEs are synthesized by covalently bonding rod-shaped 

liquid crystal monomers in a flexible polymer network. The long-range orientational order of 

liquid crystal molecules or mesogens, combined with the elasticity of the polymer network results 

in the unique properties of LCE. Using different stimuli like heat and light, LCEs can undergo 

reversible and programmable actuation with large actuation strains and work densities 6,43,58. 

Various surface alignment techniques allow LCEs to be patterned in a precise molecular order to 

produce complex deformations 59 and different types of aligned LCE structures can be fabricated 

using 3D printing techniques 28,60,61. Introducing dynamic covalent bonds into the polymer 

networks, allows LCEs to be reprocessible and reprogrammable 30–33,62. The unique thermo-

mechanical properties, combined with the advancement in the fabrication techniques, has made 

LCE an emerging candidate for soft robots 35,37, artificial muscles 26,27,34, micromechanical systems 

63,64, biomedical 36 and wearable devices 65.  

Thermally actuated LCEs can be synthesized by the two-step method, where mechanical 

stretch is used in the alignment of the mesogens, resulting in a highly anisotropic “monodomain 

LCE” 38. On heating a monodomain LCE above the nematic to isotropic transition temperature, 

the polymer chains transform from an anisotropic to an isotropic conformation, causing notable 

macroscopic deformation, which is reversible on cooling 42. When used as a thermal actuator, LCE 

can be subjected to numerous heating-cooling cycles and prolonged cyclic mechanical loading 63. 

It has been often observed in the experiments that LCE can be ruptured by externally applied 
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mechanical load or heat induced stresses. A recent work has shown that LCE is tough at room 

temperature, but the fracture energy of LCE decreases severely with increasing temperatures 66. 

Nevertheless, in practical applications, LCE should have adequate high temperature fracture and 

fatigue properties to reliably perform as an actuating material for multiple cycles.    

There have been significant advancements to improve the fracture and fatigue properties 

of soft materials like elastomers and hydrogels recently 48,67,68. While the intrinsic fracture energy 

of elastomers is usually in the order of 10-100 J/m2, substantial toughening has been possible due 

to the introduction of various dissipative mechanisms. For example, viscoelasticity of polymer 

network can dissipate energy during crack extension, which contributes to the fracture energy of 

the elastomer 10,50. However, such viscous dissipation decreases with the increase of environmental 

temperature.  The addition of fillers have been also used to significantly improve the tearing energy 

of elastomers, at the expense of increased stiffness 49. Addition of nanofibers to hydrogels can 

result in mechanical energy dissipation through fiber pull-out and fracture 69. By controlling the 

macromolecular architecture, for example, high-functionality crosslinks can create tough 

hydrogels, as the shorter polymer chains can fracture and dissipate energy 70. A high degree of 

entanglements created by long polymer chains have been shown to improve toughness, strength 

and fatigue properties of gels. 71  

Among the different toughening techniques, interpenetrating polymer networks (IPN) have 

proven to be versatile for enhancing the fracture energy while maintaining the stretchability of the 

networks. The double network tough hydrogels, developed first by Gong and coworkers 72, used 

the rupture of the pre-stretched first network to dissipate mechanical energy, while the longer 

second network maintained the extensibility. The double network hydrogels also exhibited a 

fatigue threshold higher than 400 Jm-2 44. Followed by this work, various other IPN and semi-IPN 
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have been used for fabricating tough hydrogels and elastomers, using covalent and ionic crosslinks 

45,73. Although a recent work has shown that IPN can improve the tensile strength of LCE 74, it is 

unknown how IPN may enhance the fracture toughness and fatigue of LCE.   

 

  When it comes to using IPN to enhance the mechanical properties of a soft actuating 

material like LCE, it is important to consider the following requirements 1) The compliance of the 

network should be maintained to not impede actuation, namely, high stiffening should be avoided, 

2) Easy alignment of mesogens during synthesis should be possible, i.e the second network cannot 

be too brittle to be completely ruptured during mesogen alignment using mechanical stretch. 

Keeping the above challenges in mind, we use the IPN strategy to synthesize Double network LCE 

(DNLCE), using an acrylate LCE network and a non-LCE polyurethane (PU) network. 

Polyurethane was chosen as the second network for its softness, large stretchability, and the easily 

tunable crosslinking chemistry. Compared to the single network LCE (SNLCE), the DNLCE 

samples show improved high temperature fracture energy and resistance to fatigue crack growth, 

while retaining the actuation properties. This simple technique allows for the fabrication of LCE 

actuators that are tough and can reliably perform at high temperatures for greater number of cycles.   

 
3.2 Methods 
 
3.2.1 Chemicals  

1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (RM257) (Wilshire 

Technologies; 95%) , 2,2′-(ethylenedioxy) diethanethiol (EDDET; Sigma-Aldrich; 95%), (2-

hydroxyethoxy)-2- methylpropiophenone (HHMP; Sigma-Aldrich; 98%), dipropylamine (DPA; 

Sigma-Aldrich; 98%), N-N-Dimethylformamide (anhydrous DMF; Sigma-Aldrich; 99.8%), 4,4'-



23 

Methylenebis(phenyl isocyanate) (MDI; Fisher Scientific; 98%), Trimethylolpropane (TMP; 

Sigma-Aldrich 97%), Poly(propylene glycol) (PPG; Sigma-Aldrich; average Mn ~2,000); were 

used as received without further purification.  

3.2.2 Synthesis of polydomain Single network Liquid crystal elastomer (SNLCE)  

  LCE oligomer was synthesized by the Michael addition reaction between liquid crystal 

monomer RM257 and the chain extender EDDET, which was then UV crosslinked to obtain 

polydomain LCE. RM257 (10 g) was dissolved in 10 ml of DMF. Then, the chain extender EDDET 

(2.692 g), catalyst DPA (0.03447 g) and photoinitiator HHMP (0.06406 g) were added to this 

mixture and stirred at room temperature for 12 hours, to obtain the LCE oligomer. The oligomer 

was degassed and poured in a glass mold and placed under a UV lamp (365 nm, 100 W) for 15 

minutes to get a partially crosslinked LCE, which was then left in an oven at 85°C for 24 hours to 

evaporate the solvent. Finally, the LCE film was placed under UV lamp for 60 minutes to ensure 

complete crosslinking.  

3.2.3 Synthesis of Single network Polyurethane elastomer (PU)  

  Polyurethane elastomer was synthesized by the reaction between monomers (MDI), chain 

extender (PPG) and crosslinker (TMP). MDI (5g), PPG (18.789 g) and TMP (0.947 g) were 

dissolved in 25 ml of anhydrous DMF and stirred at 65°C for 2 hours under nitrogen atmosphere. 

The mixture was degassed, poured in a glass mold and placed in an oven at 85°C for 48 hours to 

evaporate the solvent and ensure complete crosslinking.  
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3.2.4 Synthesis of Double network Liquid crystal elastomer (DNLCE)  

  LCE oligomer was prepared using RM257 (10 g, 41.811 mol%), EDDET (2.692 g, 36.314 

mol%), catalyst DPA (0.03447 g, 1.215 mol%) and photoinitiator HHMP (0.06406 g, 0.658 mol%) 

in a three necked flask. To the LCE oligomer, PU network reagents : MDI (1.115g, 10.96 mol%), 

PPG (4.19 g, 5.156 mol%) and TMP (0.211 g, 3.877 mol%) were added.  This reaction mixture 

was stirred at 78°C for 5 hours under nitrogen atmosphere, as the PU network slowly begins to 

crosslink. Then the mixture was degassed, poured in a glass mold and placed under a UV lamp 

(365 nm, 100 W) for 30 minutes to crosslink the LCE network. Then the mold was placed in an 

oven at 85°C for 48 hours to evaporate the solvent and ensure complete crosslinking of the PU 

network. Finally, the film was placed under the UV lamp for 60 minutes to ensure complete 

crosslinking of the polydomain LCE network. The ratio between PPG and TMP was modified to 

vary the crosslinking density of the PU networks, but the proportion of LCE network reagents (80 

mol%) and PU network reagents (20 mol%) was kept constant throughout the study.  

3.2.5 Fabrication of monodomain LCE samples 

  To prepare the monodomain LCE samples, two-step UV crosslinking of the acrylate LCE 

network was used. In case of SNLCE, the LCE oligomer with the photoinitiator was degassed and 

poured in a mold. Then the first UV crosslinking step was performed for 30s, followed by placing 

the sample in the oven at 85°C for 48 hours for solvent evaporation. Finally, the partially 

crosslinked SNLCE film was stretched to λp = 2 and placed under a UV lamp for 60 mins to 

completely crosslink the SNLCE network in the monodomain state.  

  In case of DNLCE, the LCE oligomer with the photoinitiator was mixed with the PU 

precursors and stirred for 5 hours at 78°C. Then the reaction mixture was degassed and poured in 
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a mold. The first UV crosslinking step was performed for 100s, followed by placing the sample in 

the oven at 85°C for 48 hours for allowing the complete thermal crosslinking of the PU network. 

Then the partially crosslinked DNLCE film was stretched to λp = 2 and placed under a UV lamp 

for 60 mins to crosslink the DNLCE network in the monodomain state.  

3.2.6 Uniaxial tensile tests  

  We conducted the uniaxial tensile tests and cyclic loading-unloading tests using Universal 

Mechanical Testing System (5965 Dual Column Testing System, Instron) with a 5-kN load cell 

and a temperature chamber. Pristine rectangular samples (height = 5 mm, width = 50mm) were 

glued on to acrylic plates and were held between the tensile grippers. The applied stretch (λ) is 

defined as λ = h/H, where H is the height of the sample in the undeformed state and h is the height 

of the sample in the deformed state. The loading rate of 0.005 s-1 was used for the tests.  

3.2.7 Thermal Analysis 

  We used dynamical mechanical analyzer (RSA-G2, TA Instruments) to obtain the Storage 

modulus and loss tangent of the samples. Rectangular samples (10x5x0.5 mm) were held between 

tensile grippers. A strain oscillation (0.5%) was applied onto the sample at 1 Hz, while the 

temperature was ramped between -50°C and 150°C at a ramp rate of 20°C/min.  

  We conducted the DSC measurements using Discovery DSC250 (TA Instruments) in a 

nitrogen atmosphere. The samples were sealed in aluminum pans and the measurements were 

performed at a heating rate of 2°C/min between the temperature -20°C to 150°C.  
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3.2.8 Fracture energy 

  To determine the fracture energy of the LCE samples, we used the pure shear test method 

45,51 using Universal Mechanical Testing System (5965 Dual Column Testing System, Instron) 

with a 5-kN load cell and a temperature chamber. In this method, two rectangular samples (height 

= 5 mm, width = 50mm) were glued on to acrylic plates (Figure 3.1). In one of the samples, an 

edge notch (~10mm) was created using a sharp razor blade. The precut sample was subjected to a 

monotonic tensile load and the critical stretch at which the sample ruptured (λc) was noted. Then 

a pristine DNLCE sample was also subjected to a monotonic tensile load until failure. The fracture 

energy (Γ) is given by  

      Γ=W(λC)*H                     (2.1) 

where W(λc) is the strain energy density, which is obtained by integrating the stress-stretch curve 

of the pristine samples between λ=1 to λ= λc, and H is the height of the sample in the undeformed 

state. This test was performed at different temperatures (20, 50 and 90°C) and at a strain rate of 

0.005 s-1. Note that the fracture energies were measured for the LCEs in the polydomain state.   

3.2.9 High temperature fatigue crack growth 

  We conducted the high temperature fatigue experiments 75 using TA instruments 

Electroforce 3300 with a 250 lbf load cell and a temperature chamber at 90°C. We used two 

rectangular samples (height = 10 mm, width = 50mm), one pristine sample and one precut sample 

with an edge notch (Figure 3.1). The precut sample was subjected to cyclic loading between λ=1 

to λ = λmax at a strain rate of 0.1 s-1. A digital camera (Canon Rebel T4i) was used to record photos 

during the crack extension of the precut sample. A custom MATLAB program was used to 
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determine the crack extension Δc from the photos. The crack length extension Δc was then plotted 

versus the cycle number (N) and the slope (dC/dN) was calculated. The pristine sample was also 

subjected to cyclic loading between λ=1 to λ = λmax. The energy release rate (G) can be calculated 

from                    

 G=W(λmax)*H                                                                               (2.2)                                                 

where W(λmax) is the strain energy density, which is obtained by integrating the loading stress-

stretch curve of the pristine samples between λ=1 to λ= λmax, and H is the height of the sample in 

the undeformed state. This experiment was repeated for different values of  λmax. Note that the 

fatigue crack growth experiment was performed for the LCEs in the polydomain state.  

 

 
 

Figure 3.1:  Schematics of a LCE pure shear specimen used in the fracture and fatigue 
experiments; (a) Pristine sample in undeformed state (left) and deformed state (right); (b) Precut 
sample in undeformed state (left) and deformed state (right); (c) The applied loading profile used 
for the fatigue experiments.  
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3.2.10 Actuation stress and strain measurement 

  The actuation stress of SNLCE and DNLCE was measured using a dynamical mechanical 

analyzer (RSA-G2, TA Instruments). Rectangular monodomain SNLCE and DNLCE samples 

(10x5x0.5 mm) were held between tensile grippers and heated from 25° to 180°C at a ramp rate 

of 20°C/min. The corresponding actuation stress generated by the LCE samples were measured. 

