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Abstract 

 

In this dissertation, multiscale mechanical analysis of diverse photo-deformable 

polymers and their nanocomposites is carried out with focusing on the mesoscale 

phenomena. First, all-atom molecular dynamics (AA MD) simulation is utilized to 

describe photo-isomerization of the azobenzene chromophores in the liquid crystalline 

polymers (LCPs). The atomistic modeling and simulation are also carried out to 

investigate the interfacial characteristics and the reinforcing effect of the nanocomposite 

which is composed of the carbon nanotube (CNT) and photo-responsive polymer (PRP). 

We characterized the composites in terms of the interfacial shear strength (IFSS), 

photostrain, and elastic modulus according to the extent of the photochemical reaction. 

Furthermore, a scale-bridging methodology is proposed in order to link the microscopic 

photo-reaction and the macroscopic interfacial and elastic properties of the composite by 

using the micromechanics-based homogenization method. It is verified that the light-

induced isomerization of the photochromic molecules influences the filler-matrix 

interaction and microstructure of the LCP at the interphase. The continuum-scale finite 

element (FE) model, which efficiently reflects the microscopic information, clearly 

predicts the reinforcing effect of the CNT filler on the photo-mechanical properties of the 

composite and its variation under the photo-actuation. 

Although conventional AA MD simulation efficiently describes the light-

induced structural variations of the PRP composite, it is unsuitable for designing the 
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photo-mechanical effect in terms of the macromolecular morphology due to excessive 

computational costs. Therefore, a multiscale analysis framework based on the coarse-

grained molecular dynamics (CG MD) simulations is developed. The mesoscale LCP 

network model is constructed by efficiently reducing the number of degrees of freedom to 

overcome the computational limitations of the atomistic model. The mesoscale photo-

switching potential is firstly developed by using the iterative Boltzmann inversion (IBI) 

technique to reflect the light-induced molecular shape change and the associated variation 

on the molecular interaction. The CG MD model successfully represents the light-induced 

Smectic A (Sm A) – Nematic (N) – Isotropic (I) phase transition and corresponding 

unique deformation modes. Especially, with the aid of the mesoscale analysis, the 

presented methodology can treat diverse design parameters in order to perform the 

multiscale simulation-based mechanical design of the photo-deformations. The 

photostrain and elastic modulus profiles in terms of the extent of the photochemical 

reaction are implemented into the continuum scale multiphysics governing equation, 

which is based on the neo-classical rubbery elasticity of the LCP. In order to efficiently 

reflect the light-induced rotation of the LC mesogens and corresponding geometric 

nonlinearity, a co-rotational formulation is implemented to the FE shell model. As a result, 

we demonstrated the complex 3D deformations as well as the simple photo-bending by 

performing the nonlinear FE analysis. Besides, the mesoscopic texture-mediated unique 

photo-deformations are systematically investigated in terms of the material design 

parameters. We expect the presented work can help to practically design the deformed 
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shape and to enhance the mechanical properties of the photo-responsive smart actuators. 

 

Keywords: Photo-responsive polymer, Nanocomposite, Multiscale simulation, Coarse-

grained molecular dynamics, Nonlinear finite element method 
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1. Introduction 

 

1.1. Mechanical deformation in response to light stimuli 

 

Photoactive deformable polymers have drawn a significant amount of attention 

due to their distinct advantages over conventional smart polymers.1-3 Using light as an 

external stimulus gives rise to spatiotemporal control with simple fabrication, wireless 

functionality, and environmentally-friendly actuation. Among these photo-responsive 

polymers (PRPs), azobenzene-containing crosslinked liquid crystalline polymers (CLCPs) 

have been investigated and have gained widespread use in applications, such as in 

molecular switches, artificial muscles, and image storage devices.4-7 Especially, the 

photo-mechanical response of the LCP network was first explored in the pioneering work 

of Finkelmann et al.8 The shapes and properties of the PRPs incorporating the 

azobenzene derivatives arise from the molecular structures of the nematic liquid crystals 

(LCs) which have a high degree of molecular ordering and flexible polymer chains. 

When UV or visible light is irradiated onto the photochromic moieties, a reversible 

isomerization occurs between the rod-like trans state and kinked cis state. Notably, the 

photo-isomerization of the moieties can disrupt or reversely arrange the molecular 

ordering, and these molecular scale transitions result in remarkable macroscopic 

deformation.8-10 Photo-responsive CLCPs are particularly useful materials for soft 

actuators because they can directly convert light-induced molecular motion into 
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mechanical work. Ikeda et al.11,12 developed a light-driven motor and a soft robotic arm 

based on the three-dimensional deformation of an azo-CLCP film. Broer et al.13 

developed a PRP actuator which mimics the motion of natural cilia. To provide a deeper 

understanding and efficiently design the opto-mechanical behaviors of the PRP, various 

theoretical and simulation studies are essentially required. 

 

1.2. Mechanical design of azobenzene-containing PRPs 

 

Recent mechanical design of the azobenzene-containing PRPs focuses on an 

improvement of the mechanical properties of the material and realization of more 

complex 3D deformations. The use of neat CLCPs has limitations due to the nature of the 

soft polymeric materials, and improvements in the mechanical strength and exerted force 

are still needed. Therefore, in order to widen range of applications in the photochromic 

actuation and add new functional properties, gold nanoparticles, graphene oxides, and 

carbon nanotubes (CNTs) have been inserted into the azo-PRP matrix.14-20 Specifically, 

CNTs (single-walled (SWCNT) and multi-walled nanotubes (MWCNT)) are promising 

fillers not only in terms of the mechanical reinforcing effect but also in terms of other 

functionalities. Incorporating CNT bundles into liquie crystalline elastomers (LCEs) 

enables a faster thermomechanical response because the SWCNT effectively absorbs NIR 

light and lowers the actuation temperature of the system.18,19 Yang et al.20 synthesized a 

SWCNT-embedded azo-LCE composite to enable multi-stimuli (heat/UV/NIR) 



 

 3 

responsiveness. It was also found that CNT bundles and nematic LCs mutually improve 

the stability of the anisotropic alignment and dispersion.17,19 Moreover, the PRP-CNT 

composite film shows improved mechanical strength especially along the aligned 

direction, and the CNT amplifies the photo-triggered mechanical response of the 

CLCPs.16-19 

Although the reinforcing effect of the PRP-CNT composite has been 

experimentally identified, its computational design and analysis do not meet the 

requirements. Changes in the effective mechanical properties accompanied by a 

photochemical reaction should be investigated for the precise control of photo-actuated 

deformation. However, simple computational models fall short in describing the 

multiscale and multiphysics nature of the photomechanical phenomenon. The densified 

interphase region between the filler and the matrix predominantly contributes to the 

efficiency of the reinforcing effect and load transfer. While the role of the interphase is 

crucial, a conventional single-scale continuum model cannot predict the micro/nanoscale 

intermolecular interactions and effectively characterize the interphase region. Therefore, 

researchers have proposed a multiscale mechanical analysis framework for 

nanocomposites with the aid of molecular dynamics (MD) simulation and equivalent 

finite element (FE) models.21-24 In particular, the role of the interfacial interactions 

between the photochromic mesogens and the CNT sidewalls is of great importance 

because of the π-π interaction and the anchoring effect. The π-π stacking interaction is a 

strong non-covalent interaction between unsaturated organic groups. It is a special type of 
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electron correlation effect that only occurs in aromatic systems with spatially close-lying 

π orbitals, which is possible in stacked orientation.25 The dramatic change in the interface 

microstructure under photo-isomerization can affect the mechanical properties of the 

interphase and of the overall composite. Meanwhile, the addition of nanocarbon fillers 

influences the alignment of the nematic LCs and the corresponding mechanical 

anisotropy. Atomistic simulations have proven that this anchoring effect on host LC 

molecules is dependent on the geometry of the solid filler and on the configuration of the 

interface.26,27 Another challenge in evaluating the photomechanical response arises from 

the complexity of the interdisciplinary problem. Although computational approaches 

treating the photo-deformation of the PRP on various scales have been applied, to the best 

of our knowledge, the relationship between the photo-induced variation of the interphase 

and the macroscopic mechanical response of the PRP-CNT composite has not yet been 

revealed. 

In addition to the basic bending and unbending behaviors, recent research has 

focused on realizing unusual motion, such as twisting, rotating, and oscillating, to provide 

exquisite control of the photo-induced deformation.28-30 Furthermore, pre-programmed 

complex 3D photo-deformations have been achieved.31-33 These diverse stimuli-

responsive motions can be realized by the control of the local alignments or defects of the 

LC domains, the use of more complex LC phases (smectic, twisted nematic, etc.), and the 

architectural design of the polymeric structures.9,34 Combinations of the light-driven 

deformation modes are promising for the envisaged applications in opto-mechanical 
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actuators and soft robotic devices.11,35 Therefore, one of the goals in this study is to 

precisely design unusual deformations of the PRPs using the multiscale computational 

analysis ultimately in order to pre-program the optimized structure which can deforms to 

the user-defined shapes.  

 

1.3. Necessity of mesoscale simulation in the research of the PRPs 

 

In order to accurately predict and design the photo-mechanical deformations, 

their multi-physics and multi-scale nature should be first understood. To achieve this, 

diverse scale-physical information needs to be integrated from the quantum event, 

represented by the photo-excitation, to the macroscopic alternation of the shape. Many 

researchers have conducted a computational analysis of the light-triggered effects by 

using quantum mechanics (QM), molecular dynamics (MD), and continuum scale finite 

element (FE) simulations.36-38 However, there is a lack of a unified solution derived by 

bridging the physical quantities obtained from the calculations of each scale. Previous 

multiscale framework39 showed that the all-atom molecular dynamics (AA MD) 

simulation can serve as an intermediate scale analysis to provide microscopic molecular 

shape change in terms of the extent of photo-chemical reaction. However, the 

conventional MD simulations with full-atomistic description have obvious limitations in 

modeling the complex LCP network. First, the AA MD can only exhibit a light-induced 

nematic-to-isotropic transition and corresponding deformations. While the arrangement 
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of the nematic director requires approximately several ns, the growth of the smectic phase 

requires tens or hundreds of ns.40,41 In terms of the length scale, a few μm-scale is 

required to observe convincing twisted nematic structures.40 However, this is beyond the 

conventional simulation scope of the AA MD due to the excessive computational cost. 

Another limitation of the conventional MD simulations is the difficulty in considering the 

complex macromolecular morphology. It has been proven that the opto-mechanical 

properties such as the responsiveness, strain, and exerted stress can be tuned by 

modifying the spacer length and crosslinking density of the azo-LCP network.42,43 

Generally, in the case of the side-chain LCP, the spacing between each backbone is about 

3-5 nm, and it is comparable to the side length of the unit cell in the AA MD simulation. 

Accordingly, the full-atomistic computational model is not suitable for exploring the 

photo-mechanical effect of the CLCP with diverse LC phases and polymer architectures. 

In this dissertation, a multiscale opto-mechanical analysis is conducted by using the 

coarse-grained molecular dynamics (CG MD) simulations in order to overcome the 

limitations of the conventional AA MD. Especially, the simulation scope is extended to 

the mesoscale phenomena in order to observe the light-responsive behaviors of the 

polymers with diverse morphologies. Then, the photo-induced effect in mesoscale is 

linked to the continuum scale stress-strain constitutive relation to reproduce the practical 

macroscopic deformations. 
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1.4. Outline of the thesis 

 

The main objective of this thesis is to develop the multiscale photo-mechanical 

analysis framework of the PRP and its nanocomposites. In Chapter 2, we proposed a 

multiscale MD-continuum approach to examine the reinforcing effect of the CNTs on the 

photo-mechanical properties of the azo-containing PRP. The MD simulation is performed 

to model a photochromic event of the azo-moieties and to quantify the anchoring effect 

and interfacial interaction of the PRP-SWCNT composite from the viewpoint of the 

microscopic structure. We observed that the photo-chemical reaction induces changes in 

the elastic stress-strain curves of the CNT-embedded composite. Variation in the 

thickness of the interphase region is also estimated in terms of the size of the CNT and 

the extent of the photochemical reaction. Then, the transversely isotropic stiffness tensor 

of the effective interphase is obtained via micromechanics-based asymptotic 

homogenization method and FE formulations. To examine the applicability of the derived 

multiscale mechanical analysis, a three-phase continuum model of the composite 

containing nanotube bundles is constructed, and its photomechanical response is 

estimated. This chapter can help precisely design the mechanical reinforcing effect of the 

photo-responsive nanocomposites.  

Next, the mesoscale CG MD simulations are conducted to observe the thermal- 

and light-responsive behaviors of the smectic and nematic CLCPs (Chapter 3). We 

systematically developed the mesoscale photo-reactive potentials for the first time by 
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integrating the physical properties obtained at each different scale. The derived CG 

potentials can capture both light-induced conformational change and the subsequent 

disordering effect on the surrounding molecules. The gradual phase transition behaviors 

and mechanical deformations can be examined by applying the modified potential to the 

trans-isomers. Also, the mesoscopic mechanism of the unique macromolecular shape 

change of the smectic solids is profoundly investigated, which cannot be achieved by the 

AA MD simulations because of the limited simulation regime.  

Finally, in Chapter 4, the multiscale photo-mechanical simulation parameters 

obtained by the CG MD simulations are implemented into the continuum scale FE 

analysis. In particular, variations in the photo-mechanical deformation, from simple 

bending to the complex pre-programmed shape change, in terms of the macromolecular 

morphologies are examined. The relationship between the photo-induced mesophase 

behavior and the polymeric shape change is quantified with respect to the fraction of the 

photo-activated molecules. Moreover, photo-induced reduction in the elastic modulus of 

the CLCPs is directly inserted into the macroscale simulations to construct a more 

advanced simulation scheme. The corotational nonlinear FE formulation is carried out in 

order to efficiently consider the quasi-soft behavior and the rotation of the nematic 

directors. A series of the multiscale mechanical analysis presented in the final chapter is 

expected to broaden the applicable simulation regime in the research field of the photo-

responsive smart materials.  
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2. Multiscale mechanical analysis of photo-responsive 

nanocomposite with carbon nanotubes (CNTs) 

 

2.1. All-atom MD modeling and simulation 

 

Wrapping simulations, molecular mechanics (MM) calculations of the 

interaction energy, and atomistic modeling of the initial bulk unit cell were conducted 

using Materials Studio 5.5 (Accelrys, Inc.). All MD simulations describing the photo-

isomerization and relevant opto-mechanical property calculations were performed using 

the LAMMPS code developed by Sandia National Laboratory.44 A polymer consistent 

forcefield (PCFF) is adopted to describe both the intramolecular and intermolecular 

interactions between the atoms.45 The pressure and temperature are controlled using the 

Nosé–Hoover extended Hamiltonian method.46, 47 The van der Waals (vdW) interaction is 

calculated using the atom-based summation with a cut-off distance of 9.5 Å , and the 

Ewald summation method is used to treat long-range Coulombic forces. 

 

2.1.1. Network formation of nematic liquid crystalline polymer 

 

An uncured bulk liquid crystalline polymer (LCP) unit cell is constructed with 

mesogenic units oriented parallel to the nematic axis. The neat photo-responsive polymer 

(PRP) model consists of liquid crystalline monomers (6-[4-(4-ethoxyphenylazo) 
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phenoxy]hexyl acrylate) and crosslinking agents (4,4 -́di(6-(acryloxy) hexyloxy) 

azobenzene) (Figure 2.1 (a)). There is a rigid rod-like structure in the middle of each 

monomer, and flexible hydrocarbon spacer arms are linked together to form the 

polyacrylate backbones. The molar ratio between the monomer and crosslinker is about 

7:1 and is the same as that of typical azo-PRP materials used in experimental studies.10, 48 

The uncrosslinked structure is relaxed via sequential equilibration steps consisting of 

conjugated gradient energy minimization with a convergence cut-off of 0.1 kcal/mol Å , 

the NVT ensemble for 300 ps at 300 K, and the NPT ensemble for 1.5 ns at 300 K and 

1.0 atm. The time step of the MD relaxation runs is 1.0 fs. 

Then, in order to effectively prepare the crosslinked liquid crystalline polymer 

(CLCP), a two-step photo-polymerization strategy is used. Figure 2.2 shows the 

workflow of the sequential crosslinking simulation used in this study. In the first step, a 

well-defined weak network is generated by primarily linking the crosslinking agents to 

the surrounding monomers. If the interatomic distance between the reactive atoms at the 

end of the methyl chains (Figure 2.1 (a)) is shorter than the assigned cut-off, artificial 

covalent bonds are generated to link them. This method is conventionally utilized to 

model cured polymer networks via MD simulations.49 The reaction cut-off distance was 

gradually increased from 1.0 Å  to 5.4 Å , with a step increment of 0.2 Å . Energy 

minimization and NVT ensemble at 400 K for 50 ps are sequentially executed whenever 

a new curing event occurs. At the end of the first polymerization step, 80% of the reactive 

sites of the crosslinking agents are crosslinked. In the second reaction step, the remaining 
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liquid crystalline monomers are polymerized with a maximum cut-off distance of 7.4 Å . 

The overall crosslink density of the CLCP network is approximately 60%, and it is within 

the range of the experimental degree of polymerization of photo-responsive azo-PRPs.50 

After completing the polymerization, additional equilibration runs are performed with 

further minimization, NVT ensemble at 300 K for 5 ns, and long NPT runs at 300 K and 

1.0 atm for 10 ns. Figure 2.1 (b) shows the configuration of the polymerized PRP chain. 

 

2.1.2. Modeling of the CNT-PRP composite 

 

Herein, two different design variables are considered in modeling the composite: 

(i) relative arrangement between the CNT axis and nematic director and (ii) the size of 

the filler. First, a (8,8) single-walled CNT (SWCNT) is placed in the center of the 

polymer unit cell before the crosslinking reaction. The nanotube model in the bulk 

composite unit cell is regarded as uniformly distributed infinitely long fibers because 

both ends are interconnected by applying periodic boundary conditions (PBCs). In order 

to know how the relative orientation between heterogeneous materials affects the 

structure and photoactive behaviors of the azo-PRP, composite models are built with both 

homogeneous and homeotropic arrangements. In a homogeneously arranged composite, 

the mesogens are aligned to the z-axis, which is the longitudinal direction of the 

SWCNTs. On the other hand, the nematic director of the homeotropic composite is 

oriented along the x-axis, which is perpendicular to the CNT axis. Figure 2.3 (a) shows 
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the final configurations of the composites with different angles between the SWCNT and 

CLCP. The highlighted ellipsoids show that our models represent well the nematic glassy 

LCP networks interacting with the CNT fillers. In addition, CNTs with 4 different 

diameters are inserted into the PRP matrix in order to investigate the size effect on the 

interfacial morphology of the azo-moieties (Figure 2.3 (b)). The initial SWCNT-

embedded uncured PRP composites are relaxed via energy minimization, NVT ensemble 

for 5 ns and NPT ensemble for 5 ns at room temperature. Table 2.1 shows detailed 

information on the neat PRP and PRP-CNT composite unit cells used in this work. 

 

2.1.3. Description of the photo-isomerization 

 

Azobenzene chromophores can interconvert between two thermally-stable 

isomers through the absorption of photon energy (Figure 2.4 (a)). When UV light is 

irradiated, the trans to cis isomerization, which accompanies a dihedral angle change 

(from   = 180° to   = 0°) of diazene group, induces a change in the molecular shape. 