  The actuation strains of SNLCE and DNLCE was measured by attaching one end of the 

rectangular sample to an acrylic plate, which was held between the tensile grippers inside a 

temperature chamber. The other end of the sample was subjected to a small load (stress = 0.05 

MPa) to keep the sample taut. The temperature of the chamber was increased from 25°C to 160°C 

and the deformation in the sample was observed using a digital camera. The actuation strain was 

calculated using the following equation  

    Actuation strain (%)= (HO-HT)
HO

×100         (2.3) 

where HO is the height of the sample at room temperature and HT is the height of the sample at 

high temperature T.  

3.3 Results and Discussion  

For preparing the interpenetrating polymer networks (IPN), we adopt a one-pot simultaneous 

polymerization method utilizing two orthogonal crosslinking reactions. The double network LCE 

(DNLCE) is composed of a diacrylate LCE network and a non-LCE polyurethane (PU) network, 

as shown in Figure 3.1a. To prepare the LCE network, first an LCE oligomer is synthesized using 

the Michael addition between the acrylate liquid crystal monomer RM257 and the thiol chain 
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extender 2,2′-(ethylenedioxy) diethanethiol (EDDET) 28. Typically, the ratio of liquid crystal 

monomer to chain extender is chosen such that a non-equimolar excess (1.15:1) of acrylate 

moieties exist with respect to the thiol groups. Facilitated by a photoinitiator (HHMP), the excess 

acrylate end groups of the oligomer can be UV photocrosslinked to form the LCE network.   On 

the other hand, the PU network is thermally crosslinked, using a monomer 4,4'-

Methylenebis(phenyl isocyanate) (MDI), chain extender Poly(propylene glycol) (PPG) and a tri-

functional crosslinker Trimethylolpropane (TMP) (Figure 3.2). An equimolar ratio (1:1) is 

maintained between the monomer (MDI) and polyols (PPG + TMP). The isocyanate groups react 

readily with the polyols to form urethane links. By controlling the ratio between PPG and TMP, 

we can tune the crosslinking densities and the mechanical properties of the PU network. Due to 

the orthogonal chemistries, the LCE oligomer can be mixed with the PU reagents to simultaneously 

polymerize the LCE and PU networks and obtain double network LCE (DNLCE). The proportion 

of LCE network reagents (80 mol%) and PU network reagents (20 mol%) was kept constant 

throughout the study.  

 The newly crosslinked LCE samples have no global order in the absence of any mechanical 

pre-stretching and are known to be in the polydomain state. When the polydomain LCE samples 

are uniaxially stretched, the liquid crystal mesogens are aligned in the direction of stretch and the 

sample changes to a monodomain state. For the fracture and fatigue experiments in this study, 

polydomain SNLCE and DNLCE samples are used for comparison. Figure 3.2 shows the 

mechanism of toughness enhancement, using a precut DNLCE sample subjected to loading. Due 

to the reduction of bulk dissipation mechanisms at high temperatures (above the nematic to 

isotropic transition, >80°C), the fracture of SNLCE proceeds by the scission of polymer chains 

right in front of the crack tip, where the stress concentration is large. In case of DNLCE at high 
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temperature, the entanglement between the two networks results in the enlargement of the process 

zone. The rupture of the stiffer LCE network causes dissipation of strain energy over a larger part 

of the sample, while the extensible PU network maintains the integrity of the elastomer. This 

reduces the stress concentration at the crack tip and leads to a high fracture energy. 76 

 

Figure 3.2: (a) Illustration of the toughening mechanism in Double network LCE (DNLCE). In 
the process zone near the crack tip, significant amount of energy is dissipated by the rupture of the 
stiff LCE network, leading to enhanced fracture energy of DNLCE compared to single network 
LCE (SNLCE). (b) Chemical compositions of the LCE network and the PU network, used in the 
synthesis of DNLCE.  
 

Figures 3.3 a-c show the tensile stress-stretch curves of pristine SNLCE, PU and DNLCE 

pure shear samples at three different temperatures and a strain rate of 0.005 s-1. The PU networks 

are soft, stretchable and the tensile properties of pristine PU remains mostly unchanged at all the 

temperatures: its tensile strength is about 0.15 MPa and stretch at rupture is between  2.4-2.8. At 

20°C, the stress-stretch curve for SNLCE exhibits an initial linear part, then followed by a plateau, 

where mesogen reorientation takes place, followed by a stiffening regime. The stress-stretch curve 
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for DNLCE at 20°C is qualitatively similar to SNLCEs, but has a higher failure stretch. On heating 

from 20°C to 90°C, the tensile stress and failure stretches of pristine SNLCE samples drop 

dramatically. SNLCE becomes less stretchable compared to PU at 90°C. On the other hand, the 

DNLCE samples have failure stretches higher than SNLCE at the three testing temperatures, while 

the tensile strength of DNLCE samples are comparable or even higher than SNLCE. At 90°C, the 

SNLCE and DNLCE samples also have similar values of elastic modulus (~0.7 MPa) at small 

deformation.  

 

Figure 3.3: (a)-(c) Stress-stretch curves of pristine DNLCE, SNLCE and PU pure-shear samples 
subjected to uniaxial tensile loading at (a) 20°C, (b) 50°C and (c) 90°C. The crosses at the end of 
the curves represent rupture. (d)-(f) Stress-stretch curves of pristine DNLCE samples subjected to 
a cycle of loading and unloading of varying maximum stretch at (d) 20°C, (e) 50°C and (f) 90°C. 
The loading rate is 0.005 s-1. 
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Figure 3.4: Dynamic mechanical analysis (DMA) results of SNLCE (Blue), DNLCE (Green) and 
PU (Red), performed at 0.5% strain oscillation at 1 Hz. Solid lines: Storage modulus; Dotted lines: 
Tan delta.  

 

  Figures 3.4 show the results from Dynamic Mechanical Analysis (DMA) of the three 

polymers. The glass transition temperature obtained from the peak of the loss tangent curve is 

10.3°C for SNLCE, 10.4°C for DNLCE and -15°C for plain PU, which shows that the addition of 

PU networks did not drastically change the glass transition temperatures of DNLCE compared to 

that of SNLCE.  Figure 3.5 shows the results from the differential scanning calorimetry (DSC) 

experiments on the three polymers. As seen in the DMA experiment we could only observe one 

peak corresponding to glass transition for DNLCE in the DSC traces suggesting that the two 

networks are miscible77. Similar to previous studies38,78, it is hard to detect the nematic-to-isotropic 

phase transition temperature of crosslinked LCE from the DSC results.  
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Figure 3.5:  Differential Scanning Calorimetry (DSC) results for SNLCE (Blue) and DNLCE 
(Green), obtained at a heating rate of 2°C/min.  
 

 

 
Figure 3.6: Stress-stretch curves of pristine PU pure shear samples subjected to a cycle of loading 
and unloading of varying maximum stretch at (a) 20°C, (b) 50°C and (c) 90°C. The loading rate is 
0.005 s-1. 

 
  Additionally, on heating to 150°C, we do not observe any dramatic decrease in the storage 

modulus of DNLCE and PU in the plateau region, hinting that there is no depolymerization of PU 

networks within the range of actuation temperatures79. We also do not observe any endothermic 

wells corresponding to depolymerization in the DSC results at 150°C. It is noted that at 

temperature above 220°C, depolymerization of PU may occur80.   
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Figure 3.7: Stress-stretch curves of pristine SNLCE pure shear samples subjected to a cycle of 
loading and unloading of varying maximum stretch at (a) 20°C, (b) 50°C and (c) 90°C. The loading 
rate is 0.005 s-1. 
 

Figures 3.6 and 3.7 show the cyclic loading-unloading curves of pristine PU and SNLCE. 

For all the three temperatures, PU is nearly perfectly elastic with negligible hysteresis. The 

hysteresis of SNLCE decreases with the increase of the temperature, due to the reduction of 

viscoelastic dissipation in the network 54. Such trend is consistent with that of many elastomers 56. 

Figures 3.3 d-f show the cyclic loading-unloading curves of pristine DNLCE samples at three 

different temperatures. The DNLCE samples show significant hysteresis, observed by the area 

between the loading and unloading curves in Figures 3.3 d-f. Similar to SNLCE, there is a decrease 

in the hysteresis area for DNLCE as the temperature is increased. SNLCE and DNLCE samples 

also show some residual stretch on unloading.  
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Figure 3.8: (a)-(c) Stress-stretch curves of DNLCE samples of various compositions of the PU 
network at (a) 20°C, (b) 50°C and (c) 90°C.  Varying the ratio of the PPG and TMP in the PU 
composition results in networks of different crosslinking densities. The crosses at the end of the 
curves represent rupture. (d)-(e) Fracture properties of SNLCE and DNLCE samples at high 
temperature (90°C). (d) Critical stretch (λc) at rupture and (e) Fracture toughness (Γ), for precut 
SNLCE sample and DNLCE samples of varying compositions measured using pure shear test 
method at 90°C. Error bars represent one standard deviation (n=3). The loading rate is 0.005/s. 

It is also noted that on increasing the applied stretch under cyclic loading-unloading, 

softening (known as the Mullins effect) is observed for DNLCE. The softening can be observed 

for stretches lower to or equal to the maximum stretch previously applied, but once the maximum 

stretch has been exceeded, the response becomes comparable to the monotonic tensile curve. 

Similar softening in hydrogels, have been attributed to irreversible damage from fracture 81.  Cyclic 

softening is also observed for SNLCE samples (Figures 3.7), which may arise from the network 

heterogeneities and uneven chain lengths, due to the free-radical UV polymerization. When the 
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sample is stretched, the shorter chains may rupture and cause the softening. To quantitatively 

understand the contribution of PU network to the improvement of fracture properties of DNLCEs, 

we change the ratio between the polyols in the PU system and compare their mechanical properties, 

as shown in Figures 3.8 a-c. By modifying the ratio between the glycol spacer (PPG) and the triol 

crosslinker (TMP), we can control the crosslinking density and the stretchability of the PU 

network. The stiffness of the PU network increases with the amount of TMP, which in turn 

determines how the load is transferred between the LCE and PU network, thereby resulting in 

different overall mechanical properties. For the pristine samples of the different compositions of 

DNLCE (Figures. 3.8 a-c), the initial stiffness is comparable, and the failure stretch is higher 

compared to that of SNLCE at the three testing temperatures. 

The pure shear test method was used to measure the fracture energy of SNLCE and 

DNLCE, using a pair of pristine and precut samples at a loading rate of 0.005 s-1. For a certain 

ratio of PPG:TMP (47.5:52.5), the fracture energies were found to be the highest at all the testing 

temperatures (Figure 3.9) and this composition was used throughout the study. At room 

temperature (20°C), the fracture energies of SNLCE (7092.69 Jm-2) and of DNLCE (8551.80 Jm-

2), are comparable to the fracture energy of tough elastomers like Natural rubber (~10000 Jm-2) 49.  
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Figure 3.9: Fracture properties of SNLCE and DNLCE samples at three different temperature 
(20,50 and 90°C). (a) Critical stretch (λc) at rupture of precut samples and (b) Fracture energy (Γ) 
for SNLCE sample and DNLCE samples of varying compositions measured using pure shear test 
method. Error bars represent one standard deviation (n=3).   
 

 

The large fracture energy of SNLCE arises from viscoelastic dissipation caused by 

mesogen rotation and the sliding of polymer chains 54. Since these bulk dissipation mechanisms 

are suppressed at high temperatures, there is a dramatic decrease in the fracture energy of SNLCE. 

At 90°C (Figures 3.8 d-e), the rupture stretch of precut samples (λc) and the fracture energy (Γ) of 

DNLCE (λc~1.8, Γ=655.69 Jm-2) are much higher compared to that of SNLCE (λc~1.4, Γ=180.70 

Jm-2). In addition to the dissipation caused by the enlarged damage zone of the LCE network during 

crack extension, the hydrogen bonds between the polyurethane chains can also contribute to the 

overall toughening. 82,83 
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Figure 3.10:  High temperature fatigue fracture of SNLCE and DNLCE samples (90°C). Crack 
extension with cycles at different energy release rates (G) for (a) SNLCE samples (b) DNLCE 
samples (c) Crack growth per cycle (dc/dN) as a function of the energy release rate (G) for SNLCE 
and DNLCE samples at 90°C. Inset : Determination of fatigue threshold by extrapolation. Fatigue 
threshold for SNLCE is 41.95 Jm-2 and for DNLCE is 72.28 Jm-2. The loading rate is 0.1 s-1. 
 
  A thermally actuating material like LCE is typically subjected to various mechanical loads 

and temperatures and is expected to function for many numbers of cycles. Though several 

elastomers and hydrogels have high toughness, they are typically prone to fatigue failure 44,84–87 . 