On the other hand, a reverse photochemical reaction from the cis to trans state is caused 

by the absorption of thermal or visible light energy. These quantum events are 

implemented in our full-atomistic MD simulation by switching the dihedral potential 

energy functions of the C-N=N-C components. Heinz et al.51 derived the photo-switching 

potential parameters using a molecular orbital theory-based quantum mechanical method 
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considering the photo-excitation state and potential energy surface changes under 

isomerization. The quartic form of the intramolecular dihedral energy ( E ) is given as, 

 
3

0

1

1 cosn n

n

E V n 


   
      (2.1) 

where 
nV  is the torsional energy coefficient, and 

0

n  is the dihedral angle of the 

equilibrium state. The potential energy coefficients of the photo-activated molecules are 

switched during the MD simulation. Table 2.2 lists the parameters of photo-reactive 

potential used in this study. 

The evolution of the microstructure and macroscopic deformation of the PRP are 

directly coupled with the cis population under irradiation with UV light. The photo-

isomerization ratio of the local microscale region is determined by the transparency of the 

materials and depth from the irradiated surface, and it is an important mechanical design 

factor. In this study, fractions of the cis state (0, 25, 50, 75, and 100%) are modulated, and 

the corresponding gradual structural changes are observed. Photo-reactive sets are 

randomly selected from ten independent relaxed unit cells in each case and are converted 

to the cis state. The photo-switching potential is applied and the unit cell is equilibrated 

again with an NPT ensemble for 3.0 ns with a time interval of 0.2 fs. In the NPT 

ensemble, the pressure tensors are anisotropically controlled to efficiently realize 

contraction along the nematic direction and expansion along the transverse direction, 

respectively. Figure 2.4 (b) shows the changes in the shape and structure of the SWCNT-

PRP composite induced by increasing the isomerization ratio. 
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Table 2.1. Information on the neat PRP and PRP-SWCNT composite unit cells modeled 

via MD simulation. 

Unit cell 

No. of 

atoms 

No. of 

mesogens 

Density 

(g/cc) 

SWCNT 

diameter 

(Å ) 

SWCNT 

volume 

fraction (%) 

Neat PRP 5,113 85 1.07 - - 

PRP + (8,8) CNT 7,234 112 1.10 10.85 4.76 

PRP + (9,0) CNT 4,340 64 1.14 7.05 5.17 

PRP + (12,0) CNT 7,370 112 1.13 9.39 5.11 

PRP + (15,0) CNT 11,350 176 1.10 11.74 5.15 

PRP + (18,0) CNT 16,280 256 1.08 14.09 5.14 

 

Table 2.2. All-atom MD dihedral angle energy coefficients of the diazene group to 

describe the photo-isomerization reaction.51 

Photo-chemical 

reaction 

1V  

(kcal/mol) 

0

1   

(deg.) 

 
2V  

(kcal/mol) 

0

2   

(deg.) 

3V  

(kcal/mol) 

0

3   

(deg.) 

trans → cis 34 0 5.2 180 0 0 

cis → trans 34 180 0 0 0 0 
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Figure 2.1. Atomistic configuration and simplified model of (a) the azo-containing host 

monomer and crosslinker and (b) the partially crosslinked side-chain LCP. 
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Figure 2.2. Overall schematic of the crosslinking simulation in order to construct the 

atomistic structure of nematic LCP network. 
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Figure 2.3. Configurations of the PRP-SWCNT composites with (a) different alignments 

and (b) different sizes of the fillers. 
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Figure 2.4. (a) Modification of dihedral potential energy and (b) sequential phase 

transition of the PRP-SWCNT nanocomposite driven by photo-isomerization. 
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2.2. Calculation of the effective properties of the nanocomposite 

 

 Interaction energy between CNT and PRP 

Wrapping simulations aim to measure the non-bonded interaction energy 

between SWCNTs and each component of the PRP and find the most probable 

configuration. First, mesogens containing aromatic rings are adsorbed to the SWCNT 

surface to analyze the strength of the π- π stacking. Then, in order to investigate the 

changes of molecular interactions with respect to the composition of the liquid crystalline 

molecules, flexible polymer chains are added between the mesogens. The polymer chain 

used here consists of two acrylate monomers linked by a crosslinker at the center. The 

length of the single polymer chain after energy minimization is of about 98.07 Å , and it is 

sufficiently long to wrap the (8,8) armchair SWCNT with a diameter of 10.85 Å  and 

length of 137.73 Å . 

Initially, a photo-active mesogen is placed at a distance of 9.5 Å  (which is 

known as the cutoff distance of the vdW interaction) from the sidewalls of the SWCNT. 

Configurations with seven different angles ranging from 0° to 90° between the mesogen 

axis and CNT axis are constructed. Free boundary conditions are applied to the whole 

system, and hydrogen atoms are attached to both ends of the SWCNT to avoid an 

unsaturated boundary effect. Geometry optimization is performed via energy 

minimization with a conjugated gradient method. Thereafter, an additional NVT 

ensemble for 600 ps at 400 K is applied to the system composed of the polymer chain and 
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the SWCNT in order to perform a wrapping simulation. A Verlet algorithm is adopted to 

integrate the equation of motions, and the time step for all relaxation procedures is 1.0 fs. 

The interfacial interaction energy between the SWCNT and polymer chain can be 

expressed as, 

int all ,min CNT ,min polymer ,minE E E E               (2.2) 

where intE  is the interaction energy, all ,minE  is the minimized energy of the entire system, 

CNT ,minE  is the energy of the SWCNT, and polymer ,minE  is the energy of the polymer chain. 

All energies used to calculate the interaction energy are converged values extracted from 

fully relaxed structures. 

 

 Scalar orientational order parameter 

The scalar orientational order parameter ( s ) of the rigid mesogens are 

calculated to evaluate the influence of the anchoring effect of the SWCNT and photo-

reaction on the molecular alignment. The order parameter can be derived as, 

23cos 1

2
S

 
        (2.3) 

where   denotes the ensemble average, and   is the angle between the director of 

the molecular segment and nematic axis. The nematic director of azobenzene LC is 

defined as a line segment connecting two oxygen atoms adjacent to both ends of the 

phenyl rings. 
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 Pull-out energy and interfacial shear strength 

The pull-out energy and interfacial shear strength (IFSS) are estimated to study 

the relationship between the structure of the CLCP and the interfacial adhesion properties. 

Since it is challenging to realize an accurate characterization of the interfacial properties 

of the nanocomposite by conducting a pull-out experiment,52 atomistic simulations have 

been carried out to measure these properties.53-55 In the computational approaches, the 

CNT is generally pulled out along its axial direction to the vacuum layer by imposing the 

displacement increment. In each pull-out step, the potential energy increment of the 

whole system is calculated based on the molecular mechanics (MM) calculation. 

Although this method is useful to evaluate the pull-out energy, it is not appropriate for a 

composite including highly crosslinked matrix whose chemically cured chains pass 

through the boundaries of the unit cell. It is because the non-periodic boundary condition 

is required along the pull-out direction. In this study, the simulation procedure proposed 

by Jang et al.54 is employed. First, the whole composite and the isolated components are 

independently equilibrated at 0.1 K, applying the NVT ensemble for 3 ns. Temperature 

quenching is used to keep the interphase structure unchanged. The potential energy of 

each equilibrated unit cell converges rapidly due to the low-temperature condition, and it 

is averaged for a simulation time ranging of 1 to 3 ns. The pull-out energy ( pull outE  ) is 

defined as the energy difference between the states before and after the SWCNT is pulled 

out. It can be expressed as, 

pull out CNT matrix allE E E E       (2.4) 
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where pull outE  , 
CNTE , 

matrixE  are the potential energy of the nanocomposite, SWCNT, 

and PRP network at 0.1 K, respectively. The relation between the pull-out energy and 

IFSS is derived as follows, 

0
2 ( )

L

pull outE r L x dx       (2.5) 

where   is the IFSS, and L  and r  are the length and radius of the SWCNT, 

respectively. With the assumption that the IFSS is uniformly distributed along the CNT 

axis during the pull-out simulation,   is finally calculated using the following equation. 

2

pull outE

rL





       (2.6) 

 

 Elastic stiffness components 

Mechanical loading simulations are performed to build the elastic stiffness 

matrix. Before loading is applied, each structure is quenched by NVT runs for 5 ns at 0.1 

K to eliminate the influence of the finite temperature on the kinetic energy of the atoms. 

Then, tensile and shear loadings are applied to the system at a strain rate of 106 /s under 

isochoric conditions. The maximum applied strain in each deformation mode is 0.3% to 

quantify the stress-strain relationship in the elastic region. The virial formula56 is used to 

calculate the stress, which can be written as follows: 

 
1 1

2

N N N
T

i i i ij ij

i i j i

m
V 

 
   

 
 σ v v r F        (2.7) 
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Here,   is the stress tensor, V  is the volume, N  is the number of atoms in the 

system, and 
im  and 

iv  are the mass and velocity of atom i , respectively. ijr  is the 

distance between atoms i  and j , and ijF  is the force between i  and j . The first 

term is neglected by quenching the system, and only the contribution of changes in the 

potential energy is considered to directly describe the Cauchy stress tensor.56 In order to 

obtain the elastic property of the interphase using a micromechanics-based 

homogenization method, that of the neat PRP, pristine CNT, and composite is primarily 

identified. Both monodomain nematic LCP and the SWCNT possess the same elastic 

properties in one plane ( xy  plane) and different properties in the direction normal to the 

plane (z axis). Therefore, their linear elastic stress-strain relationship can be defined by 

Hooke’s law for transversely isotropic solids, which is expressed using Voigt notation as 

shown below: 
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      (2.8) 

where 
i , ijC  and j  are the components of the stress, stiffness, and strain tensors, 

respectively. Herein, three uniaxial tensile tests and two longitudinal shear tests are 

performed to obtain the five independent elastic constants in Eq. (2.8). As the xz and yz 

planes are the same symmetric planes, the elastic constants obtained by tensile elongation 

along the transverse directions are averaged. In the shear tests, the results obtained by 
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applying shear deformation along the xz and yz planes are averaged. In each simulation, 

mechanical loading is applied to five independent unit cells with different sets of cis 

azobenzene molecules in order to eliminate the statistical uncertainty on the elastic 

constants. 

 

 Photo-induced strain 

The effective photostrain (
ph ) in accordance with the isomerization ratio is 

obtained by dividing the deformation along the nematic direction by the initial cell length, 

and this is simply described using the following equation. 

ph cis trans

trans

l l

l



        (2.9) 

where transl  is the initial unit cell length along the nematic direction, and cisl  is that of 

the final state at which partial isomerization has been completed. 

 

2.3. Multiscale homogenization modeling and application 

 

In this chapter, a multiscale bridging method in which the MD results are 

transferred to a continuum-scale finite element (FE) model is introduced to characterize 

the mechanical properties of the interphase and the reinforcing effect on nanostructured 

materials. To identify the effective stiffness matrix of the interphase zone, which is 

assumed to reflect the transverse isotropic behavior, we employed a two-scale asymptotic 
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homogenization procedure.57,58 This numerical technique is useful to describe the 

mechanical behavior of a heterogeneous material, such as polymer nanocomposites, by 

treating it as a homogeneous material via a perturbation approach. In this method, the 

coordinates are separately defined for their mechanical behavior at the macroscopic ( x ) 

and microscopic level ( y ). The non-dimensional scale parameter ( ) which is the ratio of 

the macro to microscopic can be used to represent the relationship between two 

coordinates as follows:57,58 

/l L X= X(x,y), x = X, y = X/ , =      (2.10) 

The macroscopic displacement field ( u ) can be expanded as an asymptotic form of the 

scale parameter as follows: 

       0 1 2 2    u X u x,y u x,y u x,y        (2.11) 

The principle of virtual work is represented as a weak form with given body force (b ) 

and surface traction ( t ) as shown as follows: 

XX X

k i
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V V S
l j

u v
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      (2.12) 

where u  and v  are the real and virtual displacements and C  is the fourth order 

stiffness tensor of the nanocomposites. Then, by introducing Eq. (2.11) into Eq. (2.12), 

the equation can be rearranged with respect to the power of the scale parameter as follow: 
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where  , x y  is the warping displacement that describes the mechanical behavior of 

the unit cell with respect to the unit macroscopic strain, and H
C  is the homogenized 

fourth-order stiffness tensor of the nanocomposites. Thus, the homogenized elastic 

stiffness tensor can be expressed as: 

1

Y

kl
H m
ijkl ijkl ijmn Y

V
Y n

C C C dV
V y

 
  

 
      (2.15) 

To obtain the value of the warping displacement and the homogenized elastic stiffness 

tensor in the finite element model, the MSC Nastran○R  software is employed to construct 

a mesh configuration with 2nd order tetra (tetra10) elements.59 Eq. (2.13) is numerically 

solved with PBC of the microstructure, and then, the homogenized response of the 

nanocomposites can be calculated from Eq. (2.15). A computational homogenization 

analysis is conducted based on our in-house FE code. We adopted an inverse algorithm to 

obtain the effective elastic properties of the interphase zone (
intC ), which makes 

numerically homogenized elastic constants be almost same with those of the MD 

simulation results as, 

   

 

33, 11 33 11
2

33, 11

,
10

MD FE

MD

C C C C

C C




    (2.16) 

More detailed information about the mathematical formulation and finite element 

discretization can be found in the previous work of Cho et al.60 Figure 2.5 (a) compares 

the three-phase models of the molecular and continuum scale analysis, and Figure 2.5 (b) 

shows a schematic diagram of the multiscale framework. The equivalent continuum 

model shown in Figure 2.5 (a) consists of three perfectly bonded phases. The thickness 
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of the interphase (
intt ) and the stiffness matrices for the composite ( compC ) and neat PRP 

(
PRPC ) are derived as a function of the diameter of the CNT (

CNTd ) or the photo-

isomerization ratio (
cisn ). The stiffness components of the zigzag-SWCNT (

CNTC ), 

calculated based on molecular mechanics theory by Tsai et al. 61, are listed in Table 2.3. 

As the elastic constants of the interphase zone are identified, we can estimate the 

reinforcing effect of the CNT fillers on the PRP nanocomposites by applying the 

mechanical properties of the interphase to the three-phase continuum model. The 

commercial software DIGIMAT○R  is employed to set up CAD models.62 Additionally, the 

ABAQUS○R , which interlocks with the CAD models, is employed to construct mesh 

configurations with tetra10 elements for the FE analysis.63 Example models are shown in 

Figure 2.6. Five finite nanotubes with an aspect ratio of 25 are inserted into the matrix 

with different alignments. Figure 2.6 (a) shows a particular model of the composite with 

the nanotube bundles tilted up to 15° from the nematic axis. Three different models are 

used to calculate the elastic moduli in each direction. Meanwhile, Figure 2.6 (b) shows 

perfectly aligned CNT fillers which are parallel to one another.  
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Table 2.3. Elastic properties of SWCNTs used for the homogenization calculation.61 

Chirality 
11C  

(GPa) 

12C  

(GPa) 

13C  

(GPa) 

33C  

(GPa) 

44C  

(GPa) 

(9,0) CNT 755.43 181.49 255.77 1641.90 1222.68 

(12,0) CNT 625.71 151.16 210.97 1275.04 930.89 

(15,0) CNT 531.92 129.36 179.06 1010.79 722.83 

(18,0) CNT 474.70 116.25 160.26 850.95 599.92 

 

 

Figure 2.5. (a) Configurations of the MD and equivalent FE models of the PRP-SWCNT 

composite. (b) Scheme of the multiscale analysis of the mechanical response of the 

composite. 
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Figure 2.6. Three-phase FE models of the photo-responsive composites with nanotube 

bundles (a) tilted from the nematic axis or (b) parallel to each other. 
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2.4. Effect of the arrangement of the CNTs on photo-mechanical 

behaviors 

 

2.4.1. Interfacial characteristics of the composite 

 

Figure 2.7 (a) shows the interaction energy as a function of the angle between 

the mesogen and CNT axis. It shows that the adhesion strength is dependent on the 

orientation angle, and as the angle between two molecules becomes smaller, the strength 

of the interfacial interaction becomes stronger. In terms of the electrostatic interaction, 

the parallel-displaced geometry is preferred in order to enhance the π- π stacking effect.64 

Figure 2.7 (b) shows the interaction energy of the single LCP chain wrapping the 

sidewalls of the SWCNT. When the initial relative angle increases from 0° to 30°, the 

interfacial adhesion is rarely changed. However, the adhesion between the SWCNT and 

the single chain is abruptly weakened as the angle becomes larger than 30°. Figure 2.8 

shows the final conformations of the chains adsorbed to the SWCNT with different initial 

orientation angles. As shown in Figures 2.8 (a) and 2.8 (b), the azobenzenes can be 

parallel to the SWCNT and sustain the preferred structure of the π- π interaction if the 

angle is less than or equal to 30°. When the angle increases further, the flexible polymer 

chain effectively wraps along the chirality direction of the SWCNT (Figures 2.8 (c) and 

2.8 (d)). This wrapping behavior of the chain hinders the parallel arrangement between 

the SWCNT and aromatic molecules and severely reduces the strength of the π-π 
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interaction. The wrapping conformations also prove that the interaction energy can be 

increased by expanding the LCP chain along the axial direction of the SWCNT. 

Meanwhile, wrapping around the diameter of the CNT axis weakens both the π-π 

stacking and the total intermolecular interaction. 

Figures 2.9 (a) and 2.9 (b) show the local order parameters of the mesogenic 

group and polymer chains of the PRP network interacting with the SWCNT, respectively. 

The data points are fitted as a nonlinear regression function with respect to the distance 

from the SWCNT surface in order to understand how the one-dimensional filler affects 

the molecular ordering of the CLCPs and how far its effect persists. Figure 2.9 (a) shows 

that the value of the orientational order of the LC components decreases near the 

interface with the SWCNT regardless of the relative arrangement and ratio of the 

photochemical reaction. It is because the polymer chains linking the LCs tend to wrap 

along the chiral direction of the SWCNT. Although the LCs containing aromatic rings 

show the maximum π-π stacking interaction as they are parallel to the SWCNT, the 

molecular motion of the polymer chains in the vicinity of the SWCNT distorts the 

director of the LCs (as shown in Figure 2.7 (b)). Therefore, the order parameter of the 

mesogens interacting with the SWCNT is smaller than that of the mesogens in the outer 

bulk-like region. The extent of disruption of the nematic order alters by changing the 

relative arrangement between the CNT and LCs in the SWCNT-PRP composite. Before 

photo-isomerization occurs, the order parameter of the mesogens at the surface of the 

SWCNT is smaller in case in which their director is oriented perpendicular to the axis of 
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the SWCNT. While the S  of the mesogens, which are parallel to the SWCNT, slightly 

decreases to about 0.6 , that of the homeotropically arranged composite rapidly decreases 

to about 0.4. Moreover, the persistent length of distortion in the homeotropic alignment is 

longer than that in the homogeneous alignment. Nematic orientational ordering of the 

parallel alignment unit cell almost recovers at a distance of 9.5 Å  from the SWCNT. On 

the other hand, the distance from the SWCNT where the S  of the LCs for the 

homeotropic composite converges is of about 15 Å . The CLCP molecules that are 

perpendicular to the filler wrap around the diameter of the CNT axis, and the molecular 

axis of the nematic LCs fluctuates more than that of the expanded molecules along the 

axial direction of the SWCNT. Also, a severe decrease in the orientational order at the 

surface of the filler can be regarded as a defect in the long-range orientational order of the 

nematic LCP system, disrupting the π-π interaction with the outer LCs. The local collapse 

of the molecular ordering weakens the anisotropic excluded volume effect, and the long 

axis of the neighboring rod-like molecules can more easily rotates. Hence, the SWCNT 

disorders the distant LCs as well as adjacent ones, and its effect and persistence are more 

profound for the homeotropic SWCNT-PRP composite. Figure 2.9 (a) also shows the 

gradual disordering of the azobenzene rods induced by increasing the ratio of the photo 

reaction. As the UV-induced trans-cis transition proceeds, the anisotropy of the molecular 

shape and interaction between the rods vanishes, and the PRP network becomes isotropic. 

A remarkable point at this stage is that the initial gap between the order parameters of two 

different composites still exists, even after isomerization. This indicates that further 
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residual distortion of the ordering in the composite enables the isomerized LCs to more 

effectively disorder the whole structure. 

Figure 2.9 (b) shows the local order parameter of the polymer networks linking 

the mesogens. Unlike for other cases, a homogeneous arrangement between the PRP 

network and filler shows highly enhanced alignment for only the nearest chains from the 

SWCNT. This is consistent with the results of wrapping the single LCP chain around the 

SWCNT. As shown in Figure 2.8 (a), the parallel cladding along the CNT axis prevents 

coiling of the polymer chains and makes them become oriented in the nematic direction. 

However, the polymer chains interacting with the SWCNT oriented vertically become 

almost isotropic ( S = 0) because they wrap around the circumference of the SWCNT (as 

shown in Figure 2.8 (d)). The range of influence for the interaction with the SWCNT on 

the molecular ordering is also more extensive for the homeotropic composite. This trend 

is similar to that of the nematic LCs, showing the coupling of the orientational order 

between rigid mesogens and polymer chains. Another notable point is that the S  of the 

innermost polymer chains that are parallel to the SWCNT scarcely decreases, despite the 

photo-isomerization of the rod-like molecules. Sustaining anisotropic shape of the 

flexible networks enables the nematic directors of the constituent LCs to fluctuate less 

during the photochemical process compared to those of mesogens that are vertically 

adsorbed into the SWCNT. The results in Figure 2.9 indicate that the parallel alignment 

between the PRP network and the SWCNT is more desirable to improve the molecular 

ordering of both LCs and polymer chains, which is an important design parameter for 
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mechanical reinforcing effect. The arrangement of the LCs is also retained more after 

photo-isomerization as the nematic rods are initially parallel to the SWCNT. 

Radial density distribution functions (RDFs) depicted in Figures 2.10 (a) and 

2.10 (b) show the overall interaction between the SWCNT and the whole CLCP networks. 

Both figures show the highest partial density peak in the interphase region and alternating 

local maxima and minima in the outer bulk PRP matrix. They clearly show a layered 

structure of the nematic CLCP and its changes with respect to the relative arrangement 

between the nanotube and LCs. The uniaxially aligned composite shows higher density 

peaks compared to those of the vertically aligned one. It means that as the nematic 

ordering of the LCs interacting with the SWCNT is well retained, the overall 

intermolecular interaction is strengthened, and the matrix forms a more compact layered 

structure. Another interesting aspect is that the effect of the photo-isomerization on the 

radial density distribution of CLCPs changes due to the initial orientation of the LCs. 

When the nematic rods are initially parallel to the SWCNT, the isomerization reduces the 

interphase density. Also, the other outer density peaks go down, and the entire matrix 

moves away from the SWCNT. On the contrary, the interphase density of the vertically 

aligned composite increases, and the polymer chains move toward the core of the 

composite as the photochemical reaction proceeds. The molecular shape change of the 

mesogenic groups accommodated with a photo-reaction causes contraction along the 

nematic direction and expansion along the transverse direction. When the director of the 

LCs is oriented parallel to the filler, photo-isomerization brings about an expansion of the 
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matrix along the radial direction of the SWCNT. However, the shrinkage of the 

azobenzene molecules which are initially placed perpendicular to the SWCNT causes the 

constituent polymer chains to move inside. The photo-induced shrinkage and corruption 

of the layered structures enable the outer chains to interact with the SWCNT and move 

toward it by the vdW attraction. 

Changes in the IFSS after the photo-switching of the molecules are presented in 

Figure 2.11. As expected, before exposure to UV light, the IFSS between the SWCNT 

and CLCP matrix is higher for the composite in which the nematic rods and the rod-like 

filler are oriented in the same direction. It is because more mesogens and linking chains 

are interacting with the SWCNT to increase the overall interaction energy. The photo-

driven shape changes of the azobenzene molecules disturb the effective π-π stacking 

between the aromatic rings and decrease the interfacial adhesion. However, the IFSS of 

the SWCNT-PRP composite with homeotropic alignment decreases slightly and becomes 

almost the same as that of the uniaxially aligned composite after isomerization. For the 

homeotropic composite, although the isomerization weakens the π-π stacking, photo-

shrinkage enables densely packed structure of the PRP matrix at the interphase and it 

prevents the abrupt reduction of the IFSS. 
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2.4.2. Improvement in the photo-mechanical properties 

 

Figure 2.12 (a) shows the photo-induced shrinkage strain along the initial 

nematic direction for both the neat PRP and the SWCNT-filled composite (mesogens are 

initially aligned normal to the SWCNT). No shrinkage is observed for the 

homogeneously arranged composite. It is because the unit cell length along the CNT 

length direction is not changed due to the geometric constraint of the infinitely long 

SWCNT model. As shown in Figure 2.12 (a), the SWCNT-PRP composite shows a larger 

photostrain than that of the pure azobenzene-containing polymer at any isomerization 

ratio. The rod-shaped filler forms a defect in the orientational order of the surrounding 

nematic LCs by its geometry and non-bonded interaction. In particular, greater distortion 

of the nematic director with a wide influence range is observed when the SWCNT is 

perpendicularly aligned to the LC polymers (See Figure 2.9). The CLCP matrix 

containing these nematic defect layers provides more space for polymer diffusion during 

the light-induced deformation. Figure 2.12 (b) shows the changes in the overall density 

for both composites with homeotropic arrangement and the neat PRP. Choi et al.37 

observed a novel phenomenon in that the neat azo-containing PRP shows incompressible 

deformation under photo-isomerization of the azobenzene derivatives. However, in the 

case of the SWCNT-filled composite, the density of the unit cell increases with UV light 

irradiation because the space made by the initial defects of the LCs is gradually filled 

with the matrix during photo-shrinkage. Another reason for the composite showing larger 
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photostrain is that the initial exterior polymer chains become interacting with the 

SWCNT and preferentially move toward the interphase region as the isomerization 

proceeds. Clearly, the change in the radial density distribution shown in Figure 2.10 (b) 

provides evidence that supports this statement. Figure 2.13 shows contour maps of the 

displacement magnitude along the photo-induced shrinking direction. While the neat PRP 

matrix shows a uniform displacement distribution within the whole system, the contour 

of the composite shows a distinct local concentration of the displacements surrounding 

the SWCNT. In summary, the SWCNT-filled composite achieves an improved photo-

deformation capability by adjusting the relative orientation between the filler and the 

photo-responsive matrix. 

Figure 2.14 shows the elastic stiffness components of the SWCNT-reinforced 

composites and pure azo-PRP as a function of the fraction of the cis state. In general, the 

elastic modulus along the oriented axis is larger than that along the transverse direction in 

the LCP system. The collapse in the orientation of the polymer matrix caused by photo-

isomerization weakens the anisotropy in the elastic modulus. The SWCNT-PRP 

composite as well as the neat PRP matrix clearly show this tendency. As shown in Figure 

2.14, inclusion of the SWCNT increases the modulus of elasticity regardless of the 

relative orientation between the filler and matrix. The elastic moduli of the composite 

along both the nematic and transverse directions are about 20–41% higher than those of 

the neat PRP. Moreover, the reinforcing effect can be changed by modulating the 

alignments of the SWCNT and CLCP. The modulus component along the transverse 
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direction is higher when the mesogens are parallel to the CNT axis because the initial 

parallel arrangement between the SWCNT and LCs increases the strength of the 

interfacial adhesion for the composite. However, as isomerization proceeds, the gap 

between the stiffness components of the composites with two different arrangements 

disappears. This tendency is consistent with that of the changes in the IFSS caused by 

photo-deformation shown in Figure 2.11. Therefore, we can conclude that the initial 

arrangement of mesogens near the SWCNT and corresponding interfacial morphologies 

determine the interfacial adhesion strength and hence, the extent of the mechanical 

reinforcing effect. 
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Figure 2.7. Interaction energy as a function of the angle between the SWCNT and single 

molecule: (a) the azobenzene mesogen and (b) azobenzene-containing polymer chain. 

 

 

Figure 2.8. Conformations of the azobenzene-containing polymer chains wrapping the 

SWCNT. Initial relative angles between the single chain and SWCNT are (a) 0°, (b) 30°, 

(c) 60°, and (d) 90°. 
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Figure 2.9. Orientational order parameters of the (a) mesogens and (b) polymer chains as 

a function of the distance from the SWCNT surface. 

 

 

Figure 2.10. Radial density distribution functions of the (a) homogeneous and (b) 

homeotropic SWCNT-PRP composites. 
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Figure 2.11. Changes in the interfacial shear strengths of SWCNT-PRP composites 

induced by the photo-isomerization. 

 

 

Figure 2.12. (a) Photostrains and (b) corresponding density changes of the neat azo-

containing PRP and SWCNT-PRP composite. 
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Figure 2.13. Displacement magnitudes of the atoms along the photo-induced shrinkage 

direction of (a) neat PRP and (b) vertically aligned SWCNT-PRP composite. 
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Figure 2.14. Changes in the elastic moduli components of SWCNT-PRP composites and 

neat PRP induced by the photo-isomerization. 
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2.5. CNT size and photo-isomerization effects on the mechanical 

reinforcement. 

 

The anchoring effect of the SWCNT on the nematic molecular ordering of the 

adjacent mesogenic groups and its range of influence are estimated. Figure 2.15 shows 

the local scalar orientational order parameter of the azobenzene molecules as a function 

of the distance from the CNT. Bigger-sized nanotubes can cause a more extensive 

collapse of the arrangement of the nematic rods. It is because larger nanotubes can disrupt 

the molecular alignment of the moieties in a broader region, and the corresponding 

enlarged orientational defect is more efficiently propagated towards the outer layers. 

Meanwhile, as photo-isomerization occurs, the area of the effective interfacial region, 

whose conformation is modified by the solid surface, decreases. As seen in Figure 2.15, 

the order parameters at the interface and in the bulk-like region become indistinguishable 

as the nematic-isotropic transition progresses. Modification of the microscopic alignment 

of the LCs and resulting change in mechanical properties are crucial indices for 

differentiating the interphase region from the outer nematic PRP matrix. Therefore, we 

defined the interphase thickness of the composite as the distance at which the local order 

parameter of the mesogens is recovered. Table 2.4 lists the effective thickness of the 

interphase between the LCP network and the SWCNT, where the order parameter reaches 

about 90% of the converged value. These values are imported into the three-phase 
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continuum model to reflect the influence of the filler on the nematic order with respect to 

the size and photo-isomerization ratio. 

Whereas the collapse of the nematic alignment induces changes in the intrinsic 

property of the interphase, the π-π interaction energy, which is the most dominant factor 

of the intermolecular interaction of the PRP-CNT nanocomposite, represents the adhesion 

properties of the interfacial PRP matrix on the nanotube. The π-π interaction strength is 

qualitatively predicted by counting the number of centroids of the aromatic rings with 

respect to the distance from the CNT surface. Figure 2.16 shows the number density 

distributions of the constituent benzene rings of the azo-containing polymer with 

SWCNTs of different sizes. The number of aromatic rings located at a specific distance 

from the filler is divided by the occupying volume. As shown in Figure 2.16, the trans 

azobenzene molecules are densely concentrated at a distance of 3.2-3.6 Å  from the CNT 

surface. The effective distance for the π-π interaction with favorable stacked 

conformations is 3.3-3.7 Å .25 Figure 2.16 shows that, as the filler size increases, the 

density of the benzene rings in the innermost layer decreases. Thus, the larger distortion 

in the nematic LCs induced by the bigger nanotubes weakens the filler-matrix interaction. 

The isomerization of the photosensitive molecules also hinders the π-π stacking 

interaction. The photo-induced conformational change breaks the layered structure of the 

polymer network, and the mesogens in the core layer move away from the SWCNT 

surface. 
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Representative elastic constants of the pure azo-PRP and the SWCNT-embedded 

composite are listed in Table 2.5. The nematic LCP network at ambient conditions clearly 

shows orthotropic mechanical behavior. The axial modulus along the nematic direction 

(
33C ) is approximately 80% higher than that along the transverse direction (

11C ). 

Among the off-diagonal terms, 
13C  is also approximately 16% higher than 

12C . The 

anisotropic mechanical properties of the trans azo-PRP originate from the alignment of 

the rigid mesogenic molecules along one specific direction. On the other hand, the 

photochemical reaction under UV irradiation gradually transforms the azo-containing 

polymer in an isotropic material. The collapse of the microscopic orientation of the 

azobenzene molecules causes the transformation of the whole polymer network from the 

transversely isotropic to the isotropic state. The longitudinal shear stiffness component 

(
44C ) also decreases with the light-activated phase transition. 

Compared with the elastic stiffness tensor components of the pure LCP, those of 

the SWCNT-embedded composite clearly demonstrate the reinforcing effect of the filler. 

The insertion of the CNT into the orthotropic polymer matrix enhances not only the 

mechanical response along the nanotube axis (
33C ) but also the transverse and 

longitudinal shear stiffness components (
11C  and 

44C ). This tendency opposes the 

reinforcing effect of the SWCNT on the mechanical properties of amorphous epoxy or 

polypropylene matrix.21,65 Even though their results show the enhanced elastic response 

along the CNT axis, the transverse moduli are smaller than those of the pure isotropic 

polymer because of the weak non-bonded interaction between the filler and the matrix. 
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However, the cladding of the nematic LCs along the SWCNT axis enables relatively 

strong π-π stacking interaction and the corresponding reinforcement of the transverse 

stiffness components. 

The size and photo-isomerization effects on the elastic response of the 

composite can be deduced from the data in Table 2.5. As the diameter of the single-

walled nanotube increases from 7.05 to 14.09 Å , all five independent elastic constants 

decrease, consistent with the MD results of the interfacial morphology. Large-size 

cylindrical fillers cause a decrease in the number density and molecular ordering of the 

conjugated azobenzene molecules at the interfacial zone (See Figures 2.15 and 2.16). 

The change in interfacial morphology results in a weakened mechanical reinforcing effect. 

Meanwhile, the isomerization effect on the mechanical properties of the composite is not 

as dramatic as expected. Although the interfacial adhesion is weakened by changes in 

molecular shape, the transverse axial stiffness increases as the isomerization progresses 

because the nematic-isotropic transition at the interphase recovers the mechanical 

properties in the plane perpendicular to the initial nematic axis. Another interesting aspect 

is the slight decrease (3–6%) in the longitudinal tensile stiffness along the nematic 

direction with 100% cis azo units for the PRP-SWCNT composite, unlike neat azo-LCP. 

The cylinder-shaped nanotube still ensures the enhanced elastic modulus along the 

longitudinal axis after photo-deformation, and it is an attractive feature of CNTs 

compared with other fillers. 
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Table 2.4 shows the thickness and elastic constants of the interphase with 

respect to the size of the filler and the cis-state population of the azobenzene molecules. 

As pointed out in the previous chapter, the interphase thickness decreases as the CNT size 

decreases and the photo-isomerization proceeds. The size effect of the CNT on the 

mechanical properties of the interfacial zone is most clearly seen in terms of the stiffness 

along the longitudinal direction of the CNT. However, in contrast to the MD simulation 

results for the nanocomposite system, the mechanical properties of the interphase rather 

increase with the trans to cis switching process because the interphase thickness 

significantly decreases. As the isomerization ratio increases from 0 to 100%, the volume 

fraction of the interphase region decreases by about 25-40%. Nevertheless, the modulus 

of the PRP-SWCNT composite along the nanotube direction scarcely decreases. The 

degradation of the axial stiffness in the nanotube alignment induced by the isomerization 

of the azobenzene rods is underestimated in the MD simulation because the 

displacements are applied to an infinite nanotube with periodic boundary conditions. 

Regardless of the cis-fraction of the matrix, most of the stress is generated from the 

deformation of the pristine nanotube. Therefore, the overestimation of the elastic modulus 

of the interphase composed of the cis molecules occurs to guarantee the overall 

mechanical properties of the composite when numerically solving the inverse-

homogenization problem. 

Although the interphase properties are overestimated in the numerical analysis, 

our three-phase FE model clearly shows the degradation of the interfacial load transfer 
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properties of the composite caused by the photochemical process. Figure 2.17 shows the 

variation in the Young’s modulus along each direction with respect to the isomerization 

ratio. Even though the modulus along the CNT axial direction is smaller than the value 

obtained with the MD simulations because of the length of the finite nanotube, it is still 

about 4-6 times higher than the stiffness in the transverse direction even after the photo-

induced phase transition. Furthermore, our multiscale model reveals that if the nanotube 

bundles are arranged in parallel, we can expect approximately 20% enhancement of the 

axial modulus compared with that of the bundles which are tilted with respect to each 

other. 
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Table 2.4. Effective interphase thickness obtained via MD simulation and the elastic 

stiffness tensor components of the interphase calculated using the inverse-

homogenization method. 

Composite 
cisn  

(%) 

intt  

(Å ) 

Elastic constant of the interphase (GPa) 

11C  
12C  

13C  
33C  

44C  

PRP + (9,0) 

SWCNT 

0 9.4 22.84 18.11 20.93 42.14 4.13 

50 8.1 24.44 13.54 14.23 44.52 3.00 

100 7.8 12.99 9.23 8.98 45.42 1.83 

PRP + (12,0) 

SWCNT 

0 14.1 18.82 14.93 17.25 35.04 3.41 

50 12.6 24.77 18.77 19.73 39.80 4.16 

100 10.2 19.92 14.15 13.75 44.08 2.81 

PRP + (15,0) 

SWCNT 

0 17.5 21.65 17.17 19.85 35.23 3.92 

50 15.2 23.31 17.66 18.56 40.81 3.92 

100 12.8 18.69 13.28 12.91 44.27 2.64 

PRP + (18,0) 

SWCNT 

0 21.1 26.12 20.72 23.94 29.38 4.73 

50 17.7 24.41 18.49 19.44 41.00 4.10 

100 16.5 40.02 28.43 27.64 37.93 5.65 
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Table 2.5. Elastic constants of neat PRP and PRP-SWCNT composites with respect to 

nanotube chirality and photo-isomerization ratio. The results were obtained by averaging 

the properties of 5 independent MD runs. 

Unit cell 
cisn  

(%) 

Elastic constant (GPa) 

11C  
12C  

13C  
33C  

44C  

Neat PRP 

0 3.48 2.76 3.19 6.25 0.63 

50 3.63 2.75 2.89 5.28 0.61 

100 4.04 2.87 2.79 4.45 0.57 

PRP + (9,0)CNT 

0 5.16 3.81 4.15 100.03 0.79 

50 5.43 4.07 4.30 99.33 0.76 

100 5.99 4.48 4.16 100.17 0.70 

PRP + (12,0)CNT 

0 4.06 2.88 3.62 84.33 0.71 

50 4.13 3.14 3.11 81.03 0.56 

100 4.41 2.98 3.32 79.52 0.67 

PRP + (15,0)CNT 

0 4.30 3.11 3.22 70.03 0.73 

50 4.26 3.06 3.21 68.61 0.68 

100 4.77 3.31 3.17 67.67 0.68 

PRP + (18,0)CNT 

0 4.03 2.98 3.24 56.69 0.72 

50 4.28 3.22 3.20 59.67 0.61 

100 4.74 3.41 3.14 53.18 0.59 
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Figure 2.15. Local order parameters of the mesogens as a function of the distance from 

the CNT surface. 
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Figure 2.16. Number density of the benzene rings of the PRP matrix within distance for 

effective π-π interaction with the SWCNT. 