Figure 3.1 shows the schematics of the fatigue crack growth experiment. A precut sample of pure 

shear geometry was subjected to cyclic loading between λ = 1 to λmax and the crack extension was 

recorded using a digital camera (Figure 3.11), which was plotted versus the cycle number (N) in 

Figures 3.10a and 3.10b, from which the crack growth rate (dC/dN) was calculated. Then a pristine 

sample was subjected to the same number of cycles between the similar stretches and the applied 

energy release rate (G) was calculated. Figure 3.10c shows the crack growth rate of SNLCE and 

DNLCE samples for various applied energy release rates. For the similar applied energy release 

rates, the crack growth rate is significantly lower for the DNLCE samples compared to SNLCE 

samples, thereby resulting in the increased high temperature fatigue life.  
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Figure 3.11: Crack growth in a precut LCE specimen subject to fatigue test; (a) Photograph of a 
precut-SNLCE sample with a precut taken using a digital camera; (b) The photo was converted to 
black and white, to measure the crack length using a custom MATLAB code; (c) Example - Crack 
length measurement is shown as a function of cycle number N, at room temperature.   
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  The fatigue threshold is defined as the critical energy release rate above which fatigue 

fracture can take place and below which the material can be cyclically loaded without causing 

crack growth and rupture. It has been elucidated that toughening mechanisms based on covalent 

bond rupture can play a role in improving the fatigue threshold, while non-covalent mechanisms 

cannot, though both mechanisms can enhance the fracture toughness quite considerably 85. At 

90°C, the fatigue threshold of DNLCE was measured to be 72.28 Jm-2, while the fatigue threshold 

of SNLCE is 41.95 Jm-2 at a strain rate of 0.1 s-1 (Figure 3.10 c, Inset). The fatigue threshold of 

SNLCE is close to the threshold value of fracture energy, as predicted by the Lake-Thomas model 

for various elastomers 47,49,88. Due to their viscoelastic nature, the mechanical properties of LCEs 

show strain rate dependence 54. As seen in Figure 3.12, at a higher strain rate of 0.5 s-1, the fatigue 

crack growth rate is slightly lowered at the same energy release rates for both SNLCE and DNLCE. 

At 0.5 s-1, the fatigue threshold of DNLCE was measured to be 131.22 Jm-2, while the threshold 

for SNLCE was 36.25 Jm-2. In a recent work on double-network elastomers with covalent bonds, 

strain hardening using a stiff first network and the resulting stabilization of the damage zone has 

been shown to considerably improve the fatigue threshold 89. This shows that judicious fine tuning 

of the mechanical properties of the networks, allows substantial improvement of the fatigue and 

fracture properties.   
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Figure 3.12: High temperature fatigue fracture of SNLCE and DNLCE samples (90°C). The 
loading rate is 0.5 s-1. Crack extension with cycles at different applied energy release rates (G) for 
(a) SNLCE samples (b) DNLCE samples (c) Crack growth per cycle (dc/dN) as a function of the 
energy release rate (G) for SNLCE and DNLCE samples at 90°C. Inset : Determination of fatigue 
threshold by extrapolation. Fatigue threshold for SNLCE is 36.25 Jm-2 and for DNLCE is 131.22 
Jm-2.  
 
 

  For applications as a soft actuator, LCE is expected reversibly deform under the application 

of heat. To actuate a polydomain LCE, the mesogens need to be aligned along a director using a 

mechanical load, to get a monodomain LCE. We can also generate reversible actuation without 

any preload, by fixing the monodomain using additional UV crosslinking. In case of SNLCE, a 

monodomain LCE can be prepared by loosely UV-crosslinking the LCE oligomer (30s), then pre-

stretching the loosely crosslinked network (λp = 2) to align the mesogens, followed by UV 

crosslinking (60 mins) to fix the monodomain. In case of DNLCE, the oligomer can be mixed with 

the PU precursors, followed by partial UV crosslinking (90s) of the acrylate LCE network. Once 

the PU network is allowed to form completely (48 hours of heating at 85°C), the DNLCE samples 

can be pre-stretched (λp = 2) and UV-crosslinked (60 mins) to align and fix the monodomain. 

Figure 3.13a shows the actuation stress generated by the LCE samples with fixed displacement 

and subjected to a temperature ramp from 20°C to 180°C.  
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Figure 3.13:  Thermal actuation properties of single network and double network LCE. (a) 
Actuation stress of monodomain SNLCE and DNLCE samples, crosslinked with an applied pre-
stretch λp = 2. The samples were subjected to a temperature increasing from 20°C to 180°C with a 
ramp rate of 20°C/s. Note that the SNLCE sample ruptured at 122°C (indicated by the cross), while 
the DNLCE sample did not rupture at the end of the measurement at 180°C. (b) Actuation strains 
(%) of monodomain SNLCE and DNLCE samples in a free standing state and subjected to a 
temperature increasing from 20°C to 160°C.  
 

At the same applied pre-stretch (λp = 2), DNLCE sample showed an actuation stress of 0.11 

MPa while SNLCE samples showed an actuation stress of 0.39 MPa. The presence of 

interpenetrating and crosslinked PU network warrants a slightly higher pre-stretch for DNLCE to 

get an actuation stress comparable to that of SNLCE. The optimization of the actuation stress was 

not the objective of this study, which can be possibly improved by increasing the applied pre-

stretch and adjusting the mol % of PU network reagents. Figure 3.13 b shows the actuation strains 

generated in monodomain SNLCE (41%) and DNLCE (29%) in free standing states. This shows 

that the IPN strategy can be used to improve the high temperature fracture and fatigue properties 

of LCE while preserving the actuation properties.  
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3.4 Conclusion 

  Here we report a method to enhance the high temperature fracture and fatigue properties 

of liquid crystal elastomers using interpenetrating networks. LCEs in general have poor high 

temperature fracture properties, due to diminished viscoelastic dissipation mechanisms. We show 

that by incorporating a soft and stretchable PU network, and tuning the crosslinking density, the 

overall fracture energy of DNLCE at high temperature can be significantly enhanced. The 

entanglement of the LCE and PU networks and the covalent bond breakage on loading can result 

in significant energy dissipation. Since the PU network doesn’t show much mechanical 

deterioration with increasing temperature compared to the LCE network, a fracture energy of 655 

Jm-2 is achieved for DNLCE at 90°C. Compared to SNLCE, the high temperature fatigue crack 

growth is also reduced significantly in DNLCE. The extensible PU network also allows us to apply 

mechanical stretch to align the mesogens, thereby retaining the actuation properties of LCE.  

  While entanglement and bond breakage can toughen DNLCE to an extent and delay fatigue 

crack growth, it does not eliminate fatigue fracture. Incorporating dynamic covalent bonds such as 

Diels alder chemistry 90, can enable reformation of the broken network by the application of heat, 

thereby restoring the fracture properties to an extent and significantly increasing the fatigue life. 

Further understanding of the effects of entanglements and phase separation in IPN, can lead to the 

development of mechanically robust materials. We hope that the results of this study can pave way 

for the creation of soft thermally actuating materials that are tough and fatigue resistant at various 

temperatures.  
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Chapter 4 Ultra Rate-Dependent Pressure Sensitive Adhesives Enabled by Soft Elasticity of 
Liquid Crystal Elastomers 

 
 
4.1 Introduction 
 

  Pressure sensitive adhesive (PSA) is one of the most widely used non-structural adhesives 

in automotive and biomedical devices, electronic manufacturing and in consumer products such 

as packaging tapes, post-it notes and labels. PSA is typically a thin layer of viscoelastic polymer 

that can be used to adhere the surfaces of various materials using a light pressure, without the 

requirement of solvents or heat to activate adhesion48,91. Compared to other adhesives, PSAs offer 

advantages such as their easy application, clean residue free removal, compatibility with versatile 

materials and they could be customizable for both short and long-term usage. Generally any 

polymer system can be used to fabricate a PSA, as long as they satisfy the following criteria, 1) a 

low glass transition temperature to ensure rubbery phase in applications, 2) a low shear modulus 

that enables conforming to various surfaces without a large gain in strain energy, 3) elasticity to 

avoid flow or creep under long durations of application, 4) some tack for quick bonding and 5) 

viscoelasticity for energy dissipation on debonding48,92. These properties can be fine-tuned to an 

extent by controlling polymer architecture and crosslinking or by using additives like tackifiers 

and plasticizers, but the interdependence of the properties makes the materials design challenging. 

PSAs are traditionally prepared using acrylics, silicones, natural rubber and styrene-based block 

copolymers, with each family of materials having certain pros and cons for specific applications93. 

As PSAs are becoming ubiquitous, developing PSAs using polymers with special properties can 

enable novel applications.  
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  Liquid crystal elastomer (LCE) is a class of functional materials, fabricated by the 

combination of liquid crystal monomers or mesogens with crosslinked polymer networks94–96,5. 

The interaction between the liquid crystal molecules results in a local ordering, which in 

combination with rubbery networks, yields distinctive features such as stimuli responsive actuation 

and non-linear elasticity under mechanical loading (soft elasticity)95–98. The readers can refer to a 

recent  textbook and review articles for more information on LCE 41,99,100.  The unique actuation 

properties of LCE have been explored in various studies for applications in soft robotics, 

biomedical devices etc.36,63,101–103  On the other hand, soft elasticity is observed in the uniaxial 

tension of LCE, as a plateau of constant low stress for a large deformation arising from the rotation 

of liquid crystal mesogens with little increase in the elastic energy5,104–106. Hence compared to a 

routine elastomer, LCEs show enhanced viscoelastic dissipation emerging from the inter-mesogen 

interaction in addition to the friction of typical polymer networks. These interactions have been 

exploited in various applications such as impact attenuation and frequency dependent mechanical 

damping14,16–18. LCEs show a pronounced temperature dependence of the nematic order and 

become an isotropic elastomer on heating beyond a critical transition temperature. This 

corresponds to the dramatic reduction of viscoelastic dissipation on heating, which is evident from 

the reduction of hysteresis and fracture energy15,19,54,107,108. Since adhesion is intricately related to 

viscoelasticity, the temperature dependence of LCE has been explored in developing “switchable” 

adhesives in recent studies20,21,109,110. In a theoretical study, Corbett and Adams reported the 

differences in the tack energy of LCEs with various nematic director orientations and the isotropic 

phase, highlighting a mechanism for reversible adhesion20.  Cui and co-workers reported an array 

of LCE micropillars and attributed the tunable adhesion to the change in the height of micropillars 

driven by thermal actuation109. Only in the recent reports, the link between viscoelasticity of LCE 
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and adhesion was introduced and explored in detail.21,110 The adhesive force of LCE measured 

using a probe-tack test was correlated to the loss tangent from DMA, both of which dramatically 

decreased on heating beyond the nematic to isotropic transition temperature. Moreover, this 

dynamic adhesion was found to be reversible over multiple heating and cooling cycles.21,110 

Dynamic adhesion of LCE has also been achieved using light as a stimulus, by the introduction of 

azobenzene moieties in the LCE network which undergo trans-cis isomerization under radiation 

and disrupt the nematic order111–113. While probe tack experiments have been mostly used to study 

the adhesive properties of LCE, peel test remains an important characterization method for 

adhesives due to its resemblance to real-world applications of PSAs and therefore the usefulness 

of the measured peeling force114. A recent work by Guo et al, explored the adhesion of LCE PSAs 

using Probe-tack, 90 degree peeling and lap shear tests115. Their results show that the adhesion of 

LCE depends significantly on the contact time, which is attributed to the nematic director 

reorientation and the slow relaxation of local stress. Although the work of adhesion for most of 

the PSAs are known to show rate and temperature dependence, a systematic study of the peeling 

of LCE PSAs and comparison with other PSAs has not been reported. Such a comparison can lead 

to deeper insights on leveraging the unusual properties of LCE for future designs of novel PSAs. 

 

  In this work, we fabricated a pressure sensitive adhesive using LCE and systematically 

performed peeling tests at various rates and temperatures, where we observed regimes of steady 

state peeling and unstable stick slip peeling. Compared to most PSAs in the literature, LCE 

adhesive exhibits extreme rate and temperature dependence of adhesion energy which is correlated 

to the dynamical mechanical properties and large strain behavior of LCE enabled by soft elasticity. 

Time temperature superposition was applied to the measured adhesion energy and a master peel 
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curve was generated spanning rates beyond experimental limits. Our results further reveal the 

unique properties of LCE compared to existing PSAs and will act as a guide for developing LCE 

based novel pressure sensitive adhesives in the future.  