 

 

Figure 2.17. Elastic stiffness of the PRP-(9,0) SWCNT composite calculated using the 

three-phase FE model with different arrangements of the CNT bundles. 
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2.6. Chapter summary and conclusions 

 

In Chapter 2, a multiscale atomistic-continuum model was developed to 

analyze the photomechanical behavior of a light-sensitive composite reinforced with 

SWCNT fillers. In particular, the effects of the initial arrangement and the size of the 

CNT on the mechanical reinforcing effect are extensively examined with a scale-bridging 

model. A wrapping simulation shows that the mesogen is preferentially oriented parallel 

to the SWCNT in order to maximize the π-π interaction. However, the acrylate polymer 

chains linking the mesogens are wrapped along the chirality direction, distorting the 

nematic director of the LCs. In the composite system, the collapse of the molecular 

ordering gets larger, and its persistent length becomes longer with the increase in the 

relative angle between the LC and filler or the increase in the size of the CNT. The results 

of the MD simulation indicate that the interfacial adhesion energy and the effective 

thickness of the interphase decrease as the photochemical reaction proceeds. Moreover, 

the multiscale homogenization-based FE models clearly show not only the degradation of 

the elastic properties of the composite induced by the photochemical reaction, but also 

the effect of the alignment of finite CNT bundles on the mechanical reinforcement. The 

multiscale mechanical analysis presented here can be utilized to understand the 

microscopic mechanism of the changes in interfacial properties induced by 

photochemical reactions and to design and fabricate CNT-reinforced actuators with the 

desired photomechanical properties. 
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3. Mesoscale analysis of PRP using coarse-grained 

molecular dynamics (CG MD) simulation 

 

3.1. CG MD simulation setup 

 

3.1.1. Bead mapping and formation of LCP network 

 

The azo-LCP network considered here is composed of the A11AB6 LC 

monomers and DA11AB LC crosslinkers. Yu and co-workers66 reported that the CLCP 

film containing these polymer molecules can exhibit a thermotropic smectic A (Sm A) – 

nematic (N) – isotropic (I) transition. Figures 3.1 (a) and 3.1 (b) show the chemical 

structure and coarse-grained model of the LC monomer and crosslinker.  Each 

coordinate of the CG beads is the group center of mass of the associated segment. First, 

the trans azobenzene mesogenic unit of the all-atom molecular dynamics (AA MD) 

model is mapped into a three-bead system, which consists of two phenyl (P) beads 

connected to a centered azo (N) bead. Acrylate polymer chains containing a spacer of 

undecylene are mapped into four C3 type beads, one CO bead, and one C2 bead. The C3 

bead represents the three methylene units. In the case of the bead next to the azobenzene, 

two methylene units and one oxygen atom are assigned to the bead. One carbon atom and 

two oxygen atoms in the ester group are denoted together as one CO bead. The C2 bead 

represents either two methylene units or a remaining hydrocarbon segment closest to the 
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CO bead. A short alkoxy polymer chain of the LC monomer is mapped into one C3 bead 

and two C2 beads. 

In order to model the AA MD reference structure, an uncured initial bulk unit 

cell is constructed with the rigid mesogens oriented to the nematic axis. The molar ratio 

of the LC monomers and crosslinking agents is 9:1. After the uncrosslinked structure is 

relaxed, the molecules are effectively polymerized to form a well-defined network via a 

two-step crosslinking process, as shown in Figure 3.2. In the first step, the partially 

polymerized molecules are generated by primarily linking the diacrylate crosslinkers with 

surrounding acrylate monomers. This is a crucial procedure to connect polymer 

backbones and to fix the network structure. The first crosslinking simulation proceeds 

until about 63% of the reactive atoms of the crosslinkers have reacted with each other. 

During the second step, the remaining monomers are polymerized to create long polymer 

strands. The overall crosslink density of the final model is about 40%. The detailed 

simulation conditions for modeling the AA MD unit cell are given in the Chapter 2.1.1.  

Unlike the all-atom model, randomly placing the uncured monomers within the 

unit cell should be avoided in constructing the initial CG model. It is because excessive 

polymerization events are required to model a complex network structure, and the 

polydomain nematic phase can be developed during relaxation. Therefore, a partially 

crosslinked azo-LCP consisting of 18 acrylate monomers and 2 diacrylate crosslinkers is 

chosen as the unit molecule. Four smectic layers of the unit molecules (including 1920 

mesogenic groups) are placed in an orthorhombic simulation box with the x-axis in the 
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layer normal direction. The CG bulk unit cell consists of 23,616 beads, which are 

equivalent to 165,696 atoms. The energetically favorable structure of the Sm A LCP is 

constructed via stepwise equilibration consisting of geometry optimization and the NPT 

ensemble for 10 ns at 300 K and 0.1 MPa with a time step of 10.0 fs. The size of the 

initial unit cell is about 14 nm × 12 nm × 10 nm. During the first crosslinking step, the 

reactive C2 beads at the terminal of the crosslinkers are connected to both ends of the 

acrylate backbones. The cutoff distance for a chemical reaction increases from 4.5 Å  to 

5.5 Å  with an increment of 0.5 Å . The energy minimization procedure and NPT runs at 

400 K for 3 ns are applied whenever several curing events occur. Next, the backbones of 

the side-chain LCP are assembled with a maximum cutoff of 9.0 Å . The final crosslink 

density is the same as that of the AA MD model. Additional relaxation runs are performed 

with further isobaric NPT runs at 400 K for 10 ns and at 300 K for 120 ns after the 

completion of the polymerization. 

 

3.1.2. CG interaction potentials 

 

Generally, the total potential energy of the bead system can be separated into 

bonded and non-bonded energy terms. In this study, the CG potential parameters of the 

intramolecular degrees of freedom are derived to describe the conformational structure of 

the CLCP network in the atomistic resolution. Meanwhile, the mesoscale intermolecular 

potential is elaborately optimized in order to reproduce the structural and thermodynamic 
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properties that are consistent with those of the AA MD reference via the iterative 

Boltzmann inversion (IBI) method. Because the CG potential is dependent on the state 

point of the sampled MD model, the choice of reference temperature and corresponding 

LC phase is of significant importance.67-69 The CLCP presented here exhibits a smectic-

to-nematic transition at approximately 360 K and a nematic-to-isotropic transition at 

approximately 430 K.66 The choice of an all-atom bulk CLCP in the temperature range of 

the smectic phase (300-360 K) as a target model causes problems in parameterizing the 

CG potentials because the full-atom MD model cannot rigorously describe the smectic 

structure. In addition, the radial distribution function (RDF) of the smectic LCP is 

unsuitable for applying the IBI method because of its translational symmetry. Therefore, 

we constructed the bonded and non-bonded CG potentials from the nematic ordered 

CLCP and the isotropic constituent fragments, respectively. The reference temperature for 

the classical MD structure is 400 K. Although the sampled RDF of the mesogens is 

obtained from the isotropic liquid, it has been revealed that the short-range correlation 

between the LCs in the ordered phase does not significantly differ from that of the 

disordered phase in an appropriate thermodynamic state.67,69 The transferability of the 

developed mesoscale potential for a wide range of temperatures (300-420 K) and 

molecular composition is tested by comparing the LC phase behavior of the CG model 

with that of the experimental result. 
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 CG bonded interactions 

The bonded interactions are divided into contributions from relevant 

conformational quantities: bond length ( l ) between two adjacent beads and bending angle 

( ) between three adjacent beads. The probability distribution functions of each degree 

of freedom (  CGP l  and  CGP  ) are obtained by sampling the atomistic reference 

trajectories. The conformational probabilities are Boltzmann inverted to derive the 

configurational free energy: 

2( ) ln( ( ) / ) CG B CGU l k T P l l     (3.1) 

( ) ln( ( ) / sin ) CG B CGU k T P       (3.2) 

Here, 
Bk  is the Boltzmann constant, and T  is the reference temperature. The distribution 

of structural parameters is approximated as a sum of the multi-centered Gaussian 

functions.70 The CG bond and angle potentials in Eqs. (3.1) and (3.2) are then expressed 

as follows: 
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where 
il  and 

i  are the center positions of the i -th Gaussian functions, and 
ia  and 

ib  are constants. The parameters of the analytically fitted intramolecular force fields are 

listed in Table 3.1. Some studies have reported that the CG bonded potential derived by 

sampling conformation of an isolated LCP molecule cannot appropriately reproduce the 

ordered structure of the bulk system.68,69 Therefore, we compared the structural 
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distribution of the nematic CLCP network and that of a single 8AB8 in a vacuum. 

Figures 3.3 and 3.4 show the bond length and bending angle distributions, respectively. 

The structural conformation of the CG bead model is in good agreement with that of the 

parent CLCP with an all-atom description. It should be noted that the structure of the 

single azo-LCP molecule does not match with the nematic bulk system, especially for the 

angle between the beads (See Figures 3.4 (a), (c), and (d)). This is because the molecular 

alignment between the nematic LCs and the constraint by the crosslinks result in a more 

uncoiled configuration of the polymer chains. 

 

 CG non-bonded interactions 

 

The non-covalent CG potentials are optimized to reproduce the target RDF as 

well as the density of the isotropic molecules. The system considered in this study is 

composed of 5 different types of beads, and a total of 15 different non-bonded interaction 

sets are required. It is very difficult to refine such a large number of parameters 

simultaneously. Therefore, the crosslinked LCP network structure is divided into several 

small fragments in order to obtain each potential separately. We constructed three 

different atomistic fragment systems at 400 K, and the intermolecular interactions of the 

trans-LCP were then determined based on the RDF and density of each sample. The 

interaction potentials between the P-P, P-N, and N-N pairs are derived from the trans-

azobenzene liquids. The atomistic structural data of the octadecane molecules is used to 
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parameterize the C3-C3 or C2-C2 interactions. Finally, the CO-CO interactions are 

derived in order to reproduce the structure of the octyl propanoate liquids. The stepwise 

equilibration steps consisting of coujugate gradient minimization, the NPT ensemble for 

5 ns, and the NVT ensemble for 5ns are applied to each isotropic fragment. Figure 3.5 

shows the completed parent polymer models and equivalent CG system. The averaged 

RDF and density for the last 2 ns of the isobaric simulations are used to derive the non-

bonded interactions between the CG beads. 

The IBI method is an iterative optimization procedure that obtains effective CG 

non-bonded interactions. In this method, an initial trial potential (
,0 ( )CGU r ) can be 

calculated by the Boltzmann inversion of the target RDF (  g r ) of the reference: 

,0 ( ) ln( ( ))CG BU r k T g r     (3.5) 

where r  is the separation distance between the CG units. The CG MD trajectories with 

the initial guess do not satisfy the target properties. Therefore, the accuracy of the non-

bonded energy is gradually improved by using the difference in the potentials of the mean 

force obtained using the radial distributions generated from the i-th iteration (  ig r ) and 

from the AA MD reference. This step can be expressed as 

, 1 ,

( )
( ) ( ) ln

( )


 
   

 

i
CG i CG i B

g r
U r U r k T

g r
        (3.6) 

Here,   is an adjustable constant for stable optimization. We continued the iteration 

until a target function ( argt etf ), which quantifies the deviation of the RDF, reaches below 

the specific threshold value. It can be calculated using the following equation: 
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2

arg
0

exp( ) ( ) ( )
cr

t et if r g r g r dr          (3.7) 

where cr  is the cutoff distance required to compute the RDF, which is 2.0 nm in this 

study. Although the structure-based IBI method can find reasonable solutions to 

reproduce  g r  using several steps, the CG simulations with the refined potential 

cannot yield the same density as that of the atomistic MD configuration. In order to 

compute the pressure-corrected potential ( ( )PC

CGU r ), an attractive linear tail function is 

added to the original potential:71 

( ) ( ) 1
 

   
 

PC

CG CG B

c

r
U r U r k T

r
      (3.8) 

  can be modified until the pressure of the CG system equals the target pressure (0.1 

MPa). We systematically combined the IBI and pressure-correction (PC) steps. Initially, 

only IBI is applied with   = 1.0 until argt etf  is below 41.0  10 . Then, IBI and PC 

are implemented at the same time with   = 0.5 and   = 0.03 until the pressure is 

about ±0.02 GPa. In the final step, the pressure is elaborately corrected with   = 510 -

310 . Figure 3.6 compares the radial distributions, which are obtained from the atomistic 

reference and the CG model with the refined potentials. Table 3.2 lists the deviations of 

the RDF and density of the CG systems from those of the AA MD unit cells. The 

precisely refined potential sets derived in this study yield considerably small relative 

errors compared with those computed in other publications.68,72 

Generally, the CG pair interactions are constructed using two different methods: 

deriving the numerically tabulated functions or adjusting the parameters of typical 
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analytic forms such as the Lennard-Jones (LJ) or Morse potentials. Although the latter 

method is simpler and more practical, using the standardized forms causes difficulties in 

describing the complex anisotropic interactions between the LC molecules. In particular, 

it has been demonstrated that the common LJ 12-6 potential is too repulsive to represent 

the CG interactions between the mesogens.67,68 Accordingly, we selected the elaborately 

constructed numerical forms to describe the pair interaction between the mesogen beads, 

which is the most dominant in representing the phase transition behaviors. Meanwhile, 

less important CG interaction sets are simplified by using the LJ 9-6 functional form: 

9 6

( ) 2 3LJ

CGU r
r r

 

     

     
     

    (3.9) 

where   and   are the minimum energy and the separation distance between the 

particles in the most stable state, respectively. That is, we used the IBI- and PC-based 

tabulated forms to define the non-covalent interactions between the azobenzene 

chromophores (P-P, P-N, and N-N) and the interactions between the same types of CG 

beads. The intermolecular potential energy between the different types of CG beads is 

simplified using the LJ parameters. The Lorentz-Berthelot mixing rules of ij i j    

and   / 2ij i j     are used. The interaction parameters between the same types of 

beads are listed in Table 3.3. 
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3.1.3. Derivation of mesoscale photo-switching potential 

 

The photo-isomerization from the trans- to cis- state causes not only a dramatic 

change in the molecular shape but also variations of the intermolecular interaction 

between the mesogens. Accordingly, the mesoscale bonded and non-bonded potentials are 

switched to reflect the conversion of the conformational geometry and corresponding 

mesogen-mesogen interactions, respectively. The difference in the geometry between two 

isomers is reproduced by capturing the intramolecular probability distribution changes in 

the atomistic model of the azo-LCP. The UV excitation induces a rotation of the dihedral 

angle of the diazene group (C-N=N-C) from 180° to 0°. Therefore, the cis-LCP network 

in an AA MD reference is modeled by modifying the dihedral angle potential, which was 

previously proposed to mimic the photon-assisted energy transition pathway.51 The 

detailed simulation scheme can be found in Chapter 2.1.3. In examining the structural 

properties relevant to the cis-LCP, no substantial changes were detected in the probability 

distributions, except for the bending angle ( ) between three adjacent P-N-P beads. 

Figure 3.7 (a) shows the CG angle potential energy curves of the P-N-P, which are 

derived from the probability densities of both trans- and cis-states. Before UV excitation, 

the energy of the trans-azobenzene is minimized at  = 180°. The internal energy of the 

rod-like groups is jumped to the level of the excited state by altering the CG 

conformational energy function. The coefficients of the bending angle energy of the cis-

molecules are presented in Table 3.1. The difference in energy between the grounded and 
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photo-excited states is about 76.15 kcal/mol. This is almost the same as the excitation 

energy induced by UV 365nm-light irradiation (78 kcal/mol). Notably, the switching of 

the conformational energy associated with the suitable degree of freedom in the 

mesoscopic simulation clearly describes the photon-assisted hopping between the 

grounded and excited potential energy surfaces. The excited energy is relaxed and 

minimized at  = 96° during the CG MD runs to complete the trans-to-cis conversion. 

The highly bent cis-isomers play a role as an impurity in liquid crystalline 

ordering. They gradually weaken the energy of the relatively strong interaction between 

the LCs, and the associated structural variations directly modify the RDF. Figures 3.7 (b) 

and 3.7 (c) show a comparison of the RDFs between the azobenzene beads, which are 

extracted from the AA MD trajectories with different fractions of the cis-molecules. As 

shown in Figure 3.7 (b), the 1st peak of the RDF between the phenyl beads (P-P) 

decreases by about 6.7% after UV irradiation. The aromatic rings move away to the local 

minimum which is located between the 1st and 2nd peaks. By contrast, as seen in Figure 

3.7 (c), the pair correlation function between the phenyl and azo groups (P-N) changes 

slightly during the photo-chemical reaction. No remarkable variation is observed in the 

RDF of the azo pairs (N-N). Therefore, we can conclude that the microscopic disordering 

induced by the photo-activated molecules is mainly triggered by the weakened interaction 

between the aromatic rings. 

In order to reproduce this phenomenon, the CG non-bonded potentials are 

changed in terms of two different variables: (i) a type of azobenzene isomer and (ii) the 
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fraction of the cis-molecules ( cisn ). In the first method, emphasis is placed on 

distinguishing two isomerizable groups (See Figure 3.8 (a)). Before a photo-chemical 

reaction occurs, the system only needs the non-bonded interaction between the beads of 

the trans-isomers ( ( )T T

CGU r
). As the cis-isomers are generated, additional potential sets 

treating the interactions between the cis-molecules ( ( )C C

CGU r
) and between the different 

isomers ( ( )T C

CGU r
) are required. ( )C C

CGU r
 is developed by applying the IBI and 

pressure-correction methods to the 100% cis-azobenzene unit cell. As shown in Figure 

3.8 (a), the ( )T C

CGU r
 is derived from the target RDF and density of the mixture with 

cisn = 50% (e.g., 50% trans- and 50% cis-states). Even though the proposed strategy 

explicitly represents the photo-activation of the individual molecule, the transferability 

over a wide range of conversion ratios should be verified because ( )T C

CGU r
 is derived 

from the particular state with cisn = 50%. Therefore, the second approach is developed to 

devise a photo-switching potential that can sensitively reflect changes in the 

microstructure with respect to cisn . In this method, as shown in Figure 3.8 (b), the same 

interaction sets are applied to both trans- and cis-azobenzenes. Instead, the non-bonded 

interaction between the azobenzene beads is gradually changed in terms of the cis-

population. AA MD unit cells with different molecular compositions ( cisn = 0%, 25%, 

50%, 75%, and 100%) are constructed, and then the LJ 9-6 potentials ( ( , )LJ

CG cisU r n ) are 

optimized to satisfy the target RDF and density of each system. The LJ parameters are 

expressed as a function of cisn  using interpolation. To sum up,   and   are switched 

whenever the extent of the photo-chemical reaction varies. 
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3.1.4. Details of CG MD simulation conditions 

 

In this study, the Mesocite module of the Materials Studio package (BIOVIA, 

Inc.) is used to map atoms to the CG systems, to apply the IBI and PC schemes, and to 

prepare the coarse-grained LCP network model. During the ensemble simulations, the 

temperature and pressure are controlled via the Langevin thermostat73 and the Berendsen 

barostat74, respectively. The NVT ensemble at 400 K for 8.0 ns is performed to monitor 

the RDF and the pressure of the fragment-based references at every iteration step in order 

to derive the refined CG pair potentials. Here, the time step of the CG MD runs and the 

cutoff distance for the non-bonded interaction are set as 10.0 fs and 2.0 nm, respectively. 

Mesoscale heating-up and photo-isomerization simulations are carried out using 

the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) code, which 

was developed by the Sandia National Laboratory.44 The crosslinked smectic azo-LCP at 

300 K is gradually heated to 420 K in increments of 5 K. Isobaric runs for 15 ns are 

applied to the unit cells at each temperature, and the corresponding heating rate is about 

0.3 K/ns. Further long relaxation simulations for 30 ns are conducted at temperatures 

within the ranges of the experimental clearing points (the smectic-to-nematic transition 

temperature ( SNT = 355-360 K) and the nematic-to-isotropic transition temperature ( NIT = 

415-420 K)). Three different morphologies of the CLCP models with the same degree of 

polymerization are utilized to reduce the uncertainty. 
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During the photo-mechanical simulations, we modulated the photo-

isomerization ratio in order to examine sequential light-induced mesophase behavior and 

deformations. The CG photo-switching potential sets are applied to particular proportions 

of the photo-reactive groups ( cisn = 4%, 8%, 16%, 20%, 30%, 50%, and 70%). For each 

isomerization ratio, we randomly selected four different groups of azobenzenes to convert 

them into cis-molecules. The structure is then equilibrated by applying the NPT ensemble 

for 150 ns. The unit cell dimensions are independently varied during the constant-

pressure simulations to effectively observe the light-activated microscopic strain. The 

actual photo-dynamics and reaction pathway of the azobenzene are more complex, and 

these have been analyzed by using the first principle calculations. Although the details of 

the photo-chemical reaction kinetics are simplified, the mesoscale simulations can treat 

quasi-static light-induced conformational changes and establish a relationship between 

the photo-chemical reaction and the mechanical deformations of macromolecules. 
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Table 3.1. Bond stretching and angle bending CG potential energy coefficients. The 

functional forms are presented in Eqs. (3.3) and (3.4). 

Bond length 1a  
1b [Å ] 

1l [Å ] 
2a  

2b [Å ] 
2l [Å ] 

3a  
3b [Å ] 

3l [Å ] 

P-N(trans and cis) 0.691 0.077 3.216       

P-C3 0.286 0.082 3.797 0.095 0.164 3.698    

C3-C3 0.114 0.117 3.589 0.065 0.358 3.387 0.092 0.090 3.873 

C3-C2 0.239 0.203 2.602 0.142 0.190 2.971    

C2-C2 (backbone) 0.441 0.110 2.609 0.334 0.125 2.379    

C2-C2 (terminal) 0.209 0.323 2.678 0.045 0.169 3.252    

C3-CO 0.211 0.088 3.281 0.171 0.218 3.002 0.027 0.168 2.539 

C2-CO 0.937 0.104 2.416       

Bending angle 1a  
1b [°] 

1l [°] 
2a  

2b [°] 
2l [°] 

3a  
3b [°] 

3l [°] 

N-P-C3 1.188 10.030 174.9 0.203 5.722 162.4    

P-N-P (trans) 1.332 9.071 179.9       

P-N-P (cis) 0.066 8.724 95.9       

P-C3-C3 0.053 21.790 157.0 0.005 32.990 115.7    

C3-C3-C3 0.048 6.191 173.1 0.006 3.896 164.4 0.054 36.800 170.5 

P-C3-C2 0.048 20.010 144.3       

C3-C2-C2 0.010 21.580 109.3 0.009 14.050 136.1 0.050 21.130 165.5 

C3-C3-CO 0.090 11.620 179.0 0.032 35.100 153.5    

C3-CO-C2 0.032 14.990 121.8 0.020 14.010 146.0    

CO-C2-C2 0.025 5.129 76.27 0.013 4.172 95.7 0.014 24.850 98.4 

C2-C2-C2 0.014 15.191 112.5 0.105 19.41 171.4    
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Table 3.2. Basic information on the unit cells of the reference fragments, and the 

deviations of the RDF and density of the CG models from those of the atomistic 

simulations. 

Isotropic fragments 

No. of  

molecules 

CG  

interactions 

argt etf  

[
510 ] 

Density (MD) 

[g/cc] 

Density (CG) 

[g/cc] 

trans-azobenzene 300 P-P 1.119 0.924 0.925 

trans-azobenzene 300 P-N 0.569 0.924 0.925 

trans-azobenzene 300 N-N 0.615 0.924 0.925 

octadecane 200 C3-C3 0.047 0.662 0.664 

octadecane 200 C2-C2 0.512 0.662 0.672 

octyl propanoate 400 CO-CO 10.566 0.752 0.759 

 

Table 3.3. The refined LJ 9-6 parameters for the non-bonded interaction between the 

same types of the CG beads. 

Interaction types   [kcal/mol]   [Å ] 

P-P 0.476 6.55 

N-N 0.088 8.35 

C3-C3 0.310 5.65 

C2-C2 0.275 5.15 

CO-CO 0.378 4.45 
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Figure 3.1. (a) Chemical structures and (b) CG models of the acrylate LC monomer and 

LC crosslinker. 
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Figure 3.2. AA and CG MD configurations which illustrate how the LC compounds are 

polymerized into the CLCP structure. 
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Figure 3.3. Bond length distributions which are obtained from the isolated 8AB8 

molecule, and from all-atom and coarse-grained models of the nematic crosslinked liquid 

crystalline polymer at 400 K. 
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Figure 3.4. Bending angle distributions which are obtained from the isolated 8AB8 

molecule, and from all-atom and coarse-grained models of the nematic crosslinked liquid 

crystalline polymer at 400 K. 
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Figure 3.5. The AA and CG MD unit cells of the reference fragments: (a) trans-

azobenzenes, (b) octadecanes, and (c) octyl propanoates. 

 

 

Figure 3.6. Radial distribution functions which are obtained from the all-atom isotropic 

fragments of the azo-LCP and from corresponding CG models at 400 K. 
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Figure 3.7. (a) The CG potential energy of two different isomers of the azobenzene 

derivatives as a function of the angle between the P-N-P beads, and variation of the RDFs 

((b): P-P and (c): P-N pairs) with respect to the cis-fractions. 
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Figure 3.8. The CG configurations of the reference unit cells to construct the non-bonded 

photo-switching potentials using two different ways. 
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3.2. Thermo- and light-responsive behaviors of smectic PRP 

 

3.2.1. Thermotropic behavior 

 

The thermotropic mesophase behavior of the CG CLCP is investigated by 

characterizing the LC phase using a calculation of specific order parameters. Figure 3.9 

(a) shows the changes in the distribution of the center-of-mass positions of the 

azobenzene molecules along the smectic layer normal direction during a heating-up 

simulation. Four distinct densely packed regions are located periodically along the 

director. This means that the CG simulation framework can describe the self-assembly of 

the LC moieties into the smectic layers at T = 300 K. The director of the azobenzene 

molecules is not tilted from the layer normal direction, which corresponds to the Sm A 

phase. The smectic layer spacing is about 36.8 Å , which is in good agreement with that of 

the experimental results (about 37.0 Å ) calculated from the X-ray diffraction pattern.66 As 

shown in Figure 3.9 (a), the height of the peaks decreases and the interlayer density 

gradually increases as the temperature increases. The smectic layers are broken and the 

overall LCP network experiences the phase transition into the nematic phase during the 

heating-up simulation. The degree of positional ordering of the mesogens can be 

quantified with a one-dimensional translational order parameter ( ), which is calculated 

from the following equation: 
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r n
        (3.10) 

where  denotes the average over all molecules, kr  is the center-of-mass position 

vector of the k-th azobenzene molecule, d  is the periodic layer spacing, and n  is the 

director of the liquid crystals, which coincides with a unit vector perpendicular to the 

smectic plane. Meanwhile, the alignment of the mesogens along the nematic direction is 

evaluated by calculating the scalar orientational order parameter ( s ), which can be 

derived by using Eq. (2.3). Here, we distinguish the three liquid crystalline phases of the 

azo-containing polymer using these two variables: (i) smectic A (  > 0, s  > 0), (ii) 

nematic (  = 0, s  > 0), and (iii) isotropic (  = s  = 0). 

Figure 3.9 (b) shows the evolutions of the order parameters during temperature 

changes. At T = 300 K, both the positional and orientational order parameters are above 

zero (  = 0.51 and s  = 0.67), implying that the LC molecules are arranged in the 

smectic phase. As the temperature increases to 360 K, the LC phase scarcely changes. 

However, when the system is heated above 360 K,   primarily decreases, and s  

decreases slightly to 0.55-0.61. Although self-organized layers gradually vanish owing to 

kinetic thermal energy, the rigid mesogens are still aligned to the long-range direction, 

and the overall system is transformed into the nematic structure. Finally, the CG LCP 

structure becomes the isotropic phase without translational and rotational symmetries at a 

temperature above 410 K. As seen in Figure 3.9 (b), the order parameters vary smoothly 

without discontinuity under phase transitions. This weak first-order transition is 
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consistent with the experimental results of the liquid crystalline elastomers75 and arises 

from the quenched disorder owing to the adjoining chains. The crossover from the 

smectic to the nematic phase evolves more smoothly than that of the N – I transition. This 

is attributed to the relatively greater energy required to disrupt the self-assembled layer. 

The characteristic phase transition temperatures observed in this study (
SNT = 360-370 K 

and 
NIT = 410-420 K) are comparable to the real clearing points of the CLCP (

SNT = 360 

K and 
NIT = 430 K).66 Accordingly, it is concluded that the mesoscale potential sets 

derived in this study yield not only the structural and thermodynamic properties at the 

given reference state, but also the thermotropic mesophase behavior satisfactorily. Figure 

3.10 clearly shows the thermotropic structural changes in the CG model. The beads 

representing the trans-azobenzene groups are indicated by a light blue color. 

 

3.2.2. Light-induced phase transition 

 

Figure 3.11 shows the variations of characteristic LJ 9-6 non-bonded interaction 

parameters as the photo-isomerization ratio gradually increases. The red dotted curve is 

plotted by fitting the data points as a nonlinear regression function. For the interaction 

between the aromatic hydrocarbons (P-P), both   and   decline as the photo-

chemical reaction proceeds (Figures 3.11 (a) and 3.11 (b)). Meanwhile, the energy well-

depth of the CG interaction between the phenyl and azo beads (P-N) increases (Figure 

3.11 (d)). A noteworthy finding is that the energy depth of the inter-particle interaction 
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between the P beads decreases to be comparable to that of the interaction between the P 

and N beads. The trans-molecules exhibit a stronger non-covalent interaction between the 

unsaturated organic groups ( = 0.476 kcal/mol) than that between the phenyl rings and 

the azo group ( = 0.263 kcal/mol). However, the photon-assisted generation of the 

kinked molecules significantly weakens the interaction energy of P-P, and it becomes 

indistinguishable from the attraction energy of P-N. 

The light-induced structural changes simulated by using two different CG non-

bonded interaction energy sets, which were discussed earlier, are compared. Figure 3.12 

shows the phase transition behavior of the CG azo-containing polymer triggered by 

gradual photo-isomerization. Similar to the thermotropic behavior, the molecular shape 

change of the photo-sensitive groups induces a sequential Sm A – N – I phase transition. 

At 
cisn = 20%,   decreases to 0.28-0.31 and s  decreases to 0.42-0.49, which implies 

the Sm A – N transition. By increasing 
cisn  up to 50%, the entire LCP network becomes 

isotropic without any symmetric ordering. Figure 3.13 shows the configurations of the 

azo-LCP network with different cis-fractions. Only 4% of the bent-shaped azobenzenes 

do not severely influence the smectic structures. However, the CG unit cell with 
cisn = 20% 

shows that the smectic layers are primarily disassembled with the retained alignment of 

the LCs. As seen in Figure 3.13 (c), the ordering of the mesogens is clearly broken when 

the concentration of the cis-molecules increases up to 50%. Another remarkable feature 

of the results is the similar trends in the variations of both the translational and 

orientational orders obtained by implementing the two different CG potential sets (Figure 



 

 82 

3.12). Accordingly, we can claim that ( )T C

CGU r
 calculated by targeting the RDF of the 

unit cell with 
cisn = 50% can describe both the local corruption of the mesogenic order 

and the phase behaviors with a wide range of 
cisn . All of the following results are 

generated by implementing these mesoscale photo-switching potential sets. 

 

3.2.3. Phase-dependent photo-mechanical deformations 

 

The liquid crystalline phase transition and structural changes upon UV 

irradiation are accompanied by the shape change of the crosslinked polymers. Table 3.4 

shows the photo-strains of the CG and AA MD models along the LC director axis with 

different proportions of the photo-activated molecules. The sequential photo-mechanical 

responses of the Sm A CLCP at T  = 300 K show a change in the deformation direction 

as the photo-isomerization ratio gradually increases. At low concentrations (
cisn = 4-16%), 

the unit cell length along the initial alignment direction increases, and the nominal tensile 

strains are about 1.8-6.8%. On the other hand, the azo-polymer exhibits a monotonically 

increasing compressive strain from 4.6% to 20.4% under higher cis-population conditions 

(
cisn = 30-70%). As shown in Figure 3.12, the light-induced stretching at low 

cisn  

dominantly originates from the Sm A – N transition. The uniaxial shrinkage is induced by 

the decrease in the orientational order during the N – I transition. The distinguished shape 

change of the smectic solid is consistent with that of the experimental findings.66,76 As 

shown in Table 3.4, the compressive photo-strain of the all-atom CLCP at 
cisn = 20% is 
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larger than that of the CG model because the AA MD model only exhibits the contraction 

behavior under the destabilization of the nematic phase. However, under higher 
cisn  

(50-70%), the strain of the mesoscale model has a good agreement with that of the 

atomistic reference. 

Contrary to the switching of the deformation modes of the Sm A polymer, the 

nematic CLCP with s  = 0.55 and   = 0.09 at T  = 390 K exhibits only compressive 

behavior regardless of the fraction of the cis-state (see Table 3.4). In particular, the 

nematic polymer network at higher temperature can show extremely large shrinkage up to 

18.8% with the introduction of a small amount of photo-activated molecules. Despite the 

low concentrations of the cis-state, the kinked molecules slowly but steadily collapse the 

molecular ordering and induce a corresponding shape change. Another reason for the 

amplified mechanical actions at higher temperature is because the increases of free 

volume elements and thermal kinetic energy provide a sufficient internal mobility for the 

photo-activated molecules to disorder the surrounding LCs. The compressive strain 

dramatically increases up to 37.6% with 70% of the cis-azobenzenes, and it is about twice 

that of the Sm A solids at T = 300 K. The attractive feature demonstrated in this study is 

that the photo-mechanical deformation modes can be manipulated by adjusting the 

operation temperature and corresponding LC structures. 

The uniaxial expansion during the Sm A – N transition is attributed to the 

macromolecular shape change of the crosslinked polymer network. Actually, since the 

side-chain mesogens are assembled to form the layered structure, the backbone polymer 
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chains are compactly packed between the layers. The growth of the smectic structure 

orients the main chains perpendicular to the director axis, and the entire network becomes 

more oblate. Hence, the photo-induced break-down of the smectic layers rather increases 

the shape anisotropy of the backbones. In order to quantify the conformational change 

during the photo-isomerization, a shape parameter ( r ) is calculated, which effectively 

captures the degree of the shape anisotropy of the macromolecules. First, the radius of the 

gyration tensor components in terms of the Cartesian coordinates (  and  ) are 

measured using the following equation: 

  , ,
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        (3.11) 

Here, ,ir   represents the position coordinate of bead i  with respect to the   axis, 

R
 is the position of the backbone center of mass, and N  is the number of beads. Then, 

r  is defined as the square of the averaged inertia radii ratio, which can be expressed as 

follows: 
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where R  and R
 are the radii parallel and perpendicular to the nematic direction, 

respectively. Figure 3.14 shows the change of r  under the photo-mechanical responses. 

In the initial Sm A state, the shape parameter of the backbone is less than unity, which 

indicates an oblate polymeric conformation. Under the Sm A – N transition (
cisn = 4-

16%), the shape anisotropy along the initially oriented direction increases by up to 23.6%. 
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However, after the first transition is completed, the photon-assisted structural change 

does not generate any elongation of the main chains. Thus, we can conclude that the 

unique photo-mechanical deformation of the Sm A CLCP is independent on the decrease 

in the nematic orientational order, but is mainly affected by the removal of the positional 

symmetry of the LCs. 
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Table 3.4. Comparison of the photo-strains of the CG and AA MD models. 

cisn (%) 

Photo-strain (%) 

T = 300 K (CG) T = 390 K (CG) T = 300 K (AA) 

4 6.84±1.21 -18.05±3.08  

8 4.51±1.22 -19.07±3.04  

16 1.79±1.19 -24.09±3.83  

20 -0.48±1.55 -24.41±3.48 -4.21±1.98 

30 -4.56±1.40 -31.27±3.84  

50 -12.11±1.50 -35.42±4.89 -11.65±2.43 

70 -20.38±1.62 -37.63±5.13 -17.10±3.52 
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Figure 3.9. Thermotropic behaviors and corresponding structural variations of the CG 

CLCP model: Changes in (a) the distribution of the center-of-mass positions of the 

azobenzene molecules along the director (x- direction), and (b) orientational and 

translational order parameters under temperature elevation. 
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Figure 3.10. Coarse-grained configurations of the azo-containing LCP network models at 

(a) T  = 300 K (Sm A), (b) T  = 370 K (N), and (c) T  = 420 K (I). 
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Figure 3.11. The CG LJ 9-6 pair interaction parameters (  and  ) for the beads 

associated with the azobenzene molecules as a function of the photo-isomerization ratio. 

(a) and (b): P-P interaction, and (c) and (d): P-N interaction. 
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Figure 3.12. Changes in the translational and orientational order parameters of the azo-

containing LCP as a function of the photo-isomerization ratio ( cisn ). 
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Figure 3.13. Sequential light-induced structural changes of the LCP network model at 

T = 300 K with cisn = (a) 4%, (b) 20%, and (c) 50%. 
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Figure 3.14. Change in the backbone shape parameters of the CG CLCP model at T = 

300 K. 
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3.3. Chapter summary and conclusions 

 

In this work, a comprehensive multiscale simulation was conducted to examine 

the thermo- and photo-responsive behaviors of the azo-containing polymer with diverse 

LC phases. In particular, we describe the complex structure of the LC polymer network 

and the global motions triggered by the photo-chemical reaction. The number of degrees 

of freedom is efficiently reduced by mapping the repeating units into the CG beads in 

order to enlarge the time and length scales of the conventional MD simulation. The 

elaborately developed intramolecular and intermolecular potentials of the CG system are 

derived by primarily targeting the polymeric conformation and the radial distribution 

functions of the AA MD reference model, respectively. In addition, the CG photo-

switching potential sets which can exhibit mesoscopic polymeric structural changes 

driven by the quantum event are constructed for the first time. The light-induced 

manipulations of the CLCP are classified according to the individual nature of the photo-

isomerization: (i) the molecular shape change during the trans-to-cis conversion and (ii) 

the role of the activated molecules as an impurity to break the LC symmetry. Especially, 

the azobenzene unit is represented by three connective beads in order to enable molecular 

bending under illumination, which cannot be realized by using conventional Gay-Berne 

particles. The disordering effect of the kinked molecules on the surrounding mesogens is 

reflected by incorporating the non-bonded interaction between the trans- and cis-states. 

The pair interaction is calibrated by applying the iterative Boltzmann inversion and 
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pressure correction methods to the atomistic unit cell in which two different microstates 

coexist. The potential sets bridging the quantum-mechanical event and the intermolecular 

interaction are not only capable of capturing the local distortion of the ordering generated 

by individual cis-azobenzenes, but also transferrable to various photo-isomerization ratios. 

The mesoscale simulations can successfully predict thermotropic and photo-

induced transitions between the three specific LC phases (Sm A, N, and I). The photo-

mechanical deformations induced by the phase behaviors are also investigated in detail. 