 
 

4.2 Methods 
 

4.2.1 Materials 

 

  1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (RM257; Wilshire 

Technologies; 95%) , bisphenol A dimethacrylate (BPA, Sigma-Aldrich 98%),  2,2′-

(ethylenedioxy)diethanethiol (EDDET; Sigma-Aldrich; 95%), pentaerythritoltetrakis(3-

mercaptopropionate) (PETMP; Sigma-Aldrich; 95%), (2-hydroxyethoxy)-2- 

methylpropiophenone (HHMP; Sigma-Aldrich; 98%), dipropylamine (DPA; Sigma-Aldrich; 

98%), Tetrahydrofuran (THF; Sigma Aldrich; 99%),  Dimethylformamide (DMF; Sigma Aldrich; 

99.8%), N,N,N′,N′′,N′′′-Pentamethyldiethylenetriamine (PMDETA,Sigma Aldrich’ 99%) were 

used as received without further purification. PET backing film (75 µm thickness) was obtained 

from McMaster Carr.  

 

4.2.2 Synthesis of LCE and BPA adhesives  
 

  The adhesives were synthesized using Michael addition reaction between acrylate and thiol 

monomers in presence of an amine catalyst based on previous literature, with minor modifications. 

Liquid crystalline monomer RM257 (10 g, 16.98 mmol) was dissolved in THF (3.15 g) at 85°C. 

To this mixture, EDDET (3.019 g, 16.64 mmol), PETMP (0.1037 g, 0.169 mmol) were added and 
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stirred. This corresponds to a mol % ratio of RM257/EDDET/PETMP = 100%/ 98%/2.5%. Finally, 

a solution of DPA (0.03441 g, 0.34 mmol) diluted in THF (1:50 by volume) was added, which was 

followed by stirring and degassing. Then the mixture was cast on PET films (25 mm wide) using 

a thin film applicator to obtain a final adhesive thickness of 50 µm. The PET films with the 

adhesives were left at room temperature for 48 hours and in an oven at 80°C and under vacuum 

overnight to completely remove the solvent. To prepare the BPA adhesives, the same procedure 

was used with the following ratio of the reagents: BPA (10 g, 27.4 mmol), EDDET (4.902 g, 26.89 

mmol), PETMP (0.3458 g, 0.7 mmol) with the mol % ratio of BPA/EDDET/PETMP = 100%/ 

95%/5% and 0.425g of PMDETA was used as the catalyst. To prepare the bulk samples for 

oscillatory and tensile testing, a glass mold was used and DMF was used as a solvent, to obtain 

uniform crosslinking through the bulk. BPA samples with 5 mol% crosslinking were used 

throughout the study to make comparisons with the crosslinked LCE adhesive. At this crosslinker 

ratio, BPA forms a poorly crosslinked polymer with a similar storage modulus to LCE. This way, 

we compare two adhesives with very similar small strain rheological properties, but with 

significant differences in the rate dependent adhesion. Such comparison method of using polymers 

with slightly different crosslinker content has been adopted in recent studies of mechanical energy 

dissipation of LCE and BPA elastomers17, and in comparing the rate dependent adhesion of acrylic 

polymers116.   

 

4.2.3 Peel testing (180°) of adhesives 
  We performed the 180° peel test following the ASTM D3330 test procedure with some 

modifications. We used a Universal mechanical testing system (5965 Dual column testing system, 

Instron) fitted with a 5-kN load cell and a temperature chamber. The adhesive with the PET 

backing layer was bonded to a stainless-steel substrate using a weighted roller (4.5 lbs.) and was 
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allowed to remain for ten minutes inside the temperature chamber, to obtain a uniform temperature. 

The steel substrate was fixed to the bottom gripper and the tapes were peeled by the top gripper 

moving at a constant rate, from which we can obtain the steady state peel force (F). The energy 

release rate is given by G = 2*F/b, where b is the width of the tape (0.025 m). Under steady state 

peeling, the energy release rate G is equal to the work of adhesion Γ. According to the ASTM 

standard, the peeling rate is 5 mm/s. To gain more insight into the rate dependent behavior of LCE 

PSA, this experiment was repeated at various temperatures (-20°C – +90°C) and rates 

(0.5,1,5,10,50 mm/s).  

 
4.2.4 Mechanical characterization of adhesives 

 

Uniaxial tensile testing was conducted on the Instron tensile tester, using rectangular 

samples (height: 20 mm, width: 10 mm) which were stretched at a constant rate. The applied stretch 

(λ) is defined as λ = h/H, where H is the height of the sample in the undeformed state and h is the 

height of the sample in the deformed state. The nominal stress was calculated by dividing the force 

by the original cross-sectional area of the sample. The equivalent strain rates were calculated by 

multiplying the strain rates at different temperatures by the corresponding shift factor aT, obtained 

from the DMA. The rheological characterization of the adhesives was conducted using the 

Discovery HR-3 Rheometer (TA Instruments) using a 20-mm steel parallel plate geometry. The 

oscillatory tests were conducted for a frequency range of 0.1 - 10 Hz and a temperature range of 

0-50°C. Dynamic mechanical analysis tests were conducted on RSA-G2 (TA Instruments) using 

uniaxial tensile mode, with rectangular samples (height: 10 mm, width: 5 mm). The DMA tests 

were conducted for a frequency range of 0.01 - 10 Hz and temperature range of -20 to +90°C. The 

thickness of the samples used for all the mechanical characterization was ~0.5 mm. 
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4.3 Results and Discussion 
 

 

 
 

 

Figure 4.1: A) Chemical structures of the reagents used in the synthesis of the pressure sensitive 
adhesives. B) Schematic showing the fabrication of the adhesive on an inextensible PET backing 
film and 180° peel test with temperature control. C) Force displacement curves obtained from the 
peel tests, showing steady-state peeling (left) and stick-slip peeling (right). D) Photograph of the 
peeling front of LCE PSA peeled from a stainless-steel substrate using a hanging weight, showing 
fibrillation.   
 

Figure 4.1 A shows the chemical reagents for the synthesis of the adhesives using Michael 

addition reaction between acrylate monomers and thiol spacers and crosslinkers in presence of an 

amine catalyst38. Two different monomers RM257 and Bisphenol A dimethacrylate (BPA) were 

chosen for comparison since RM257 is a liquid crystal monomer and BPA shows no liquid 

crystallinity17. Comparing these two materials could give a better insight by separating the 

contribution of liquid crystal mesogens and the polymer networks to viscoelastic dissipation and 
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adhesion. The reagents were mixed, cast on an inextensible PET backing layer, and allowed to 

crosslink at room temperature, followed by solvent removal. To perform a 180° peel test, the 

adhesives were bonded to a stainless-steel substrate and were pulled at a constant rate using a 

tensile tester fitted with a temperature chamber (Figure 4.1 B). More details of the experiment are 

provided in the experimental section. Figure 4.1 C shows the two types of force displacement 

curves obtained from the peel test for various combinations of peel rate and temperature. The curve 

on the left corresponds to steady-state peeling and the curve on the right corresponds to stick-slip 

peeling. The stick-slip peeling is associated with unstable crack propagation with complex 

dependence on rate, temperature, system inertia, material properties and loading control114. In both 

the cases, the average peel force (F) was used to calculate the work of adhesion (Γ) as Γ = 2F/b, 

where b is the adhesive width (0.025 m). Figure 4.1 D shows a snapshot from a 90° peeling of 

LCE PSA from a stainless-steel substrate using a hanging load. Despite the thickness of the LCE 

adhesive being ~50 µm, the formation of fibrils that are hundreds of µm long, points to the role 

played by large non-linear deformations in adhesion.  

 
 

Figure 4.2: A) DMA temperature sweep of LCE and BPA polymers in uniaxial tension mode at 
10 Hz, showing the curves of storage modulus (E’) and loss tangent (tan δ). B) Horizontal shift 
factors aT for LCE and BPA adhesives at various temperatures, with a best fit calculated using the 
WLF model. C) DMA Master curve of the storage modulus and loss tangent of LCE and BPA 
polymers, obtained by time temperature superposition of the results obtained at various 
temperature and frequencies.  
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The viscoelastic properties of the adhesives play an important role in the peel performance. 

Dynamical mechanical analysis experiments can provide the storage (E’) and loss modulus (E”) 

of the adhesives. The storage modulus (E’) plays a crucial role in the bonding process, since the 

adhesive should be soft enough to conform to a surface and the elastic energy stored at the adhesive 

interface should not exceed the work of adhesion. On the other hand, the loss tangent, which is the 

ratio of (E”/E’), represents the energy dissipation of the adhesive during the debonding process. 

Typically, the peak of loss tangent corresponds to a material transition such as glass transition, 

which can lead to enhancement in the adhesion energy. Hence fine tuning these physical properties 

using chemical crosslinking and additives like tackifiers are crucial for the performance as a 

pressure sensitive adhesive48.  Figure 4.2A shows the DMA temperature sweep of LCE and BPA 

bulk samples, performed at 10 Hz and 1% strain. Both LCE and BPA show comparable values of 

storage modulus at room temperature. From the peak of the loss tangent, we can define the glass 

transition temperatures of LCE to be ~ 0°C and of BPA to be ~10°C. BPA also shows an increasing 

loss tangent at higher temperatures, which indicates that it is an uncrosslinked (or very loosely 

crosslinked) polymer as compared to LCE. More discussion on the crosslinking of the adhesives 

is provided in the experimental section. For thermorheologically simple viscoelastic materials, we 

can generate a master curve of storage modulus and loss tangent at a reference temperature (Tref) 

using the time temperature superposition principle 11,117. The results from the oscillatory 

experiments at different frequencies and temperatures can be shifted horizontally on the frequency 

axis using a shift factor aT, to obtain a master curve. Figure 4.2B shows the shift factors at various 

temperatures and the fitting according to the Williams-Landel-Ferry model (Equation 4.1).       
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This yielded the constants C1 = 9.66 and C2 = 73.38 K for LCE and C1 = 7.56 and C2 = 70.16 K 

for BPA at a Tref = 20°C. Figure 4.2C shows the DMA master curve for LCE and BPA at a Tref = 

20°C, which spans a wide range of testing frequencies beyond the typical experimental limits. 

Note that the WLF superposition does not apply for the storage modulus of LCE across the 

nematic-isotropic transition, which occurs at ~75°C 16,17,21,110. Therefore, an upper limit of 70°C 

was used in the construction of the master curve for LCE. Both LCE and BPA exhibit high values 

of loss tangent (tan δ >1) at rates corresponding to peeling (100-1000 Hz). BPA exhibits a higher 

peak value of loss tangent (~2), while LCE shows a much broader loss tangent curve, indicating 

energy dissipation across a wider range of strain rates. Typically, adhesives exhibit unstable crack 

growth in the glassy region of high strain rates to right of the loss tangent peak, and stable crack 

growth in the rubbery region of low strain rates to the left of the peak.114  

Since most of the PSAs are very loosely crosslinked, the dynamic properties are typically 

evaluated by applying oscillatory shear strains using a rheometer. Likewise, we can obtain the 

complex shear modulus 𝐺∗ =	0𝐺)* + 𝐺))*, from the storage (G’) and loss shear modulus (G”) of 

LCE and BPA from a rheometer. The shear modulus of both LCE and BPA adhesives is less than 

0.3 MPa at 1 Hz, which ensures good contact during the bonding process, as put forth by the 

Dahlquist criterion118,119. Similar to DMA, we can apply time temperature superposition for the 

results from the oscillatory rheological experiments. The Cox-Merz rule allows us to relate the 

steady-state and oscillatory experiments 𝐺(𝜔&") = 	𝐺(𝑡) and therefore we can transform the 

results to time domain 120 (Figure 4.3). Fitting a power law equation to the complex shear modulus 

curve (G~t-β) yields an exponent of β ~ 0.4 for both LCE and BPA in the range of rates 
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corresponding to peeling. This has similarities to the observations from previous studies that 

polymers can exhibit similar properties under small strain measurements, but their large strain 

behavior can lead to dramatic differences in their adhesion properties116.  

 

Figure 4.3: Master curve of the complex shear modulus (G*) constructed from the time 
temperature superposition of complex shear modulus obtained at various temperatures and 
frequencies. The complex shear modulus shows an approximate time dependence of G~t-β, with 
β~ 0.4 for both LCE and BPA at the time scales corresponding to the peel test.  

Figure 4.4 shows the work of adhesion of LCE and BPA, measured from the peel 

experiments performed at various temperature and a peel rate of 5 mm s-1. At low temperatures (-

20°C – 0°C), the adhesion energy of LCE is higher compared to BPA and reaches a maximum of 

~ 2.1 kJ/m2 at 0°C. On further increasing the temperature, the LCE adhesive shows a rapid decrease 

in the adhesion energy, to 500 J/m2 at 10°C and 120 J/m2 at room temperature. On the other hand, 

BPA shows a maximum adhesion energy of 2.1 kJ/m2 at 10°C and 760 J/m2 at room temperature. 

The temperature corresponding to the peak adhesion energy of LCE and BPA could be related to 

the respective glass transition temperatures, as seen in Figure 4.2A. On increasing the temperature 

by 10°C from Tg, LCE shows a 75% decrease in the adhesion energy, compared to BPA which 
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shows a 55% decrease from the peak value. While viscous dissipation is known to decrease with 

heating in all polymers56,121, the nematic to isotropic transition of the liquid crystal mesogens could 

additionally contribute to the steeper drop in the adhesion energy of LCE21,54,110. The applicability 

of time-temperature equivalence to LCE PSA, hints the role played by bulk dissipation in the 

extreme rate dependence of LCE adhesives.  

 

 

Figure 4.4: A) Work of adhesion of LCE and BPA adhesives measured from the peeling tests at 
a peel rate of 5 mm s-1 and a temperature range of -20°C to +90°C. B) Work of adhesion of LCE 
and BPA adhesives measured from peeling tests at various rates and temperatures. C). Master peel 
curve of LCE obtained by the time temperature superposition of work of adhesion results of peel 
experiments at various rates and temperatures shown in Figure 4.3B.  
 

Figure 4.4B shows the work of adhesion of LCE at various rates and temperatures. At 

temperatures above the glass transition, the adhesion energy of LCE (Γ) shows a strong 

dependence on the rate (V). Fitting the room temperature adhesion energy with a power law Γ ~Vn, 

yields an exponent of n~1.17 for LCE, compared to n~0.62 for BPA, though both LCE and BPA 

showed similar power law dependence of the complex shear modulus, obtained from linear 

viscoelastic measurements (Figure 4.3). The results of LCE and BPA show similarities to the 

results from a previous study on the peeling of two acrylic polymer PSAs, where the polymers 

showed comparable linear rheological properties but one of the polymers showed significant strain 
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stiffening compared to the other. 116,122 The adhesion energy of the polymer with strain stiffening 

showed a stronger rate dependence compared to the loosely crosslinked polymer. By applying time 

temperature superposition, the results from the peel experiments can also be shifted horizontally 

using the shift factors aT obtained from DMA, yielding a peel master curve across various rates at 

a Tref = 20°C (Figure 4.4C). The master curve obtained from superposition, qualitatively resembles 

the peel master curves of various PSAs in literature, showing a positive slope in the regimes of 

cohesive failure at low to intermediate rates and showing a negative slope of unstable interfacial 

failure at high rates. 117,123–125  

 

 
 

Figure 4.5: Bar graph showing the effect of contact time in the adhesion energy of LCE and BPA 
adhesives, for two contact times of 10 minutes and 24 hours at a peeling rate of 5 mm/s and at 
room temperature.   
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In previous reports, contact time has been found to significantly affect the adhesion 

strength of PSAs126,127. In this work, we performed the peel experiments after 10 minutes of 

adhering to the stainless-steel substrate, to allow uniform heating and cooling before the peel test.  

The effect of contact time to the adhesion energy of LCE is shown in Figure 4.5, which is similar 

to the results from a recent study on LCE adhesion115.  

 

Despite the similarities in the small-strain rheological and oscillatory properties, LCE and 

BPA exhibit remarkable differences in adhesion. Although there are several reports in the literature 

which offer significant insights towards viscoelastic adhesives, they are based on the assumption 

that the rate-dependent adhesion is governed by linear viscoelasticity, which is inconsistent with 

our experimental observation128–130. Indeed, the importance of nonlinear stress-strain behavior in 

the adhesion PSA has been recognized in the literature48,116,117,130. In the model proposed by Gent 

and Petrich117, the work of adhesion (Γ) is given by   

       Γ = 𝑎	 ∫ 𝜎(𝜀, 𝜀̇+(-%)
# )	𝑑𝜀              (4.2) 

 

where the integral denotes the work per unit volume to deform the PSA material to a critical stress 

(σc) under uniaxial extension and a is the thickness of the adhesive. Unlike theoretical models that 

treat the detachment of viscoelastic adhesives as a process of interface crack propagation 128,129, 

soft PSAs can undergo large stretch at the peel front and deform into an array of fibrils (Figure 4.1 

D). Consequently, adhesion is dominated by the total work to stretch and break the fibrils under 

uniaxial extension. For example, a polymer which can undergo a large extension during the 

debonding stress can result in a greater work of adhesion compared to a polymer which stiffens at 

a much lower strain.  
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Figure 4.6: Uniaxial tensile stress-strain curves of A) LCE and B) BPA polymer at various strain 
rates and temperatures, showing a linear portion, plateau (dashed lines) and a strain stiffening 
regime. C) The magnitude of normalized plateau stress of LCE and BPA at equivalent strain rates. 
The plateau stress is normalized by the value at the equivalent rate of 1 s-1.  D) Chard and E) Csoft 
values of LCE and BPA at various strain rates. The parameters Chard and Csoft were obtained from 
the Mooney plot. F) The ratio of Csoft / Chard at various strain rates. The dashed lines are guide for 
the eyes. 
 

To probe the large strain behavior, bulk LCE and BPA samples were subjected to uniaxial 

tensile tests at rates of 1 s-1 and 2.5 s-1 and various temperatures (Figure 4.6A and 4.6B). The stress-

strain curves of LCE and BPA show similarities across different rates, starting with a linear 

portion, followed by a plateau and finally a strain stiffening regime and failure, typical to 

PSAs48,116,117. Limited by the maximum velocity of the tensile tester, we performed tensile tests at 

higher equivalent strain rates by lowering the temperature down to Tg -10°C. The equivalent strain 

rates were calculated by multiplying the strain rate at a given temperature by the corresponding 

shift factor aT, shown in Figure 4.2B117. The shift factors from the DMA experiments were used 

to calculate the equivalent rates for the uniaxial tensile experiments, since both the experiments 
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have similar loading modes and due to the better temperature control of our DMA instrument. 

With increasing strain rates, both LCE and BPA showed increase in the magnitude of the plateau 

stress (marked by dashed lines), increase in the failure stress and reduction of failure strains. For 

typical polymer networks at high strain rates, the lack of time for relaxation of entanglements 

results in stress buildup without showing the plateau stress48,117,122. In the case of LCE, even at 

high velocities, there is an increase in the plateau stress with comparatively high failure strain, 

resulting in drastic strain stiffening and a large work of rupture. The increase in the plateau stress 

with increasing rates is significantly higher for LCE compared to BPA (Figure 4.6C). We believe 

that similar dependence of modulus at high strain rates have been ascribed to non-equilibrium 

nematic effects, though LCE behaves like an isotropic elastomer at sufficiently low strain rates or 

equivalently at high temperatures19,54.  

 

Figure 4.7: Mooney plot for A) LCE and B) BPA adhesives at various strain rates and 
temperatures. C) Example of a Mooney plot showing the estimation of the parameters Chard and 
Csoft. 

 

At increasing strain rates, the presence of a large plateau in the stress-strain curve and the 

increase in the magnitude of plateau stress, indicates that LCE adhesives can withstand large 

deformation without debonding. In both the adhesives, the use of low boiling point solvent (THF) 

in the casting might have possibly resulted in a slightly weaker crosslinking than their bulk 

counterparts. Still the differences in the stress-strain curves highlight the superior dissipation of 



61 

LCE at high strain rates, due to soft elasticity.  

  

To gain more quantitative insights from the nonlinear large strain behavior, we can 

represent the tensile data using the Mooney plot of reduced stress f* versus the inverse of stretch 

1/λ (Figure 4.7A and 4.7B) 48,131–133. The reduced stress is given by  

 

       𝑓∗ = -
/&/&$

                 (4.3) 

 

where σ is the nominal stress and λ is the stretch. For a loosely crosslinked adhesive, the reduced 

stress decreases with increasing λ, due to the relaxation of entanglements, followed by a minimum 

and an increase of the reduced stress at large values of λ, corresponding to strain stiffening by 

permanent crosslinks. For an uncrosslinked adhesive, there is no increase in the reduced stress at 

large values of λ, resulting in flow. The Mooney plot of LCE resembles to that of a crosslinked 

polymer, while the Mooney plot of BPA resembles to that of an uncrosslinked polymer48.  

 

From the Mooney plot, we can separate the shear modulus ‘µ’, into two components Csoft  

and Chard (Figure 4.7C). Csoft represents the contribution from the relaxation of temporary 

intermolecular interactions to strain softening, while Chard represents the contribution of the 

permanent crosslinks, which do not relax, to strain hardening. Following the literature, Chard is 

obtained from the reduced stress f* at the minimum and Csoft is obtained from the slope between 

the points [f*(0.8), 0.8] and [f*min, 1/λhard], where λhard corresponds to the stretch value at the 

minimum. Figure 4.6D and 4.6E, show the Chard and Csoft values of LCE and BPA adhesives at 

various strain rates respectively. Csoft and Chard values of LCE show significant rate dependence 
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compared to BPA, similar to the normalized plateau stress (Figure 4C). The extreme rate 

dependence exhibited by LCE adhesives can be attributed to the contributions from the liquid 

crystal mesogens to both softening and stiffening components. Additionally, the ratio of Csoft / 

Chard, represents the balance between the adhesive’s ability to dissipate and sustain stresses at large 

deformations. A large value of Csoft / Chard means that the adhesive is likely to flow under high 

strains, while a very small value of Csoft / Chard means that the adhesive is highly crosslinked and 

favors interfacial crack propagation. It has been reported in the literature that optimized 

commercial PSAs typically possess a value between 2-5131–133. Figure 4.6F, shows the values of 

Csoft / Chard of LCE and BPA, at various strain rates. Despite showing a strong rate dependence of 

Csoft and Chard values separately, the ratio of Csoft / Chard for LCE remains close to 5, across a wide 

range of strain rates. This hints that LCE adhesives show a good balance between energy 

dissipation and load bearing.  

Figure 4.8A compares the rate dependent work of adhesion during stable crack growth of 

LCE and BPA adhesives with other PSAs from literature, which includes commercially available 

PSAs such as 3M Scotch 600 or Scotch 3450 RD 116,117,122,124,134–139. When fitted with a power law, 

G~Vn yields an exponent value between n~0.1 to 0.6 for typical PSAs. Though the value for the 

BPA falls close to that range (n~0.62), LCE exhibits an abnormally high value (n~1.17). Following 

the Gent-Petrich model, the following observations can be made: 1.) For most of the typical PSAs 

under uniaxial tension, increasing the strain rate results in the stiffening and stress buildup at 

modest strains and the disappearance of any stress plateaus48,117,122. In the case of LCE, the plateau 

stress is evident even at high strain rates. Hence it is reasonable to assume that the debonding strain 

of the LCE adhesives does not decrease as much as the typical PSAs at higher strain rates. 
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Figure 4.8: A) Comparison of the rate dependent adhesion of LCE (red asterisk) and BPA (blue 
star) adhesives, with different pressure sensitive adhesives from the literature, Chopin et al (custom 
made acrylic adhesive), Kovalchick et al (3M Scotch 3450S-RD), Villey et al (custom made 
acrylic adhesive), Dalbe et al (3M Scotch 600, from a modified substrate), Verdier et al (custom 
made PDMS adhesive) and Gent et al (Butadiene-styrene copolymers). The solid lines show a 
power law fit (Γ~Vn), with traditional PSAs showing values of exponent n~0.1-0.6, while LCE 
shows an anomalously high n~1.1. The error bars on the LCE and BPA data correspond to one 
standard deviation (n=3). B) Schematic showing the relationship between the uniaxial tensile 
properties and the difference in the rate dependent adhesion energies of LCE and other PSAs.  
 

2.) Though BPA also shows a plateau stress at a range of strain rates, the increase in the magnitude 

of plateau stress of LCE is more significant for LCE compared to BPA (Figure 4C).  Furthermore, 

in a typical polymer network, the Csoft and Chard values from Mooney plot, correspond to softening 

due to the relaxation and stiffening due to the permanent crosslinks respectively. In the case of 

LCE, there is an additional contribution from the rotation of liquid crystal mesogens and their 

associated viscosity. The combination of the large plateau in the stress-strain curve, and the 

corresponding increase in the magnitude of plateau stress at high strain rates, likely results in the 

ultra-rate sensitivity of LCE adhesive, as illustrated by the schematic in Figure 4.8B. In the Gent -

Petrich model117, the work of adhesion (Γ) was predicted using the uniaxial stress-strain curves of 

the adhesives and a suitable debonding criterion for the upper limit of integration of Equation 4.2, 

such as a critical debonding stress. The more recent work of Chopin et al, used a debonding 
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criterion of rate dependent critical stretch, obtained from imaging the fibrils during peeling, to 

predict the adherence energy of acrylic PSAs116. Following these works, the prediction of adhesion 

energy using an assumption of constant debonding stress or a constant debonding strain was not 

valid for LCE, which can be due to complex stress states of the fibrillation process compared to 

simple uniaxial tension. Further imaging at the peel crack front to carefully determine the fibril 

peeling criterion at different rates and complementary information from probe-tack tests, could 

help obtain a more suitable upper limit of integration for Equation 4.2 and yield better predictions 

for LCE adhesives. 140,141 

 

Though the detailed quantitative predictions of the rate dependent adhesion demand further 

investigation, the extreme rate dependence of LCE’s adhesion energy can be exploited for 

applications such as transfer printing, which is widely used in the fabrication of flexible electronic 

devices142,143. Here the rate dependent adhesion is desired for transferring and adhering thin layers 

of materials to various substrates. The rapid advancements in the chemistries of LCEs, allows fine 

tuning of the glass transition temperature, nematic to isotropic transition temperatures, inter-

mesogen interactions and response to other stimuli like light41,144,145. By utilizing liquid crystal 

monomers like RM82, which exhibits crystallinity at room temperature or by spatially controlling 

the crosslink density using two-step UV crosslinking, we can introduce heterogeneity in the 

adhesive stiffness, which could lead to further enhancement of adhesion146,147. With the results 

from the current work and the progress in the field of LCEs and adhesion in general, there are lot 

of prospects for developing robust pressure sensitive adhesives for various novel applications148–