In particular, two different deformation modes appear: the expansion during the Sm A – 

N transition and the contraction during the N – I transition. The unusual elongation 

behavior is attributed to the transformation of the main chain into a more prolate 

conformation as the smectic layers are broken. In Chapter 4, the photo-induced variation 

of molecular anisotropy will be examined as a function of the cis-population, which is 

proportional to local light intensity. In addition, the photo-softening effect on the 

mechanical property of the PRP will be evaluated for accurate prediction of the 

macroscale deformations.  
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4. Multiscale analysis of macroscopic photo-deformations 

 

4.1. Consideration of diverse micro-morphologies 

 

4.1.1. Preparation of the CG MD models 

 

The mesoscale polymer network models with different spacer lengths and 

crosslink densities are prepared to examine the effect of network morphology on the 

photo-mechanical performance. First, the LCP network systems with 3 different numbers 

of the methylene groups (6, 9, and 11) in the spacer are constructed. Figure 4.1 shows the 

structure and CG models of the LC monomers and crosslinkers of each system. The 

CLCPs composed of these molecules have been successfully synthesized and utilized as 

photo-actuators.11,66,77 The polymer chains consist of the P, N, C3, C2, and CO beads. The 

atomistic repeating units which represent each type of the bead can be found in Chapter 

3.1.1. The crosslink density of the macromolecules is modulated by changing the molar 

concentration of the crosslinkers (10%, 20%, and 40%). The polymerization process to 

form the network structure is the same with the one presented in Chapter 3.1.1. Table 

4.1 lists detailed information on the unit cells. Here, all PRP network systems are simply 

named as “SabXcd” for convenience. The “ab” and “cd” stand for the number of 

methylene units in the spacer and the content of the crosslinking agent, respectively. As 

shown in Table 4.1, the polymer network with higher concentration of the crosslinker has 
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larger average molecular weight because polyacrylate backbones are more densely 

connected. 

 

4.1.2. Effect of polymer morphology on light-induced mesophase 

behavior 

 

Dependence of the LC properties on the spacer length is investigated. Figure 4.2 

shows the snapshots of sufficiently relaxed structures of the PRP networks with different 

spacer lengths. As seen in Figure 4.2 (a), the mesogenic units of the S6X40 system only 

possess orientational order along the long-range director ( s  = 0.51), which implies that 

the LCP is in the nematic state. Meanwhile, the S9X40 polymer shows both orientational 

and translational orders ( s  = 0.64 and   = 0.18), and a more aligned structure is formed 

compared with that consists of shorter spacer length. The PRP with the longest spacer 

length exhibits deep Sm A phase, as shown in Figure 4.2 (c), with the largest order 

parameters ( s  = 0.86 and   = 0.64). The mesophase behavior of the LCPs is in good 

agreement with that of the experimental results.11,66,77 The polymeric conformational 

structure of the CG models with different spacer lengths are also investigated. Figure 4.3 

shows the bending angle distribution of the polymer fragments which are obtained by 

sampling the CG MD trajectories. As shown in Figure 4.3 (a), the conformational 

distributions of the angle between rigid mesogen beads (
1 ) are almost the same 

regardless of the connectivity in the polymer. However, as the spacer length of the LCP 
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increases, the probability distribution of the angle formed by local nematic axis and the 

first neighboring spacer bead (
2  in Figure 4.3 (b)) moves toward a larger angle. 

Moreover, the equilibrium valence angle between the benzene, the 1st and 2nd neighboring 

beads (
3 ) is severely changed from about 145° to 160° with increasing the number of 

flexible methylene groups (See Figure 4.3 (c)). As longer polymer chain is connected to 

the mesogenic unit, the constraint on rotational and translational symmetries of the 

azobenzene molecules becomes weaker.  In addition, the variation of the structural 

distribution shown in Figure 4.3 demonstrates that the uncoiled conformation of the 

spacer is induced by positional and rotational arrangements of the LCs. 

Figure 4.4 shows the changes in the LC order parameters of the azobenzene 

molecules during the photo-isomerization simulations. It clearly shows that the 

crosslinking density as well as the spacer length influences the phase behaviors. Both s  

and   increase with the increment of the crosslinking between the backbones of the 

polymer. This trend is consistent with that of birefringence and polarized absorption 

spectra which have been measured by Ikeda’s group.78 Crosslinking between the acrylate 

backbones firmly fixes the anisotropic alignment of the network. Furthermore, the 

densely crosslinked structure contributes to the suppression of the mobility to disrupt the 

molecular alignment. In fact, we observed that the loosely crosslinked polymers form 

local polydomain nematic phase during the curing simulation. Figure 4.4 also shows that 

microscopic morphology parameters can significantly change the photo-induced phase 

transition pathways. As shown in Figure 4.4 (a), the spacer 6 polymers exhibit only N – I 
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transition as the photo-isomerization ratio gradually increases. However, the sequential 

light-activated transition between 3 different phases (Sm A – N – I) is observed for the 

cases with longer spacer lengths (See Figures 4.4 (b) and 4.4 (c)). Especially, while the 

translational order parameter of the spacer 9 polymer decreases to 0.1 with 
cisn  of 15-

20%, about 30-50% of the cis-molecules are required to reach the same value for the 

spacer 11 system. That is, the existence range of LC phases under the same light 

irradiation condition can be controlled by manipulating the length of the polymer chain. 

Another remarkable point is that highly crosslinked polymers sustain the state with larger 

LC order parameters event after the photochemical reaction occurs. These variations in 

the phase transition response eventually decide the temporal evolution of the photo-

mechanical deformations, which will be explained in Chapter 4.2. 
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Table 4.1. Basic information on the unit cells of the CG polymer systems with differerent 

spacer lengths and crosslink densities. 

System No. of monomers No. of crosslinkers 

Average molecular 

weight (kg/mol) 

S6X10 1,728 192 8.25 

S6X20 1,536 384 10.67 

S6X40 1,152 768 19.63 

S9X10 1,728 192 9.76 

S9X20 1,536 384 13.06 

S9X40 1,152 768 19.72 

S11X10 1,728 192 9.63 

S11X20 1,536 384 12.15 

S11X40 1,152 768 24.70 
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Figure 4.1. Chemical structures and CG models of the LCPs with different spacer lengths. 

The numbers of the methylene units in the spacer are (a) 6, (b) 9, and (c) 11. 
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Figure 4.2. Configurations of the CG LCP network structures which hold the different 

spacer lengths at 300 K: (a) S6X40, (b) S9X40, and (c) S11X40 systems. 
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Figure 4.3. Bending angle distributions of the CG beads which are obtained from the 

CLCP networks with different spacer lengths at 300 K. 
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Figure 4.4. Light-induced variations in translational and orientatiaonl order parameters of 

the PRP networks with different morphologies. 
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4.2. Calculation of multiscale model parameters 

 

4.2.1. Relation between macromolecular shape and LC state 

 

In order to predict the large-scale behavior of the photo-responsive polymer, it is 

essential to reveal the coupling mechanism between the evolution of the microscopic LC 

structure in response to the photon energy and corresponding macromolecular shape 

change. In particular, the shape parameter ( r ), which can be computed using Eq. (3.12), 

successfully reflects the effect of photo-isomerization on the mechanical response of the 

crosslinked polymer network. The opto-mechanical constitutive equation of the finite 

element analysis has been described by the neo-classical elastic free energy, which is 

expressed as a function of the shape parameter of the polymer.36,79 In this study, the 

mesoscale simulation framework is utilized to link the LC symmetry and shape 

parameters in terms of various light conditions. Notably, it is useful to parameterize the 

photo-mechanical response as a function of 
cisn  because the continuum scale 

simulations require a deformation profile in terms of the effective light intensity and 

corresponding concentration of the cis-molecules at each material point. 

Generally, the shape parameter of the nematic polymer has a linear relationship 

with the uniaxial orientational order parameter, which can be expressed as 1r s  . 

The coefficient   is equal to 3 for freely jointed polymers.80 In the case of the smectic 

CLCP, an additional term that represents the effect of   should be considered. As shown 
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in Table 3.4, while the corruption of the nematic ordering results in the contraction of the 

polymer conformation along the director, the disassembly of the smectic layers causes the 

elongation. In addition, the major cause of the expansion during the Sm A – N transition 

is the increase in the shape anisotropy of the backbone chains. As seen in Figure 3.14, in 

the initial state, the increase of the shape parameter is very dramatic, with only a small 

amount of decrease in  . On the other hand, as   decreases, the variation becomes 

progressively smaller. Accordingly, we define the increment of r  induced by the 

reduction of the positional symmetry as a function of exponential terms. The final 

expression of  cisr n  in terms of the photo-isomerization ratio is shown below. 

     ( ) 1 exp 1cis cis cisr n s n n          (4.1) 

At  = 0, the effect of the smectic layer disappears and the equation becomes 1r s  , 

which is the formula for the nematic polymer. As   gradually increases, the main chain 

aligns perpendicular to the oriented direction, which reduces r . The shape parameter 

changes exponentially in response to the variation of  . Here,   and   are the 

coefficients that are related to the material properties. 

Morphology-dependent change in the relationship between the LC state and 

polymeric shape is examined. Table 4.2 lists the coefficient values in Eq. (4.1) obtained 

by fitting r  in terms of the order parameters ( s  and  ) computed from the CG MD 

simulation results.  , a linear coefficient for the orientational order, ranges from 2.37 to 

3.14, which is very close to that of the simple nematic LCP ( = 3). As listed in Table 
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4.2,   becomes larger with an increase in the spacer length. The result implies that the 

polymer network with a longer spacer can bring about not only improved molecular 

ordering of the initial structure, but also larger photo-mechanical contraction generated 

by the same extent of variation in s . Likewise, the increase in crosslinking density 

enhances the responsiveness of polymeric deformation induced by the symmetry-

breaking transition. As the content of the crosslinking agent increases from 10 mol% to 

40 mol%,   increases about 11.4-12.4%. On the other hand, the trend in the variations 

of   is contrary to that of  . The extent of elongation of the polymer in response to 

corruption of the smectic layer clearly reduces with the increase of the crosslink density. 

It is because the light-induced stretching during the Sm A – N transition is more 

suppressed by larger shrinkage under orientational disordering of the chromophore 

moieties. Yu et al. also reported that the smectic PRP film with lower crosslink density 

exhibits more distinct expansion along layer normal direction.66 Figure 4.5 shows the 

variation in the shape parameter in terms of s  and  , which is constructed via using 

the coefficients listed in Table 4.2. It definitely shows that the azo-LCP network with 

longer molecular length and higher crosslinking density can achieve larger photo-strains.  
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4.2.2. Photo-softening effect on LCP network 

 

The photo-isomerization of the azobenzene moieties brings about great change 

in the mechanical properties as well as deformations of the macromolecules. Before UV 

light irradiation, the molecular alignment of the rigid mesogens provides a strong 

resistance to an external load. However, after irradiation, the cis-azobenzene molecules 

destruct the arrangement and the self-assembled structure, and it gives rise to the photo-

softening effect. Researchers have measured the stress-strain curves of the azobenzene-

containing crosslinked LCP before and during the light irradiation.81,82 They observed a 

significant decrease in Young’s modulus up to 2.5-fold induced by the photo-chemical 

reaction. In order to precisely predict macroscale photo-induced stress and strain, local 

softening effect on the mechanical properties of the polymer with respect to the extent of 

the photo-isomerization should be evaluated.  

In order to investigate the extent of the light-induced softening effect, the 

mechanical behavior of the PRPs with different contents of the cis-azobenzenes is 

observed via the CG MD simulations. Tensile loading parallel to the director of the LCs 

is applied to the CLCPs by using an approximate quasi-static deformation scheme. The 

applied strain ranges up to 0.15, and the nominal strain rate is 107/s. The virial stress at 

each deformed state is calculated to examine the elastic response of the polymer networks. 

Figure 4.6 shows the stress-strain curves of the CG polymer models with different photo-

isomerization ratios and diverse morphologies. Above all, regardless of the crosslinking 
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ratio and the spacer length, the photo-isomerization reaction induces the softening effect. 

As the number of the photo-activated molecules increases, smaller internal stress is 

generated by applying the same amount of the deformation. The initial crosslinking 

density of the system also influences the mechanical properties. As shown in Figure 4.6, 

the increase in the concentration of the crosslinkers enhances Young’s modulus of the 

polymer because more acrylate backbones are rigidly connected by the covalent bonds. 

Another interesting aspect is that the modification of the polymer spacer units and 

corresponding changes of the initial LC phase can remarkably affect the photo-

mechanical responses. For the 100% trans-azobenzene unit cell, the applied stress of the 

nematic LCP (spacer 6 system) in response to the 4% of elongation ranges 6.34-9.82 MPa. 

Meanwhile, for the spacer 11 polymers, which are in the Sm A phase, the nominal stress 

is about 8.26-16.29 MPa. This result indicates that more deformation energy is required 

for the smectic layer dilation compared with that of the nematic CLCPs. Dependence of 

the mechanical moduli of the PRP on the photo-chemical reaction and initial LC structure 

is numerically quantified using a continuum scale description of the elastic free energy. 

This procedure is essential to effectively perform the multiscale photo-mechanical 

simulation.  

The elastic response of the nematic polymer can be described by the neo-

classical theory, which combines molecular classical rubber elasticity with shape 

anisotropy of the LC state.80 Neo-classical elastic free energy of the nematic system (
NF ) 

is expressed as follows: 
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1

0

1
Tr( ) 

2
NF   T

l l           (4.2) 

where   is the effective shear modulus of an elastomer and   is the deformation 

gradient tensor. Here, the subscript ‘0’ represents the properties of the undeformed state. 

The initial and current effective step length tensors (
0l  and l ) record the nematic 

director and the magnitude of the orientational order of the polymer, and these can be 

expressed as, 

        0 0 0 0( 1 ) ,    ( 1 )r r       I n n I n nl l    (4.3) 

where 
0n  and n  are the initial and current ordering directions, respectively. The shape 

parameter ( r ) is the ratio of the effective step lengths parallel ( l ) and perpendicular ( l ) 

to the director, and it can be alternatively calculated using Eq. (3.12): 

2
l R

r
l R 

        (4.4) 

As the extension 
xx   is applied along the principal direction of the nematic order, 

the relaxations along two perpendicular directions should be 1/yy zz     in 

order to minimize the free energy and to satisfy the volume conservation constraint. If the 

nematic director and orientational order of the LCP do not change much under the 

imposed strain, the step length tensor of the deformed state equals to that of the initial 

one (
0=l l ). Then, Eq. (4.2) can be rearranged as below: 

21 2

2
NF  



 
  

 
         (4.5) 
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The nominal stress of the nematic polymer (
N ) can be calculated by differentiating 

NF  

with respect to  : 

2

1N
N

F
  

 

  
   

  
                (4.6) 

The simplified stress-strain relationship does not consider the soft elastic behavior, which 

is related with the stress-free rotation of the mesogenic orientation.83,84 The elastic energy 

of the Sm A solids (
SF ) is an extended version of the nematic energy with a consideration 

of the constraint on smectic layer spacing: 

2

1
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0

1 1
Tr( ) 1

2 2
s

d
F B

d
   

   
 

T
l l              (4.7) 

B  is the layer modulus and d  is the distance between layers. With an assumption of 

affine deformation of the layer planes with the imposed strain, the deformed director and 

relative layer spacing change are derived as, 

0
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     (4.8) 

The detailed derivation process can be found in elsewhere.85  

In deriving the mechanical constitutive model from the elastic energy, an 

unusual response of the smectic solid should be considered. It has been reported that as 

the uniaxial stress is applied parallel to the layer normal, the associated mechanical 

behavior of the smectic elastomer can be divided into two regimes.76,86 In the regime of 

the small strains, the polymer network embedded with the ordered layers possesses 

relatively large Young’s modulus because, in general, the layer modulus B  is 
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significantly larger than  . However, when the deformation exceeds a particular 

threshold strain, the slope of the stress-strain curves decreases remarkably. The 

mechanical behavior of the smectic polymer modeled by using the CG MD simulation 

also clearly shows the experimentally observed phenomenon. As shown in Figure 4.7 (a), 

the uniaxial loading yields a bi-linear stress-strain relationship. The reduction in modulus 

of the polymer is owing to the break-down of the layers. Before the strain reaches a 

threshold value (
th ), the LCP retains the layered structure (See Figure 4.7 (b)). 

Meanwhile, as shown in Figure 4.7 (c), the smectic structure is distorted by the rotation 

of the layer planes, and the monodomain phase is transformed into the nematic-like 

structure at 
th  . Accordingly, the smectic LCP has much lower Young’s modulus in 

the regime of large deformations. 

Let’s suppose that the deformation   is applied along the oriented direction (x-

axis) of the LCs. Then, the deformation gradient tensor is: 

0 0

0 0

0

yy

zx zz





 

 
 


 
  

       (4.9) 

where the shear 
zx  is generated by the layer rotations. Then, the associated free energy 

can be derived by inserting Eqs. (4.3), (4.8), and (4.9) into Eq. (4.7): 

 
2

2 2 2

2 2

2 2 2 2 2 2

1 1 1
1

2 2

zz zx zz
S zz zx

zz zz zx zz zx

r
F B

   
  

     

  
       
      

  (4.10) 

where yy  is eliminated by applying the incompressibility condition (  det 1 ). 

Before the layer rotation, there is no shear deformation ( 0zx  ). After the mechanical 
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instability point is reached, 
zz  and 

zx  can be obtained by numerically minimizing 

the energy, and those can be expressed as a function of   and 
th :85 

2

1
,    

th th
zz zx

th

 
 

  
        (4.11) 

Then, the elastic free energies for each deformation region can be derived: 
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Finally, the nominal stress-strain relationship can be expressed as the equations as 

follows: 
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       (4.13) 

The shear ( ) and layer ( B ) moduli of the polymer in terms of the photo-

isomerization ratio (
cisn ) are computed by using the stress-strain curves (Figure 4.6) and 

the analytic constitutive relations. For the nematic solids,   is obtained by fitting the 

data to the Eq. (4.6). In the case of the smectic polymer, two unknown variables (  and 

B ) can be simply obtained by fitting the slopes of the bi-linear curves to the stress-

deformation gradient relations at each different deformation regime (See Eq. (4.13)). 

Figure 4.8 shows the mechanical properties of the PRPs before and during the UV light 

irradiation. The elastic modulus of the LCP network considered here ranges 0.1-0.4 GPa, 

and it is within the similar order of that of the glassy side-chain polymer.9,81 As shown in 

Figure 4.8 (a), the shear modulus of the nematic polymer decreases by up to 55%, as the 
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concentration of the photo-activated molecules increases to 70%. The decrement in the 

modulus caused by the photo-isomerization of the mesogens is consistent with that 

observed by other authors.81 As expected, more densely crosslinked polymer network has 

a larger value of  . In the classical rubber elasticity theory, the   is linearly 

proportional to 
sn , the average number of polymer strands between two successive 

crosslinks. Moreover, the initial gap between the shear moduli of the polymers with 

different crosslinking density still exists, even after the photo-chemical reaction proceeds. 

Figures 4.8 (b) and 4.8 (c) clearly show the light-induced softening effect on the 

smectic polymers. The LCPs with 9 and 11 methylene spacer units exhibit larger elastic 

modulus of the smectic layer than the shear modulus of the polymer network itself. In 

terms of the molecular geometry and the associated interaction energy, relatively large 

B  is owing to the strong π-π stacking interaction between closely assembled mesogens. 