150.  
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4.4 Conclusion 
 

Though the frequency and temperature dependent dissipation properties of liquid crystal 

elastomers have been explored in several recent studies, the systematic peel experiments of LCE 

PSA and comparison with other PSAs has not been reported. We show that pressure sensitive 

adhesives fabricated using liquid crystal elastomers exhibit significant temperature and rate 

dependence of adhesion energy, compared to the PSAs in literature. The rate and temperature 

dependence arises from soft elasticity and strong non-linear viscoelasticity of LCE enabled by 

inter-mesogen interaction and polymer chain friction. Time temperature superposition has been 

shown applicable for all the viscoelastic properties and adhesion energy of LCE. The 

advancements in the LCE chemistries can allow further fine tuning of adhesion properties, which 

can deliver functions typically inaccessible to traditional polymers, such as reversible and 

frequency dependent adhesion. We hope that the results from this study can lead to the 

development of novel PSAs and enable new applications of LCE. 
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Chapter 5 Enhanced adhesion of liquid crystal elastomers on rough surfaces 
 

 
5.1 Introduction 
 

Pressure sensitive adhesives (PSAs) are one of the widely used adhesives in engineering 

applications, which enable quick contact between various surfaces using a gentle pressure without 

requiring additional chemical reactions or stimuli such as heat or UV radiation48,91,92. PSAs 

consists of blending loosely crosslinked viscoelastic polymers such as natural rubber, acrylates, 

silicones and styrenic block copolymers, with additives to achieve a low shear modulus (G <105 

Pa) to create a good conformal contact on various substrates. Owing to their ease of application 

and compatibility with different materials, PSAs are used in household products such as tapes and 

in automotive, aerospace, electronics, and medical industry.92 Depending on the application, the 

viscoelastic properties of PSAs are fine-tuned by formulating the polymer network, crosslinking, 

using additives such as tackifier, plasticizers and rheological modifiers. Despite the wide variety 

of synthetic and processing techniques, the complex interaction between the additives and the base 

polymer complicates the design of PSAs. 93,151 Due to their simplicity and versatility, there is an 

increasing demand for superior PSAs for existing and new applications.  

The adhesive properties of various classes of PSAs have been studied using various 

standard testing methodologies such as peel, probe-tack and lap-shear tests, typically on smooth 

substrates such as glass or stainless steel48. Real world surfaces consist of various inherent 

irregularities or asperities ranging from hundreds of nm to microns that contribute to their 

roughness152,153. This led to the various studies on the effect of roughness on adhesion154–157. 

Roughness has been found to generally decreases the adhesion energy of PSAs as  the presence of 

asperities can affect the effective contact area between the adhesive and the substrate 153,158.  While 

crosslinking a polymer adhesive endows it with strength and creep resistance over long durations, 
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the compliance of the polymer (1/modulus) is inversely related to the crosslink density.  When the 

crosslinked adhesive makes contact over a rough surface with asperities, it deforms and gains 

elastic strain energy. This stored strain energy gets released during the adhesive debonding and 

drives crack growth, leading to poor adhesion strength159. The compliance of the polymer can be 

increased by reducing the crosslink density but will reach a limiting value for an uncrosslinked 

polymer due to chain entanglements2. Due to the paradox between compliance and strength, it is 

challenging to design adhesives that provide good bonding on rough surfaces159,160. Various 

strategies have been reported for overcoming this trade-off, such as swelling the polymer network 

with solvents, curing a liquid adhesive precursor, bottlebrush elastomers, supramolecular bonded 

gels, shape memory polymers and using structural designs161–163. Swelling a polymer with a 

solvent can lead to low modulus, but solvent leaching and interaction with the substrates are 

unfavorable in applications. A liquid precursor can sufficiently wet rough surfaces but requires 

additional chemical reaction for curing such as heat or UV radiation93. Bottlebrush elastomers can 

possess high compliance by using polymer architecture that favors disentanglement but can require 

complex synthesis161,162,164. Recently Wu et al proposed a supramolecular gel doped with an ionic 

liquid, which can conform to various substrates due to the inherent softness and show excellent 

adhesion due to intermolecular interactions and rate dependent phase separation165. Despite the 

high adhesion toughness, the ionogels are susceptible to humidity and creep, thereby limiting their 

applications. Due to their shape retaining ability under heating and cooling, shape memory 

polymers have been shown to adhere to rough surface in the soft rubbery state and debonding in 

the stiff glassy state166. However, the application of heat during the bonding process can be 

impractical for many applications.  Hence, an adhesive that is soft enough to conform over 



68 

asperities without gaining a large strain energy and possess sufficient strength on debonding is 

highly desired.   

Liquid crystal elastomers (LCEs) are a class of novel polymeric materials, which possess 

unique anisotropic properties such as non-linear viscoelasticity, soft elasticity and stimuli-

responsiveness emerging from the combination of liquid crystal mesogens with elastomeric 

networks5,9,41,94,95.  In addition to the chain friction in traditional polymer networks, the rotation of 

liquid crystal mesogens have been shown to result in the large energy dissipation of LCEs. These 

novel properties have been harnessed in various studies for applications as soft actuators, impact 

damping and, more recently in adhesion16,21,110,115,167–169. On heating beyond the nematic transition 

temperature, LCEs become an isotropic elastomer and show a pronounced decrease in viscoelastic 

dissipation15,19,54,107,108. This temperature dependence has been exploited for developing various 

reversible adhesives20,21,110. The disruption of nematic order can also be achieved using light as a 

stimulus in LCEs crosslinked with azobenzene functional groups, leading to dynamic adhesion 

triggered by radiation112. Under uniaxial tension, loosely crosslinked LCEs show pronounced 

ductility and a large deformation at a constant plateau stress, a property known as soft 

elasticity.14,104–106  A recent study from our group showed that this unique non-linear stress strain 

behavior of LCE resulted in an abnormally high-rate dependence on peeling of LCE PSAs 

compared to traditional polymeric adhesives169. Guo et al showed that the adhesion strength of 

LCE adhesives under peeling and probe tack tests, increased significantly at long contact times115. 

This enhancement of adhesion was attributed to the relaxation of local stresses and the slow 

reorientation of the nematic domains, which has been reported in similar earlier studies. Therefore, 

in contrast to most traditional polymers, LCEs can simultaneously exhibit liquid like properties 
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due to soft elasticity which can be favorable for bonding to rough surfaces and solid-like properties 

due to crosslinking of polymer networks which provides strength on debonding.  

In this study, we explore the adhesion of polydomain LCE on various rough surfaces using 

probe tack, lap shear and indentation experiments. We compare the results of LCE with that of a 

commercial acrylic foam tape (3M VHB 4910). We observe that on very rough surfaces, the 

adhesion of both LCE adhesive and the acrylic adhesive decreases. However, on increasing the 

contact time from 1 min to 1000 mins, the adhesion strength of LCE adhesive can be enhanced 

quite significantly on a very rough surface. We believe the underlying mechanism responsible for 

the observation is the long relaxation time scale and soft elasticity of LCE. This enables LCE to 

overcome the adhesion paradox faced by traditional polymer adhesives and broadens the scope of 

PSAs for more challenging real-world applications.   

5.2 Methods  
 
5.2.1 Materials 

1,4-Bis-[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene (RM257; Chemfish 

Japan; 98%), 2,2′-(ethylenedioxy)diethanethiol (EDDET; Sigma-Aldrich; 95%), 

pentaerythritoltetrakis(3-mercaptopropionate) (PETMP; Sigma-Aldrich; 95%), dipropylamine 

(DPA; Sigma-Aldrich; 98%), Butylated Hydroxytoluene (BHT; 99% Sigma-Aldrich) Toluene 

(Fisher Scientific; 99%), were used as received without further purification. 304 Stainless steel 

strips were obtained from McMaster Carr and 304 Stainless steel balls were obtained from Uxcell, 

Amazon.  

5.2.2 Synthesis of LCE adhesive  
Polydomain LCE adhesive was synthesized using Michael addition reaction between 

acrylate capped liquid crystal monomer (RM257), thiol spacer (EDDET) and thiol crosslinker 
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(PETMP) in presence of an amine catalyst (DPA). Liquid crystalline monomer RM257 (15 g, 

25.48 mmol) was dissolved in Toluene (4.725 g) at 85°C. To this mixture, EDDET (4.529 g, 24.84 

mmol), PETMP (0.155 g, 0.318 mmol) were added and stirred. This corresponds to a mol % ratio 

of RM257/EDDET/PETMP = 100%/ 97.75%/2.25%. Finally, a solution of DPA (0.075 g, 0.74 

mmol) diluted in Toluene (1:50 by volume) was added to the reaction mixture and stirred. The 

solution was degassed, poured in a glass mold, and left at room temperature for 24 hours. Then the 

loosely crosslinked LCE was placed in an oven at 85°C to completely remove the solvent. The 

crosslinking density is chosen such that it is just above the gel point or point of percolation of the 

network so that there is no flow.  

 

5.2.3 Substrate preparation 
To introduce surface roughness, 304 stainless steel spheres and rectangular strips were 

subjected to gritblasting using Aluminum oxide particles (24 and 100 grit for the medium and high 

roughness cases respectively) at a pressure of 80 psi. The roughness of the substrates was 

characterized using a Filmetrics Profilm 3D optical profiler by white light interferometry.  

 

5.2.4 Lap shear testing of adhesives 

We performed the Lap shear test following the ASTM D1002 test procedure, using 

Universal mechanical testing system (5965 Dual column testing system, Instron) with a 1-kN load 

cell. The adhesive (~0.95 mm thickness) was placed in between two stainless steel strips 

(100mmx25.4mmx1.6 mm) with an overlap area of 25.4 mmx25.4 mm. A 500g load was placed 

on the strips for a certain time to ensure good bonding of the adhesive and the substrate. Then the 

strips were placed between the grips of a tensile tester and separated at a rate of 1.3 mm/min. The 

shear stress was calculated by the relation F/(B*L), where F is the measured force, B and L is the 
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width and length of the overlap area of the adhesive respectively. The experiment was repeated for 

different contact times and substrate roughness (n=3-5).  

 

5.2.5 Probe tack testing 
We performed the probe tack testing of adhesives using the Instron tensile tester. The 

adhesives were adhered to a flat glass substrate whose position was fixed. A spherical probe (304 

stainless steel, 25 mm diameter) was brought into contact with the adhesive at a rate of 0.01 mm/s 

until a compressive force of 0.5 N was reached. This compressive force was maintained for various 

contact times (1-100 mins). Then the probe was retracted at a rate of 0.01 mm/s and the peak force 

was recorded. This experiment was repeated for different contact times and probe roughness (n=3-

5).  

  

5.2.6 Mechanical characterization of adhesives 

We performed the uniaxial tensile testing of the adhesives using rectangular samples 

(length: 20 mm, width: 10 mm), bonded on acrylic plates on the Instron tensile tester. Strain (ε) is 

defined as ε = (LF – Lo)/Lo, where Lo is the length of the sample in the undeformed state and LF 

is the height of the sample in the deformed state. The nominal stress was calculated by dividing 

the force by the original cross-sectional area of the sample. The experiment was performed at a 

strain rates of 0.05 %/s.  

 

5.2.7 Micro-Indentation  
We conducted a comparative analysis of the adhesion strength between LCE and VHB 

using the Bruker Hysitron BioSoft in-situ indenter, which comes with a maximum displacement 

capacity of 175 µm and a maximum load limit of 10 mN during indentation, and 500 µN during 
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debonding. To perform the indentation on the sample surfaces, we employed a flat-ended conical 

probe tip (Ti-0149) with a diameter of 109 microns and a cone angle of 90 degrees. Our experiment 

involved indenting the adhesive samples up to a load of 50 µN and maintaining this load for 

varying durations (10 seconds, 1 minute and 10 minutes. After the desired holding period, probe 

was unloaded until complete detachment from the sample occurred. During the loading and 

unloading of the probe, displacement control with a rate of 1µm/s was used. During the holding 

period, force control was used.  The experiments were repeated for 3-4 times at each holding 

period. 

5.3 Results and Discussion 
Figure 5.1A shows a schematic comparing the polymer network structure of a pressure 

sensitive adhesive and a polydomain LCE adhesive. A traditional PSA is a viscoelastic polymer, 

which is loosely crosslinked to avoid creep and contains additives like plasticizer and tackifiers to 

modify the modulus and rheological properties91. Liquid crystal elastomers comprise of liquid 

crystal monomers known as mesogens combined in an elastomeric network using flexible polymer 

spacers and crosslinkers. A simple one step polymerization reaction results in a polydomain LCE 

network without any macroscopic alignment38. 
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Figure 5.1: A) Schematic of the crosslinked network structures of traditional polymer adhesives 
(left) and liquid crystal elastomers (right). B) Uniaxial stress-strain curves of LCE and VHB 
adhesive obtained at a rate of 0.0005 s-1. C) Ashby chart comparing the strength and compliance 
of various classes of pressure sensitive adhesives from the literature. The solid vertical line at 102 
MPa-1 corresponds to the limit set by chain entanglements in linear polymers. D) Schematic 
showing the adhesion mechanisms on rough surfaces. In traditional PSAs, the asperities of the 
surface can locally deform the adhesive leading to poor conformance and strain energy gain which 
drives crack growth on debonding. In the case of LCE, the high compliance results in good 
conformance under a compressive pre-load. The stress relaxation due to mesogens lowers the 
strain energy within LCE adhesives, leading to stronger adhesion on rough surfaces. 

 

VHB 4910, a commercial acrylic adhesive from 3M company was used for comparison165. 

The glass transition temperature of VHB and LCE are -10°C and 0°C respectively (Figure 5.2). 

The nematic-isotropic transition temperature of LCE is 75°C, which ensures a liquid crystalline 

state at room temperature.  At room temperature, the storage shear modulus of LCE is 0.3 MPa 

and for VHB is 0.1 MPa, both of which are under the Dahlquist criterion (0.3 MPa)118,119. This 

criterion exists due to the competition between gained surface energy on adhesion and the stored 
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strain energy per unit area during bonding, which makes soft elastomers good candidates for 

adhesives.  

 

 

Figure 5.2:  Dynamic mechanical analysis temperature sweep of LCE and VHB in uniaxial tension 
mode at 1 Hz, showing the curves of storage modulus (E’) and loss factor (tan δ) 

 
Under uniaxial tension (Figure 5.1B), traditional polymers typically show a monotonic 

stress-strain behavior. On the other hand, liquid crystal elastomers can be largely deformed by 

applying a very small mechanical work, due to the mesogen director rotation. This unique property 

known as soft elasticity, manifests as a stress plateau under uniaxial tension and an unusual in-

plane liquid like behavior under biaxial tension106. Since this property is rate dependent, the large 

stress plateau due to soft elasticity has been shown to result in the unique rate-dependent adhesion 

energy of LCE under peeling and in impact damping applications15,16,169. At a very low 

crosslinking density, LCE shows a non-monotonic stress-strain curve with the modulus reaching 
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almost zero at 50% strain (Figure 5.1B inset) and possessing a tensile strength of 0.6 MPa. When 

it comes to adhesion, the strength and the modulus of the adhesive are two crucial parameters 

necessary to maintain a good balance between conformability on rough surfaces during bonding 

and resisting loads on debonding. If nx is the length of the network strands between two 

crosslinking points in a polymer, the modulus of an elastomer is proportional to nx-1 and the 

strength is typically proportional to the modulus170. Since nx singlehandedly determines the 

modulus of an elastomer, the design space of a typical adhesive is limited by optimizing the 

crosslinking density and blending with other polymer additives to reduce the modulus91. Figure 

5.1C is an Ashby chart, comparing the compliance (1/modulus) and the strength of various PSAs 

under uniaxial tension116,133,171–177. On the top left are the well crosslinked adhesives, which 

possess low compliance and high tensile strengths. By reducing the crosslink density, the 

compliance of the adhesive can be increased, at the cost of lowered strength. On further reduction 

of crosslink density, the entanglements of the polymer chains will dominate and set an upper bound 

of compliance (~102 MPa -1). Owing to soft elasticity, LCE adhesives can achieve a higher 

compliance (> 102 MPa -1), while maintaining good tensile strength (0.6 MPa). Note that due to 

the non-monotonic stress-strain behavior of LCE, the inverse of the resilience modulus at 100% 

strain (area under the stress-strain curve), was used to calculate the compliance. The consequence 

of the high compliance enabled by soft elasticity is reflected during bonding to rough surfaces, as 

illustrated in Figure 5.1D.  

At a typical contact pressure, a crosslinked adhesive with low compliance will result in 

poor conforming over a rough surface with large asperities. Moreover, the deformation of the 

crosslinked adhesive by the asperities can lead to a gain in strain energy within the adhesive, which 

in turn drives debonding. By using an uncrosslinked polymer, one can increase the compliance of 
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the adhesive and improve the conformance, but the adhesive will be susceptible to creep flow 

under a constant load. Typical strategies to increase the compliance of a crosslinked adhesive is to 

dilute the network with large quantities of low molecular weight additives such as plasticizers and 

tackifiers, which introduces the risk of property drift due to segregation or leaching of volatile 

compounds151. In the case of LCE, soft elasticity results in low compliance which enables good 

conforming over rough surfaces, without the use of any additives. The stress relaxation of 

mesogens contributes to the further lowering of strain energy over long bonding time. On 

debonding, strain stiffening and high tensile strength under large deformation leads to improved 

adhesion strength. We explore the effect of surface roughness and contact time on adhesion using 

probe tack, indentation and lap shear experiments as follows.  

Figure 5.3A, shows the schematic of the probe tack experiment. The adhesive was bonded 

to a glass substrate fixed at the bottom of the tensile tester. Stainless steel spheres (25 mm diameter) 

were used as probes and were connected to a force sensor using a gripper. Compared to cylindrical 

probes, spherical probes can make uniform contact with the adhesive, irrespective of minor 

alignment differences between the probe and the adhesive surface and do not require additional 

levelling tools. The stainless-steel spheres were subjected to gritblasting using aluminum oxide 

abrasives of 24 grit and 100 grit to produce the medium and high roughness surfaces respectively. 

The smooth sphere was used as received without any gritblasting (Figure 5.3B). The area 

roughness was measured using an optical profiler, which yielded root mean square height values 

of Sq = 0.3 µm,  Sq = 2.86 µm and Sq = 20.98 µm for the smooth, medium roughness and high 

roughness surfaces respectively.  
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Figure 5.3: A) Schematic of the probe-tack experimental setup. A spherical probe contacts the 
adhesive layer and a compressive force is maintained for a contact time, after which the probe is 
retracted and the force is measured. B) Photographs of the spherical probes of different surface 
roughness. C) A typical plot of force vs time, showing various stages of loading, holding and 
unloading. Force vs time plots from probe-tack tests for LCE (Blue) and VHB (Grey), after 
different contact times (1,10 and 100 minutes) using D) Smooth probe, E) Medium roughness 
probe and F) High roughness probe. Bar chart showing peak adhesion force on probe retraction, 
measured after different contact times (1,10 and 100 minutes) for LCE (Blue) and VHB (Grey) 
using G) Smooth probe, H) Medium roughness probe and I) High roughness probe. The results 
and error bars denote mean and one standard deviation respectively (n=3-5). 

 
The probe was allowed to approach the adhesive at a slow rate of 0.01 mm/s to avoid 

viscous effects, until a compressive load of 0.5 N was reached. This load was held constant for a 
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certain period time, which we define as “contact time”. This was followed by the retraction of the 

probe from the adhesive and the peak force was recorded (Figure 5.3C). This experiment was 

repeated for three contact times (1, 10 and 100 minutes), three probes of different roughness and 

two adhesives LCE and VHB (Figures 5.3D-F).In case of both LCE and VHB, the adhesion force 

increased with more contact time, irrespective of the probe roughness. The constant compressive 

force of the probe will result in increased indentation depth due to viscoelasticity, which in turn 

leads to improved effective contact area126,158,178.  

 
 

Figure 5.4: Stress relaxation of LCE and VHB under compression by a smooth spherical probe. 
An initial compressive force (1N) was applied at a probe approach speed of 0.1 mm/s, then the 
displacement was fixed and the force was measured for 100 minutes.  LCE had a relaxation time 
of 50s while VHB had a relaxation time over 6000s. 
 

In a recent work, Guo et al reported the increase in the adhesion energy of LCE on probe 

tack after a long contact time using smooth substrates.  The increased adhesion strength of LCE 

was attributed to the enhanced stress relaxation of the nematic domains in LCE, which resulted in 

further lowering of free energy115. Performing a relaxation experiment on LCE reveals that the 
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stress relaxation in LCE is much drastic compared to VHB, with a relaxation time of 50s for LCE 

and >5000s for VHB (Figure 5.4). Polydomain LCEs have previously shown a fast relaxation at 

short time scales (<1000 s) and a much slower relaxation at longer time scales comparable to 

isotropic elastomers (>1000 s)19. At a short contact time of 1 minute, the adhesion force of VHB 

was atleast 40% higher than that of LCE for all the probe roughness. This can be understood by 

the lack of tackifiers in the LCE adhesive. The tack of an adhesive is defined as the ability of an 

adhesive to quickly wet the substrate and provide instant adhesion179. Commercial adhesives are 

blended with large weight fractions of low molecular weight additives or tackifiers, which lowers 

the modulus and contributes to the instant “stickiness” at a short contact time, compared to LCE 

which has no such additives. While an instant bonding can be desired for some applications, 

tackiness may not directly correlate to good adhesive performance in general, which is achieved 

by a subtle balance between viscous and elastic properties91,151,155. On comparing the contact times 

of 10 and 100 minutes, LCE showed a larger increase in the adhesion force compared to VHB and 

reached a maximum value of 2.1 N for the high roughness probe. However, the adhesion force of 

VHB saturated around ~1.7 N irrespective of the probe roughness, after the maximum contact time 

of 100 minutes. Previous studies have shown that tack of an adhesive on a rough surface with 

asperities is proportional to the true area of contact during bonding, which in turn is affected by 

both contact time and pressure126,158,178. Due to the high compliance of LCE, the application of a 

pre-load for a certain period resulted in improved contact with the substrate. As the probe was 

retracted from the adhesive surface, both LCE and VHB formed long adhesive necks. Due to soft 

elasticity LCE showed more ductility before complete detachment from the probe, which mirrors 

the observations of long fibrils on peeling LCE adhesives in previous studies.  
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Figure 5.5: A) Schematic of the indentation experimental setup. A conical probe tip with a 
diameter of 109 microns indents the adhesive layer and a compressive force is maintained for a 
contact time, after which the probe is retracted and the peak force is measured. B) A typical plot 
of force vs time, showing various stages of loading, holding and unloading. Force vs time plots 
from Probe-tack tests for LCE (Blue) and VHB (Grey), after different contact times of C) 10 
seconds, D) 1 minute and E) 100 minutes. F) Peak adhesion force on probe retraction, measured 
at different contact times for LCE (Blue) and VHB (Grey). The results and error bars denote mean 
and one standard deviation respectively (n=3-5).  

 

The results from the probe tack experiment describe the collective interaction between 

thousands of asperities on the probe substrate and the adhesive layer. To simulate the interactions 

between one asperity and the adhesive at a smaller length scale, microindentation can be 

used180.  Figure 5.5A shows the schematic of the indentation experimental setup. A flat-ended 

conical probe tip of diameter 109 µm penetrates the top surface of the adhesive adhered on a flat 

glass substrate at a rate of 1 µm/s until a force of 50 µN is reached, which is held constant for 

various contact times (0.16, 1 and 10 minutes). This is followed by unloading at the same rate of 

1 µm/s, and the peak force during debonding is defined as the adhesion force (Figure 5.5B). The 
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results of the microindentation experiments follow qualitatively similar trends as the probe tack 

experiment. At smaller contact times of 10s and 1 minute, VHB shows a higher adhesion force 

compared to LCE, owing to the higher tackiness of VHB (Figure 5.5C and D). When the contact 

time is increased to 10 minutes, LCE shows higher adhesion strength (Figure 5.5E). At contact 

times longer than 10 minutes, the adhesion force of LCE exceeds the maximum debonding force 

of the instrument. But following the probe tack experiment, we expect the adhesion force of LCE 

to increase further with longer contact times before reaching a saturated value (Figure 5.5F).  

 
During the crosslinking of LCE, it is represented by a state of quenched disorder, where 

the crosslinked network imposes a local field on the director of neighboring mesogens, which leads 

to the formation of “polydomain”5,9. Although the diameter of the indenter (~100 µm) is smaller 

compared to the spherical probe (25 mm), it is still bigger than the length scale of nematic domains 

in LCE (1 µm). Therefore, it is possible that the observed increase in adhesion force in both probe 

tack and indentation experiments comes from the stress relaxation due to collective reorientation 

of neighboring domains115. While techniques like atomic force microscopy or nanoindentation can 

be used to probe the effects at a scale smaller than one domain (1 µm), the adhesion force of typical 

PSAs diminishes at a roughness scale of few µm to hundreds of µm, which is above the size of the 

LCE domains. This hints that LCE adhesives hold potential for bonding to rough surfaces 

compared to traditional PSAs.  
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Figure 5.6: Lap shear test results of LCE using different pre-load contact times (1,10,100 and 
1000 minutes), using A) Smooth substrate, B) Medium roughness substrate, C) High roughness 
substrate. A) Inset shows the schematic of the lap shear test, where the adhesive is bonded between 
two stainless steel plates with an overlap area of 25.4x25.4 mm2. Lap shear test results of VHB 
using different pre-load contact times (1,10,100 and 1000 minutes), using D) Smooth substrate, E) 
Medium roughness substrate, F) High roughness substrate. Peak shear stress, measured at different 
contact times (1,10, 100 and 1000 minutes) for LCE (Blue) and VHB (Grey) using G) Smooth 
substrate, H) Medium roughness substrate, I) High roughness substrate. The results and error bars 
denote mean and one standard deviation respectively (n=3-5).  