As the azobenzene molecules are converted into the cis-isomers, the B  also remarkably 

decreases. Furthermore, the variation in B  is larger than that in  . With the cisn  up 

to 70%, the ratio of layer modulus to shear modulus ( /B  ) decreases from about 10 to 3, 

which means the gradual Sm A – N transition. The result of the CG MD simulations 

shows that the B  is not vanishing even after the transition to the nematic phase 

completes. If we allow the B  to decline to zero discontinuously at the transition point, 

the   rather increases during the Sm A – N transition, which is not reasonable. The 

non-zero value of layer modulus is because the residual positional symmetry still remains 

in spite of sufficiently large number of the cis-isomers. As seen in Figure 4.4, the 

translational order parameter does not drop to zero at the specific point, and still ranges 

between 0.1 to 0.2 with the cisn  of 30-50%. In this study, the monomers are 

polymerized in the deep smectic phase, and the polymer remembers its original structure 
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at the formation under the light-induced deformation. Another reason is that the mobility 

of the photo-activated molecules is not enough to perfectly eliminate the layered structure 

because the photo-isomerization simulations are performed at relatively low temperature 

(300 K). Figures 4.8 (b) and 4.8 (c) also show the network morphology effect on the 

photo-mechanical properties of the smectic solids. As the number of the spacer methylene 

units changes from 9 to 11, the CLCP forms a more stable smectic structure, and hence 

has up to 57% larger layer modulus. In terms of the effect of the crosslink density, the 

increases in   and B  are more pronounced for the spacer 11 system. As shown in 

Figure 4.4, the LC symmetry of the polymers with longer spacer length is more 

significantly enhanced by the modification of the crosslinking ratio. Accordingly, it is 

concluded that the increase in the crosslinking density improves the mechanical 

properties by a synergetic effect of rigidly connected polymer chains and strong fixation 

of the LC structure. The derived multiscale photo-mechanical properties, which are 

expressed as a function of 
cisn , are transferred to the continuum mechanics calculations. 

The detailed procedure will be further discussed in the following section.  
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Table 4.2. Fitted coefficient values of Eq. (4.1) which defines a coupled relation between 

photo-induced transition and mechanical deformation behaviors. 

System     

S6 

X10 2.368 - 

X20 2.430 - 

X40 2.638 - 

S9 

X10 2.679 0.903 

X20 2.803 0.706 

X40 3.010 0.561 

S11 

X10 2.801 1.132 

X20 2.932 0.852 

X40 3.138 0.513 
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Figure 4.5. Shape parameter of the crosslinked LCP molecules as a function of 

orientational and translational order parameters of the azobenzene moieties. 
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Figure 4.6. Variations in the stress-strain responses of the CLCPs with respect to the 

photo-isomerization ratio. 
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Figure 4.7. (a) General stress-strain curve of the pristine Sm A azo-containing polymer, 

and the configurations of the CG MD models (b) before and (c) after layer rotation. 
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Figure 4.8. Shear (  ) and layer ( B ) moduli of the crosslinked liquid crystalline 

polymers which are expressed as a function of the photo-isomerization ratio. 
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4.3. Scale-bridging strategy for opto-mechanical analysis 

 

4.3.1. Continuum scale constitutive relation 

 

Continuum scale governing equation for the light stimuli-induced behaviors 

must imply the strong coupling between the mechanical deformations and the polymer 

conformation. Based on the neo-classical elasticity, as presented in Eq. (4.2), the elastic 

energy of the nematic LCP is defined as: 

1 1

0 0

1 1
Tr( ) = Tr( ),    

2 2
NF    g g g B B g   T T

     (4.14) 

where B  is the effective left Cauchy-Green tensor. Metric tensors in the reference and 

current frames (
0g  and g ) contain information on the shape anisotropy, and they can be 

calculated by making the step length tensors have unit determinant: 

1/3 1/3

0 0 0/ det( ) ,    / det( ) g gl l l l     (4.15) 

When the strain is imposed on the polymer network, 
0g  is transformed into g , which 

should be coaxial with B  to minimize the energy.83 That is, the eigenvectors of the 

current metric tensor are the same with those of the B . Accordingly, the mechanical 

equilibrium equation of the nematic polymers can be expressed as: 

3
1 1

1

N i i i i

i

p p g B  



     I + g B I e e         (4.16) 
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where p  is the hydrostatic pressure. Based on Eqs. (4.4) and (4.15), the current metric 

tensor can be expressed as a function of the shape parameter ( r ) and the nematic director 

( n ): 

   1/3 2/3 1/3g g g r r r 

       g I n n I + n n    (4.17) 

By inserting Eq. (4.17) into Eq. (4.16), the Cauchy stress of the nematic solids can be 

rearranged as below: 

1/3 1
1N mp r b

r


  
       

  
I B n n       (4.18) 

where 
mb  is the largest eigenvalue of B , and corresponding eigenvector coincides with 

n .  

Direct implementation of the constitutive relation, which is presented in Eq. 

(4.18), to the numerical finite element (FE) formulation gives rise to the complexity 

inherent in the non-convex problems. Also, the singular stiffness matrix can be generated 

due to the energy-free soft behavior of the nematic LCP. Therefore, with an assumption 

of small strain and rotation of the director, the stress-strain behavior is linearized: 
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(4.19) 

It should be mentioned that the stress is a function of the infinitesimal rotation (ω ) and 

the shape parameter of the material as well as the strain ( ε ) in order to include the 

coupling effect between the photo-deformation and orientational ordering of the network. 
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The detailed linearization procedure and quasi-softness of the nematic LCP can be found 

elsewhere.36 Because generally used nematic PRP is a very thin strip,10,11,66,76-78 we 

assumed a plane stress condition. The additional constraints are that (i) the initial and 

current nematic directors are located just in-plane (
0

3 3 0n n  ), and (ii) the volume of the 

system should be conserved during the deformations (   0tr  ). Then, the final 

governing equation of mechanical equilibrium (the greek indices are 1 or 2) can be 

obtained from Eq. (4.19): 
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(4.20) 

Similarly, the linearized photo-mechanical constitutive equation of the smectic PRPs is 

derived with theoretical considerations of the layer dilation energy (Eq. (4.7)) and the 

affine deformation of the layer normal (Eq. (4.8)). The equation in explicit tensorial form 

is expressed as below: 
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   (4.21) 

The detailed derivation can be found in the literature.79   
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4.3.2. Nonlinear FE implementation 

 

Although the photo-mechanical coupled stress-strain relationship is linearized, 

the light-induced transformation of the 2D thin strip into 3D complex shape in reality 

gives to a geometric nonlinearity. Therefore, the element-independent corotational (EICR) 

formulation87 is utilized in order to account for the nonlinearity. The distinguished feature 

of the EICR is the separation of rigid-body and pure deformation motions based on 

kinematics, unlike the polar decomposition of the deformation gradient. The 

deformational part of the displacement is extracted before any element computations and 

hence, this approach is independent on the element type. 

Figure 4.9 shows a simple scheme to obtain pure deformations from global 

displacement in the EICR method. Three different configurations of the system are 

required to describe the kinematics of the EICR: the undeformed (
0 ), deformed (

D ), 

and corotated (
R ) configurations. The corotated frame is an intermediate state between 

the initial and current ones, and it is obtained through rigid body translation and rotation 

of the undeformed body. The two assumptions behind the corotational formulations are 

that (i) the pure deformations from a corotated configuration is small, and (ii) the 

magnitude of the rigid body motion is not restricted. The pure deformation ( du ) and 

rotation ( dθ ) of the local element can be extracted from the global shape change by 

comparing the corotated system with the strained one. The overbar and subscript ‘ d ’ 
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denote the properties in local coordinate and pure deformation part, respectively. 

Tensorial description of the kinematics-based filtration can be expressed as below: 

d

d

d

  


 

     
       

    

u u u
d HPT


       (4.22) 

At first, the global nodal displacement (u ) and spin ( ) are transformed into the local 

quantities in the 
R  frame by using the global-to-local transformation matrix ( T ). Then, 

the pure deformational part is filtered out through the projection matrix ( P ). Finally, the 

element-wise pure deformation ( dd ) can be computed by using H , which eliminates 

the gap between the spin and the rotation. 

Conventional Newton-Raphson algorithm with an adaptive step-size technique88 

is used to obtain the geometric nonlinear solution. The residual force ( R ) and consistent 

tangent stiffness matrix ( K ) are calculated, and these are expressed with the derivatives 

of the auxiliary matrices in Eq. (4.22): 

 i e T T T e T T ph T T T e T T ph

d     R f f T P H f T H f T P H K d T H f   (4.23) 

   i e i i i i e e

GR GP GM M GR GM      K = K K K K K K K K       (4.24) 

,    ,    ,

,    ,    
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GR nm GP n GM

i T T T e e T e e T e

M GR nm GM

    

   

K T F GT K T G F PT K T P LPT

K T P H K HPT K T F GT K T L PT
    (4.25) 

Herein, 
e

f  is the local force and the 
ph

f  is the light-induced external force. It should 

be noted that the projection matrix is removed in calculating the external force term 

because the rigid body motion should not be eliminated. As shown in Eq. (4.25), the 

stiffness matrices are classified in terms of the source of the geometric nonlinearity. The 

subscripts GR, GP, GM, and M stand for the variations of T , P , H , and f . The 
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superscript e represents the geometric stiffness matrices which can be calculated 

consistently with the photo-stress. 

Triangular 3-node shell element is utilized to perform the FE analysis. Each 

node has 6 degrees of freedom (3 displacements ( 1u , 2u , 3u ) and 3 angles of rotation 

( 1 , 2 , 3 )). At each element, the local properties of the LCP network (initial director, 

shape parameter, and elastic moduli) are individually defined. The variations of these 

microscopic variables in response to the light illumination are incorporated into the FE 

simulations, and the detailed methodology will be introduced in the next chapter. Based 

on the variational principle, the FE equation of linear shell element is formulated, which 

can be written as follows: 

  0 0ˆ ph e ph

d dW z dV   


        k d K d d          (4.26) 

ph  is the light-induced stress and moment resultants, and 
e

K  is computed with 

considerations of the membrane and bending deformation parts: 
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     (4.27) 

The superscripts m, b, and mb denote the membrane, bending, and coupled parts of the 

shell behavior, respectively. B  is the strain matrix, and  ,  , and   indicate the 

strain-displacement, strain-curvature, and rotation-displacement relations, respectively. 

The optimal triangular (OPT)89 and the discrete Kirchhoff triangular (DKT)90 shell 

elements are employed to effectively describe the degrees of freedom related with the 
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membrane and bending deformations, respectively. A combination of these elements 

yields relatively good accuracy and prevents the locking problem. Based on the 

Simpson’s rule, a numerical integration is executed with 250 points in the thickness 

direction in order to compute the stiffness matrices.  

 

4.3.3. Relationship between light stimuli and mechanical 

properties 

 

In order to carry out the multiscale photo-mechanical integrated analysis, 

macroscale spatial profiles of the light intensity and the conversion ratio of the 

photoactive molecules should be primarily calculated. In accordance with conventional 

Beer’s law, the light intensity decays exponentially from the exposed surface as the light 

travels through the specimen. However, Warner et al.91 demonstrated that a simple 

exponential function cannot describe the photobleaching effect, which means that the 

generated cis-molecules can absorb less photon energy than the trans-molecules. 

Accordingly, they constructed a model to reflect the nonlinear absorption process, and 

attenuating effective light intensity profile along the thickness direction ( effI ) can be 

expressed with the Lambert-W function (
LW ): 

 0 0exp /eff L eff effI W I I z d  
      (4.28) 
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where 
0

effI  is the maximal intensity of the incident light at the surface, d  is the 

characteristic saturation depth of the light, and z  is the coordinate of the penetration. 

The effI  is also can be calculated by multiplying the intensity ( I ) by the absorption 

ratio ( ) and the characteristic time of the thermal back reaction ( ). Next, the local 

photo-isomerization ratio ( cisn ) profile relevant to the intensity of optical beams can be 

obtained by using the photo-dynamics differential equation. Temporal evolution of the 

cisn  is determined by 2 reaction processes: (i) UV light-induced trans to cis forward 

reaction which reduces population of the trans- moieties ( transn ) with the rate of 

 t c transn I n    and (ii) a spontaneous thermal back reaction with the rate of 

1

c t cisn n 

  . Therefore, the equation of population dynamics for the isomerized 

molecules is expressed as: 

  1

cis trans cisn I n n            (4.29) 

When the light-induced generation of the kinked cis-molecules is saturated, the steady-

state cis-population ( cisn
) can be written as follows: 

1 1

eff

cis

eff

II
n

I I





 
 

  
                (4.30) 

A noteworthy aspect is that the gradient of the population along the thickness direction is 

defined by the effective light intensity profile. As shown in Figure 4.10, our multiphysics 

simulation can reflect the variations in the cisn  profile and local microscopic mechanical 

properties in terms of the light intensity, material properties, and geometry of the 

specimen.  
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Figure 4.11 shows how the multiphysical and multiscale properties are 

integrated in the presented simulation approach. Under the UV light illumination, the 

light intensity gradient is formed inside the polymer domain, and it can be directly 

converted into the steady-state cisn  profile using Eq. (4.30). The atomistic/mesoscale 

intrinsic properties with respect to cisn  are extracted by utilizing the CG MD 

simulations, as shown in Chapter 4.2. Gradual LC phase transition behaviors are 

described by using the orientational and translational order parameters (  ciss n  and 

 cisn ). Then, the correlation between the LC symmetry parameters and shape 

parameter (  ,r s  ) is expressed as Eq. (4.1) in order to measure local conformational 

changes of the polymer network. Furthermore, the elastic moduli (  cisn  and  cisB n ) 

are varied with respect to the out-of-plane position of the PRP film, analogous with the 

laminated composite plate, to reflect the photo-softening effect. These microscopic 

parameter profiles are inserted into the macroscale opto-mechanical coupling relations as 

shown in Eqs. (4.20) and (4.21). Finally, the large-scale photo-deformation field is 

evaluated by integration of the properties along the thickness of the shell element to 

calculate the stiffness matrix and external photo-induced resultants. The presented 

multiscale simulation scheme effectively reflects the morphology- and LC phase-

dependent mesoscale photo-mechanical behavior to perform more advanced analysis and 

design of the PRP actuators.  

 

 



 

 129 

 

Figure 4.9. Illustration of the kinematics-based corotational finite element method. 

 

 

Figure 4.10. Penetration depth-dependent fraction of the photo-activated molecules and 

local microstructure of the PRP. 
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Figure 4.11. Scheme of the multiscale analysis of the photomechanical response of the 

azobenzene-containing LCPs. 
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4.4. Macroscopic photo-mechanical simulations 

 

4.4.1. Photo-bending deformations 

 

Based on the above photomechanical parameters obtained from the CG MD 

analysis, macroscopic photo-bending deformation is realized by conducting nonlinear FE 

simulations. Figure 4.12 shows the one-side clamped PRP sheet considered in this study, 

where 
xL = 20 mm and 

yL = 2 mm are the lengths in the x- and y-dimensions, 

respectively. The thickness of the plate is thin enough ( /L h = 40) to assume the plane 

stress condition. Continuous mid-plane of the specimen is discretized to 20   4 

rectangular elements, and each contains 4 triangular shell elements. The characteristic 

penetration-depth-to-thickness ratio ( /d h ) is set to 0.4, and it was found that the gap 

between linear and nonlinear FE solutions is profound with this simulation condition. 

Uniform initial LC directors defined within each element are assumed to be parallel with 

x-direction (  0 1,  0,  0
T

n ). The film is illuminated by unpolarized UV rays along the z-

direction from the top (See Figure 4.12). In order to compare the photo-mechanical 

performances of the polymers with different spacer lengths and crosslinking densities, the 

cis-fraction-dependent photo-strain and mechanical moduli of each case are implemented 

into the FE equations. 

Figure 4.13 shows the changes in the curvature of the bent polymer strips with 

different network structures. The deflection curves of each deformed state are fitted to the 
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third-order polynomial function, and the curvature in the x-z plane is calculated at the 

clamped point of the mid-plane. As shown in Figure 4.13 (a), in general, the gradient of 

the light intensity generates inhomogeneous contractile strains and hence, the film bends 

toward the light source. Furthermore, the photo-bending behavior becomes strongly 

nonlinear as the light penetrates deeply into the polymer domain. It is because the 

bending deformations are mainly decided by the inhomogeneous spatial gradient of the 

local photostrains. When the light intensity significantly increases, the bending behavior 

is rather restricted, and the in-plane shrinkage becomes dominant to decrease the 

curvature.  

Figure 4.13 also shows that, as the mole fraction of the crosslinking agent 

increases, the maximum photo-bending curvature increases and the bending speed to 

achieve the maximum point becomes slower. Ikeda’s group78 also observed similar results 

for the free-standing PRP films that contain 5-50 mol% of the diacrylate crosslinkers. As 

stated in Chapter 4.2.1, the linking between flexible network backbones makes more LC 

moieties oriented uniformly to the uniaxial director, and larger polymeric compressive 

strain can be generated from the highly aligned structure. Figure 4.14 shows the spatial 

distribution of the ratio between current and initial shape parameters ( 0/r r ) formed along 

the out-of-plane direction. With gradually increasing the effI  up to 2.0, the shape 

parameter of the LCP network is reduced up to about half. As expected, the compressive 

strain of the upper material point is larger than that of the lower one. Under the same light 

intensity conditions, the shape parameter of the densely crosslinked polymer film is more 
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drastically changed. This tendency is consistent with the CG MD observations of the 

mesoscopic structural changes. As listed in Table 4.2, the order-shape coupling parameter 

( ) increases with the increment of the crosslinking ratio, which implies that the PRP 

more sensitively responds to the photo-triggered molecular disordering. Also, as shown in 

Figure 4.5, a wide variation range of r  of highly crosslinked material contributes to 

larger photo-bending curvature. Meanwhile, the convergence speed of the curvature is 

determined by the saturation point of the deformation gradient. As shown in Figure 4.4, 

the LC phase of the loosely crosslinked polymer vanishes with smaller amount of the 

isomerized molecules. After the polymer network becomes isotropic, no more remarkable 

photo-deformation is induced. As shown in Figure 4.13 (c), the macro-deformation 

gradient of the S11X10 converges at effI = 1.0, and the bending curvature does not 

increase anymore in spite of stronger light intensity. On the other hand, the variation in 

the photo-strain of the S11X40 is still considerable as the effI  increases up to 2.0 and 

therefore, it spends more time to reach the maximum photo-bending curvature. 

The molecular length of the azobenzene-containing monomers can be also 

considered as a design variable to control the extent of the photo-mechanical 

deformations. When we extend the spacer length of the system from S6 to S9, overall 

photo-bending curvature decreases as shown in Figure 4.13. The reduction in the photo-

strain comes from the enlarged mechanical resistance with the aid of the rigid smectic 

layered structure of the spacer 9 system. Figure 4.15 shows the thickness-dependent 

elastic modulus component along the oriented direction. The decline of the stiffness at the 
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upper surface demonstrates that out multiscale simulation framework exactly reflects the 

light-induced softening effect on the mechanical properties of the polymer. Figures 4.15 

(a) and 4.15 (b) clearly show that the elastic stiffness component of the S9 smectic 

polymer is about up to 80% larger than that of the S6 nematic polymer. The improved 

mechanical property is attributed to the addition of the smectic layer modulus, which is 

about 3 to 10 times larger than the shear modulus, in constructing the stiffness matrices. 

Accordingly, under the same illumination level, the bending deformation of the LCP with 

9 methylene spacer units is more constrained. Meanwhile, the S11 polymer which has the 

largest layer modulus rather produces more intense photo-bending deformations (see 

Figure 4.13 (c)). This is because, as shown in Figure 4.5, the light-induced network 

shape change of the S11 system is large enough to overcome the enhanced mechanical 

stiffness. Therefore, we can conclude that the photo-mechanical response of the CLCP is 

decided by the trade-off effect between microscopic photo-strain and the inherent 

mechanical resistance of the material. 

Another noteworthy finding is that the photo-actuated deformation direction can 

be switched without changing the position of the light source. As shown in the inset of 

Figure 4.13 (c), the PRPs with the longest spacer length show the negative curvature 

when effI  ranges from 0 to 0.1. Under the weak light environment, the photo-activated 

disassembly of the smectic layer rather causes the increase of the polymer shape 

anisotropy as stated in Chapter 3.2.3. That is, during the Sm A – N transition, the 

surface-dominant expansion generates the bending deformation opposite to the light 
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source. After then, the photo-bending direction is switched toward the light source as the 

contractive deformation mode generated by the N – I transition becomes prominent. 