 

Following the industry standards (ASTM D1002), we performed lap shear tests on LCE 

and VHB adhesives by bonding the adhesives to substrates of various surface roughness (Figure 

5.6A inset shows schematics). The adhesive was bonded between two stainless steel plates of 

25.4mm width and 100 mm length. The adhesive overlap area between the plates was 25.4x25.4 
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mm2. A compressive pressure of 100 kPa was applied on the overlap area for various contact times 

and then the shear force was measured using a tensile tester. Figure 5.6B-F shows the shear stress 

vs strain curves for LCE and VHB at different contact times and substrate roughness. At low 

contact times of 1 minute and 10 minutes VHB showed higher shear strength compared to LCE, 

irrespective of the substrate roughness. Comparing the same contact times, the shear strength of 

VHB decreased with increase in surface roughness. For the maximum contact time of 1000 

minutes, the shear strength of VHB dropped from 100 kPa to 75 kPa for higher substrate roughness. 

On the other hand, the shear strength of LCE reached a similar value of 90-100 kPa under a contact 

time of 1000 minutes, irrespective of substrate roughness. Since both contact time and pressure 

can affect the adhesion strength, we tested the shear strength of LCE and VHB using the high 

roughness substrate using twice the contact pressure (200 kPa) and a contact time of 1000 minutes. 

Doubling the contact pressure had marginal effect on the adhesion of VHB, while it improved the 

shear strength of LCE to 130 kPa.  This result is similar to the previous studies, which also showed 

that more compliant adhesives can benefit from increased contact pressure, while it does not affect 

the adhesion of less compliant adhesives159,166. Macroscopically observing the adhesive on the 

substrates after the lap shear test reveals further details on the failure mechanisms of LCE 

adhesives (Figure 5.7). Polydomain LCE samples are opaque due to light scattering by randomly 

arranged nematic domains and becomes transparent under large deformation as the mesogens align 

along the direction of loading. Photographs of LCE adhesives after the tests show that under a 

short contact time (1-10 minutes), most of the LCE remained opaque. But for longer contact times 

(>100 minutes), the LCE samples became more transparent. Due to the lack of tackifiers, the initial 

tack of the crosslinked LCE is lower than VHB, which results in weak bonding and premature 

adhesive failure at short contact times. Increasing the contact time and pressure, allows LCE to 
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form a good contact with the substrate, which allows it to undergo large bulk deformation during 

the lap shear test, thereby resulting in an increased overall adhesion strength.  

            
 

Figure 5.7: Photograph of LCE adhesives on the rough substrate after lap shear test, with a contact 
time of 10 minutes (left) and 1000 minutes (right). For the contact time of 1000 minutes, the sample 
shows changes in the transparency due to large deformation.  

 

The effect of higher contact pressures at small contact times was not studied following the 

analysis from previous studies. Without sufficient time for stress relaxation, high contact pressures 

can result in large tensile stresses and local detachment at some of the valleys between the 

asperities, which can act as failure points158. Air pockets trapped between the valleys have been 

reported as a failure mechanism as well179. Under all the experimental conditions, both LCE and 

VHB did not show any cohesive failure and failed adhesively without leaving any residues.   
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Figure 5.8: A) Photographs showing sample preparation for static loading tests. A circular piece 
of adhesive is bonded to the surface of a stainless-steel substrate (Top). The other surface of the 
adhesive is bonded to a rough substrate and a compressive pre-load is applied for 1000 minutes 
(Bottom). B) A static normal load is applied using slotted weights and the time of debonding from 
the rough surface is noted. C) The results from the static loading tests, showing the time of 
debonding for LCE (Blue) and VHB (Grey) and the corresponding applied stress (0.1-0.5 MPa). 
The results and error bars denote mean and one standard deviation respectively (n=3-5). 

 

In addition to lap shear test, we also compared the adhesive performance of LCE and VHB 

from a high roughness substrate under static normal loads. One surface of the circular adhesive 

layers was adhered to a smooth stainless-steel cylinder (Figure 5.8A). The other surface of the 

adhesive was adhered to a sandblasted stainless-steel plate with high roughness (Sq > 20 µm) and 

a compressive load of 500 kPa was applied for a contact time of 1000 minutes. Then different 

static normal loads (0.1 – 0.5 MPa) were applied using hanging weights and the time of debonding 

was measured (Figure 5.8B). For the applied load of 0.1 MPa, VHB debonded within 15 minutes 

while LCE was able to withstand the load for 1500 minutes (Figure 5.8C). When an adhesive is 

bonded on rough surfaces, the presence of asperities will reduce the effective contact area as 

compared to a smooth surface and can result in the formation of cracks near the edge of the 

adhesive. The adhesive is also deformed by the sharp asperities, which results in a gain in strain 

energy156,158,159. When a load is applied, this release of strain energy drives the crack growth and 
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causes adhesive failure. In the case of LCE, the high compliance due to soft elasticity allows good 

conformance after sufficient contact time and pressure. The stress relaxation enabled by mesogen 

domain realignment, results in lowered strain energy within the adhesive. This allows LCE to 

sustain loads for a longer period despite the high surface roughness.  

 

While it is possible that some commercial adhesives can sustain more loads for longer 

periods compared to LCE adhesive, it is important to consider the difference in their composition. 

For good overall performance, an adhesive should possess good adhesive and cohesive strength. 

A high compliance is necessary to achieve adhesion, but some crosslinking is necessary for 

cohesive strength and creep resistance, which will inadvertently reduce the compliance. To solve 

this paradox, additives such as plasticizers and tackifiers are added to the base polymer to ensure 

good bonding. This makes adhesive formulation a delicate balance between multiple contradicting 

properties155. To be further used as a mounting tape such as VHB 4910, the adhesive layers are 

coated on a crosslinked viscoelastic polymer foam which distributes stress and provides impact 

strength. Therefore, due to the multilayered design a mounting foam tape achieves high adhesive 

and cohesive strength. Despite this, many commercial products recommend the users to polish any 

rough surfaces, use primers and provide warning for the potential loss of adhesion. On the other 

hand, the LCE adhesive used in this work does not have any additives or a separate foam core. We 

chose a simple chemical formulation, which balances all these properties. Due to soft elasticity, 

the LCE adhesive can possess high compliance. The lowering of strain energy due to mesogen 

relaxation, leads to a good bonding in rough surfaces after a sufficient contact time (~1000 

minutes), which is comparable to the time required by many commercial adhesives for achieving 

complete bonding strength (72 hours). The crosslinking of the LCE network provides cohesive 
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strength on debonding. Although in this study, we performed all the experiments at low strain rates 

to avoid viscoelastic effects, LCE has been reported previously to show strong rate dependent 

adhesion and high viscoelastic damping compared to traditional polymers. Therefore, a tape made 

using an LCE foam core of higher crosslinking density and LCE adhesive layers of lower 

crosslinking on its surface will result in a robust adhesive performance which will be our focus for 

future studies.  

 

5.4 Conclusion 
 

Despite the excellent advantages of pressure sensitive adhesives, the effect of roughness 

on lowered adhesion strength restricts their real-world applications. We show that liquid crystal 

elastomers can be designed to overcome the challenges faced by traditional adhesives on rough 

substrates. The asperities of a rough surface typically deform the adhesive and increase the strain 

energy within the material, which drives crack growth and debonding. Soft elasticity endows liquid 

crystal elastomers with high compliance for conforming to a rough substrate. After sufficient 

contact time and pressure, stress relaxation of LCE allows reduction in strain energy. The 

crosslinking in the network provides cohesive strength on debonding. This allows LCE adhesives 

to perform better than a commercial foam tape on very rough surfaces where the asperities size 

range from few microns to tens of microns. We hope this study opens new possibilities for 

roughness tolerant pressure sensitive adhesives and broaden the potential applications.  
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Chapter 6 Conclusion 
 

6.1 Summary of the dissertation 
 

Compared to traditional elastomers, liquid crystal elastomers hold great potential for 

various new applications due to their unique properties such as anisotropic elasticity, stimuli 

responsive actuation and energy dissipation. In this dissertation, we explore the rate and 

temperature dependence of these properties and use materials chemistry to improve these 

properties. We believe this will contribute to new engineering applications and also improve the 

reliability of the engineering devices and structures created using LCE. The main results of each 

chapter are summarized as follows.  

In Chapter 2, we systematically studied the fracture properties of liquid crystal elastomers 

at different temperatures and loading rates. Due to the viscoelastic nature of LCE, it shows a rate 

and temperature dependent fracture behavior. At high loading rates and low temperatures, LCE 

behaves like a tough elastomer. But once it is heated above the isotropic transition temperature, 

the viscous dissipation effects are lost, leading to the deterioration of fracture energy. Using the 

fracture energy measurements, we can predict the rupture temperature under self-actuation stress 

for monodomain LCE actuator. We believe that the results from this article can be used in 

designing reliable LCE structures for various applications.  

 In Chapter 3, we use interpenetrating networks strategy to report a method to enhance the 

high temperature fracture and fatigue properties of liquid crystal elastomers. As seen in Chapter 2, 

LCEs in general have poor high temperature fracture properties, due to diminished viscoelastic 

dissipation mechanisms. We show that the overall fracture energy of LCE at high temperatures 

can be significantly improved, by incorporating a soft and stretchable second PU network, and 

tuning the crosslinking density. The entanglement of the LCE and PU networks and the covalent 
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bond breakage on loading can result in significant energy dissipation at various temperatures. 

Since the PU network doesn’t show much mechanical deterioration with increasing temperature 

compared to the LCE network, a fracture energy of 655 Jm-2 is achieved for the double network 

LCE at 90°C. Compared to the single network LCE, the high temperature fatigue crack growth is 

also reduced significantly in DNLCE. The actuation properties of LCE is also retained due to the 

extensible PU network, which allows us to apply mechanical stretch to align the mesogens. We 

hope that the results of this chapter can pave way for the creation of soft thermally actuating 

materials that are tough and fatigue resistant at various temperatures.  

In Chapter 4, we studied the properties of LCE adhesives using peel experiments and 

compared it with other pressure sensitive adhesives. We show that pressure sensitive adhesives 

fabricated using liquid crystal elastomers can exhibit an extreme temperature and rate dependence 

of adhesion energy, compared to traditional adhesives. The rate and temperature dependence arises 

from soft elasticity and strong non-linear viscoelasticity of LCE enabled by inter-mesogen 

interaction and polymer chain friction. Time temperature superposition was applicable for all the 

viscoelastic properties and adhesion energy of LCE. The unique properties of LCE can deliver 

functions typically inaccessible to traditional polymers, such as reversible and frequency 

dependent adhesion. We hope that the results from this study can lead to the development of novel 

PSAs and enable new applications of LCE. 

 

In Chapter 5, we study the effect of roughness on the adhesive properties of liquid crystal 

elastomers. Despite the excellent properties of current pressure sensitive adhesives, the effect of 

roughness on lowered adhesion strength restricts their real-world applications. We show that liquid 

crystal elastomers can be carefully designed to overcome these challenges on rough substrates. 
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The asperities of a rough surface typically deforms the elastomeric adhesive and increase the strain 

energy, which drives crack growth and debonding of the adhesives. In case of liquid crystal 

elastomers, soft elasticity results in high compliance for conforming to a rough substrate. The 

stress relaxation of LCE allows reduction in strain energy after sufficient contact time and pressure. 

The crosslinking in the network provides cohesive strength on debonding and delays creep. These 

unique advantages allow LCE adhesives to perform better than a commercial acrylic tape on very 

rough surfaces with asperities range from few microns to tens of microns in size. We hope these 

results opens new possibilities for pressure sensitive adhesives that are more tolerant to roughness.   

 

6.2 Outlook for future work 
 
 In our studies, we have shown the advantages of LCEs in fracture and adhesion and 

demonstrated some materials chemistry strategies to overcome the weaknesses. For further 

improvement of properties, one can use the array of polymer engineering techniques applied in 

other areas of soft matter such as hydrogels and dielectric elastomers. The use of functional groups 

which are more polar, such as amines, nitriles and fluoride, can provide more intermolecular 

interactions such as hydrogen bonding, which can significantly enhance the energy dissipation 

properties across a wider range of temperatures and frequencies. These polar groups can also lead 

to significant improvements in surface wetting and adhesion.  To further improve adhesion,  

structural designs involving a more crosslinked LCE foam layer sandwiched between two adhesive 

layers can result in robust adhesion that are tolerant to static and dynamic loading, owing to the 

molecular scale dissipation of LCE combined with the macroscale dissipation from buckling.  
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