However, the polymers with 9 methylene spacer groups do not achieve distinct switch in 

the deformation modes. It is because the initial CLCP is in the unstable smectic phase, 

which possesses small positional order parameter value of 0.2. In this case, the tensile 

deformations induced by the corruption of the smectic layer is trivial compared with the 

disordering-induced shrinkage. We conclude this chapter by pointing out that the 

maximum deformation, responsiveness, and the photo-deformation mode can be designed 

by precise control of the synthesis conditions and corresponding polymer architecture.  

 

4.4.2. Complex 3D deformations enabled by the imprinted 

topology 

 

Besides the simple bending deformation modes of the PRPs with the uniform 

director field, the exotic 3D shape has been realized by engineering the planar nematic 

alignment.34,92,93 Generally, the complex nematic topology has been prepared by using a 

photo-alignment method.31-33 The photo-alignment materials are inserted into the LC 

compounds, and the linearly polarized UV light is irradiated to the specimen to imprint 

the unique textures. The LC moieties are oriented parallel to the polarized direction, and 

the complex director profiles are retained even after the photo-polymerization completes. 

The smectic solids also can hold the defect-induced topographical changes despite a lack 
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of utilizing these structures as the photo-deformable soft materials.94-96 Especially, the 

unique topology which is only observed in the smectic phase is formed by the 

modification of the lamellar phase field. In this study, various defect-mediated textures 

and LC phase-dependent complex 3D photo-deformations are identified through using 

the developed multiscale simulation framework.  

First, we clarified the light-induced texture of the PRP film incorporated with 

spatial variation of the nematic director field. A thin circular domain with principal radii 

( xR  and yR ) of 20 mm and a thickness ( h ) of 0.5 mm is prepared. Then, the mid-plane 

is discretized into irregular triangular meshes by using the Delaunay method. Nontrivial 

microstate distribution is prescribed based on the well-defined disclination defects, which 

occurs naturally in the Schlieren texture. The nematic disclination can be defined as 

singularities of continuously varying director fields with the defect strength m, which is 

related with the order of rotational symmetry around the disclination center. The planar 

director components which are defined at the centroids of each element can be expressed 

as: 

      ,  cos ,  sin
T T

x yn n m c m c           (4.31) 

where  1tan y/ x   and the angle constant / 2c   in this study. Various types of 

the programmed patterns with m = ±1, ±1/2, and -5/2 are considered. The second 

numerical example treats the unique pattern developed in the smectic lamellar structure. 

In this case, the disclination point breaks the positional symmetry of the continuous lines 
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of the self-assembled layers. Energetically favorable phase filed ( ) of the density wave 

is obtained by minimizing the distortion free energy (
Sm

dF ) of the smectics, which can be 

simply written as below:95-97 

 
2

2 2

1

1 1

2 2

Sm

dF K B            (4.32) 

where 1K  and B  are the elastic constants of the smectic LCs, and the 

 0 0/d d d    is the layer dilation. The first and the second terms are related with the 

splay deformation and layer compression, respectively. After drawing the layers at the 

maximum density of the phase field, the directors are defined as normal to the layers. In 

treating the submicron scale layered pattern, the element size should be comparable to the 

layer spacing of the smectic polymers, which ranges 3-4 nm as observed in Chapter 3.2. 

Accordingly, a smaller flat domain is additionally constructed with a radius of 60 nm, and 

initial interval between the allocated meshes is about 3 nm. 

Figures 4.16 and 4.17 show the dependence of the light-induced deformed 

configurations on the initial polymer structure and inhomogeneous director field. Subtly 

different photo-induced textures can be obtained by applying 2 different boundary 

conditions (clamped and simply supported) to the edge of the circular specimen. The 

nematic S6 polymers with a +1 azimuthal defect deform to the cone-shaped configuration 

under the light-induced nematic-to-isotropic transition regardless of the boundary 

condition. More complex topographies with many hills and valleys can be realized by 

modifying the defect strength of the patterns. The deformed shapes of the nematic 
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polymers with various optical topologies have a good agreement with those observed 

experimentally.32 It should be noted that, as shown in Figures 4.16 and 4.17, initial flat-

shaped smectic LCPs can be sequentially transformed into two different shapes like the 

triple-shape memory effect. At low effective light intensity up to 0.3, the polymers with 

11 spacer units undergo the Sm A – N transition and deforms to the first stable 

configuration, which is totally different from the light-induced textures of the S6 system. 

Then, as the effI  increases enough to convert the deformation modes, the second stable 

shape is formed, and it looks similar to the one developed during the N – I transition. 

However, the photo-deformation fields of the initial nematic and smectic polymers are 

somewhat different owing to the hysteresis induced by the preceded phase transition. 

Figure 4.18 compares the photo-mechanical deformation fields and corresponding scaled 

strain energies obtained using 2 different FE methods. Total strain energy ( E ) summed 

over the domain is divided by the shear modulus ( ) of the pristine nematic PRP. 

Whereas the linear analysis results in only asymmetric cone-shaped mid-planes, the 

nonlinear FE analysis clearly predicts the reasonable configurations with equally spaced 

valleys. The normalized energy plot with respect to the light intensity shows more clear 

distinction. As the effI  increases up to 1.7, the energy of the linear solution becomes 

about 610  times larger than that of the nonlinear solution. The linear analysis 

overestimates the nodal displacement fields because it cannot deal with the energy-cost-

free quasi-soft behaviors of the LCPs. On the other hand, the kinematics-based filtration 

of the corotational nonlinear formulation exactly describes the rigid body rotation, which 
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is a key feature to achieve the complex deformations of the inhomogeneously imprinted 

patterns.  

Next, the macroscopic photo-deformations of the unique smectic topologies are 

examined. Figure 4.19 shows the smectic layer configurations, normal director 

distributions, and sequential deformations of the polymers with m = ±1/2 disclination 

charges. The red dotted lines indicate the positions at which the density of the self-

assembled LC molecules is maximized. When the disclination charge equals to +1/2, as 

seen in Figure 4.19 (a), there are single point defect at the center and arc-shaped layers in 

the left half of the plane. These geometries are formed in order to minimize the curvature 

of the layers and simultaneously keep the spacing constant during the mathematical 

minimization of the distortion energy as expressed in Eq. (4.32). Figure 4.19 (b) shows 

that the layer profiles with m = -1/2 are similar to those of the continuously varying 

directors of the nematic polymer with the same defect strength (see Figure 4.18). The 

results point out that the smectic layer defects also lead to unusual optical textures, which 

are entirely different from those of the nematic phase. Furthermore, the smectic patterns 

are capable of achieving temporal control of multiple deformed configurations in terms of 

the external light condition. 
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Figure 4.12. Configuration of the crosslinked LCP film which is exposed to the UV light 

to exhibit the bending deformations. 
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Figure 4.13. Principal curvature of the deformed PRPs as a function of the effective light 

intensity. The numbers of the methylene spacer groups are (a) 6, (b) 9, and (c) 11. The 

inset shows the negative curvature during the Sm A – N transition.  
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Figure 4.14. Changes in the normalized shape parameter profile ( 0/r r ) along the 

thickness of the LCP film with respect to the effective light intensity. 
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Figure 4.15. Photo-softening effect on the global elastic stiffness along the nematic 

direction.  
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Figure 4.16. Light-induced topographical changes of the PRPs with different spacers and 

the LC phases. Edge boundary condition: clamped.  
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Figure 4.17. Light-induced topographical changes of the PRPs with different spacers and 

the LC phases. Edge boundary condition: simply supported.   
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Figure 4.18. Comparison of the deformed configurations and the scale strain energies 

obtained by using the linear and nonlinear finite element analysis.  
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Figure 4.19. The microstates generated by the unique smectic disclinations and phase-

dependent photo-deformations.  
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4.5. Chapter summary and conclusions 

 

In Chapter 4, a photo-mechanical simulation framework of scale-bridging 

between the mesoscale and macroscale models was introduced. The CG MD simulation 

satisfactorily predicts the variations in the mesophase behavior and photo-mechanical 

properties in response to the molecular length and the crosslinking density of the 

macromolecular network. The coupled relationship between the detailed photo-induced 

changes of the LC state and the mechanical deformations is identified by using the 

analytic equation, which defines the macromolecular shape parameter as a function of the 

LC order parameters. Also, the photo-softening effect on the mechanical properties is 

captured by applying the external deformations to the polymers with different extents of 

the photo-chemical reaction. We observed the severe decrease in the elastic moduli up to 

55% under the light illumination and therefore, the photo-softening effect on the local 

properties is not negligible in examining continuum scale deformations. 

The multiscale parameters are integrated with the opto-mechanical-order 

coupled constitutive equation, which is based on the neo-classical elastic free energy. In 

particular, the photo-isomerization ratio profile derived by the nonlinear Beer’s law is 

inserted into the FE meshes, and corresponding mesoscale parameters are simply 

allocated to describe the localized properties. We demonstrated not only simple photo-

bending deformations but also exotic 3D deformation with the aid of the blueprinted 

patterns using the corotational nonlinear FE method. Furthermore, this study reveals that, 
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unlike the behavior of the nematic PRPs, the smectic solids with the director or layer 

dislocations can be deformed into two different types of the unique topographies, and 

their shapes can be controlled in terms of the external light condition.  
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5. Conclusion and Recommendation 

 

In this dissertation, the mechanical behavior of the photo-responsive soft 

materials is extensively studied from the atomistic to the macroscopic scales. The 

simulation-based design and analysis put emphasis on improving the light-to-mechanical 

energy conversion efficiency and realizing complex and user-defined deformations. 

Especially, we systematically explained how to identify the physical quantities observed 

in each single-scale, and how to integrate them in order to yield more valuable insights. 

The photo-mechanical properties of the photo-deformable nanocomposite are 

evaluated by using the atomistic and homogenization-based FE analysis. The research 

focuses on overcoming low mechanical properties of the soft elastomers and maximizing 

the exerted force by inserting the CNT bundles which possess great mechanical modulus 

and strength. We observed that the arrangement and size of the anisotropic filler, and the 

extent of the UV light illumination significantly influence the characteristics of the 

interphase. The fabrication of the microstructure of the interphase is crucial in designing 

the reinforcing effect because the aromatic rings of the LCP matrix and the CNT 

sidewalls form relatively strong π- π interaction, unlike other general polymers. 

Mesoscale simulations extend the capability of the multiscale mechanical 

analysis by effectively bridging the atomistic and continuum scales. Conventional all-

atom MD simulations have limitations on engineering the complex polymer architectures. 

Accordingly, the CG MD-based mesoscale analysis is essential to treat the light-induced 
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global motions of the macromolecules. In particular, we proposed a sequential multiscale 

simulation scheme, which combines the CG MD and nonlinear FE analysis. The 

presented methodology is utilized to observe the macroscopic behavior of the materials 

with considerations of diverse mesoscale design parameters such as the complex LC 

phase, spacer length, crosslinking density, and the prescribed topologies. It should be 

noted that the macroscale photo-mechanical performance is decided by managing the 

microscopic morphology-dependent local photo-strain profiles and the photo-softening 

effect on the mechanical properties. We hope the presented simulation framework sheds 

light on the development of advanced photo-responsive materials and biomimetic soft 

robots, and precise engineering of the spatiotemporal photo-deformations.  
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Appendix A. Photo-thermal deformation analysis of shape 

memory polyemr 

 

A.1. Overview 

 

Thermally-sensitive shape memory polymers (SMPs) deform in response to the 

photo-thermal heating. These smart polymers are used for self-deploying structures, 

sensors, self-healing, and smart fabrics.98-101 The shape memory behaviors can be realized 

with certain conditions. The structural key elements for shape memory effect (SME) are 

net-points and molecular switches.102 The net-points which can involve physical 

entanglement and covalent crosslinking fix the permanent shape. Molecular switches 

such as reversible crystallization and glass transition enable the shape recoveries. Besides 

the molecular architecture, a cyclic thermo-mechanical procedure is required that consists 

of sequential steps. First, the temporary shape is formed at above the transition 

temperature (glass transition temperature ( gT ) or melting temperature (
mT )) by applying 

an external load. Then, the desired shape is fixed by cooling with constant strain and 

stress relaxation. Under the stress-free condition, the pre-programmed shape recovers to 

the original shape by heating to above the transition temperature. These recoveries are 

induced by the entropy-driven elasticity of the polymer chains.  

Pre-oriented polystyrene (PS) is also capable of thermally-induced shape 

memory behaviors. Recently, these commonly used polymers have attracted attention in 
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the area of smart polymer research due to the capability of self-folding behaviors. The 

soft self-folding structures are attractive because they can be utilized as biomedical 

containers, robotic actuators, and sequential packaging.103-105 Liu et al.106 realized the 

self-folding behaviors of the Shrinky-Dinks® , a commercial toy composed of the pre-

oriented PS with black ink patterns by infrared (IR) light heating. The self-folding is 

driven by the localized light absorption on the patterned regions and accompanying in-

plane shrinkage. This approach enables 2D patterns to be converted to 3D objects without 

complex fabrication steps. In order to manufacture more complicated structures, the 

precise prediction and design of sequential self-folding behaviors are required. In 

particular, the effects of the deformation-induced changes of polymer structures should be 

considered to improve the accuracy of models that predict complex self-folding behaviors. 

This is because the shape memory behaviors of polymer structures are significantly 

affected by the thermomechanical history during the pre-stretching process.107 Notably, 

the self-folding behaviors of PS sheets are basically induced by the variations in 

microscopic ordering of the polymer chains. A degree of initial orientation of the 

molecules can be controlled by the amount of deformation for fixing the pre-programmed 

shape. Accordingly, the extent of initial stretching can be a design variable for handling 

the SME of pre-strained PS. Also, the anisotropies in the Young’s modulus and linear 

coefficient of thermal expansion can be controlled by deformation-induced molecular 

alignment. Because these thermoelastic properties are used as model parameters for 
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continuum-based finite element formulation, their temporal changes during shape 

recovery should be implemented to reflect the underlying molecular mechanisms. 

We carried out the AA MD simulations to examine the performance of the shape 

recovery behaviors and property changes affected by the initial orientational order of the 

amorphous PS domains. We constructed models to describe the shape memory creation 

process of pre-oriented PS and investigated the changes of microscopic chain orientation 

and polymer conformation during the shape recovery. Moreover, the correlation between 

the microstructural changes induced by pre-stretching and the macroscopic thermoelastic 

and shape memory properties were examined. The presented study provides insight into 

the structure-property relationship of the polystyrene SMPs and engineering design of 

NIR light-induced self-folding behaviors. 

 

A.2. Model preparation for all-atom MD simulation 

 

A.2.1. Modeling of an amorphous polystyrene unit cell 

 

Atomistic modeling of an initial unit cell is conducted using the Amorphous Cell 

Tools of Materials Studio 5.5 (Accelrys, Inc.), which use the Theodorou-Suter method108 

to describe the well-relaxed amorphous polymers. A polymer consistent force field 

(PCFF)45 is adopted for describing both the covalent and non-bonded interactions 

between atoms. The PCFF has well-defined parameters that are based on the 
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experimental properties of organic compounds and it satisfactorily reproduces the 

thermo-mechanical and phase transition behaviors of polymeric materials. The atom-

based summation with a cut-off distance of 9.5 Å  is used in treating the non-bonded van 

der Waals interaction. The distance-dependent dielectric method with the dielectric value 

of 2.6109 is adopted to calculate the Coulombic potential. 

Prior to applying the thermomechanical treatment, a non-oriented amorphous 

unit cell is constructed. The conformational form of the PS is atactic, whereby phenyl 

groups are randomly attached to both sides of the hydrocarbon chains. The representative 

cell consists of two atactic PS chains (
wM = 41,662.8 g/mol), and the periodic boundary 

conditions are assigned along all directions to describe the bulk system. The molar mass 

of chains is chosen to be much larger than the entanglement molecular weight ( eM = 

19,000 g/mol) to ensure entanglements between the chains. The physical crosslinking in 

our model plays a role as a net point for fixing the original shape. The unit cell is relaxed 

via stepwise equilibration consisting of conjugated gradient minimization, the NVT 

ensemble for 500 ps at 300K, and the NPT ensemble for 2.5 ns at 300K and 0.1 MPa. The 

time step of simulations is 1.0 fs. Figures A.1 (a) and A.1 (b) show the representative 

fragment of the atactic PS chain and the atomistic configuration of the relaxed structure 

of an amorphous cell, respectively. Each PS chain in the unit cell consists of 400 

repeating styrene units.  

To validate our model, thermo-elastic properties and phase transition behavior 

are investigated. The glass transition temperature ( gT ) and linear coefficient of thermal 
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expansion (CTE) are determined by observing the variations of the mean square 

displacement (MSD) and specific volume of the system within the temperature range of 

300-500 K. The relaxed structure at 300 K and 0.1 MPa is heated to 500 K using the NPT 

ensemble for 3 ns. Under the isobaric condition, heated structure is cooled to 300 K with 

a cooling rate of 10 K/ns. The specific volume at each temperature is averaged for the last 

100 ps of the MD runs. The MSD curves of the PS chains can be obtained via Eq. (A.1): 

2

1

MSD ( ) (0)
N

i i

i

r t r


     (A.1) 

Here,  ir t  is the position of the atom i  at time t , and N  is the number of atoms 

in the system. Figures A.2 (a) and A.2 (b) show the specific volume-temperature plot and 

the MSD curves at each temperature, respectively. When the phase transition from glassy 

to rubbery state occurs, the mobility of polymer chains abruptly increases. Thus, the 

candidate of gT  can be approximated as the temperature range at which an extremely 

large gap exists between the MSD curves. The approximated point is used to divide the 

glassy and rubbery state regions in the specific volume-temperature curve. gT  is 

defined as an intersection point of the linear regression lines at each region and the slopes 

of lines are used to approximate the linear CTE ( L ) via Eq. (A.2): 
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    (A.2) 

0L  and 
0V  are the initial length and volume of the unit cell, respectively. Table A.1 

shows the thermo-elastic properties of the unit cell and they show good agreement with 

those of the previous studies. 
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A.2.2. Description of the shape memory cycle 

 

A shape memory creation procedure (SMCP) is reproduced using the atomistic 

simulations. MD simulations for describing the cycle begin by biaxially drawing the unit 

cell along the in-plane directions (x and y) up to the strain of m  because the pre-

oriented PS sheets are manufactured by biaxial stretching in practice. The nominal strain 

rate is 108 s-1. The NPT ensemble at hT = 550 K and 0.1 MPa is applied during the tensile 

deformation simulation. In order to estimate the dependence of shape memory behavior 

on the thermo-mechanical history, unit cells with 6 different maximum programmed 

strains ( m = 15%, 30%, 45%, 60%, 80%, and 100%) are prepared. The samples are 

cooled under constant strain ( = m ) using the NVT ensemble for 1 ns at lT  = 300 K 

and the external stress is then removed using the NPT ensemble for 1ns at 300 K and 0.1 

MPa. The shape recovery behavior is analyzed while heating the cell from 300 K to the 

temperature at which the molecular chains reach an isotropic state (550-650 K). The 

heating rate is 5 K/ns and the NPT ensemble at 0.1 MPa is applied while heating the unit 

cell. At this stage, the unit cell lengths along all three dimensions are controlled 

independently to accommodate the effect of the anisotropic movement of the chains. The 

time step for the entire cycle is 0.5 fs. Figure A.3 shows the detailed scheme of these 

procedures.  

The experimental operating temperature (382-388 K) for the shape recovery of 

PS is slightly above gT . However, in this study, the oriented cells are heated to a higher 
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temperature because the timescale of full atomistic MD simulations is too short to 

observe all of the conformational recoveries at the experimentally suggested temperature. 

Nevertheless, our simulations can clearly be used to observe the shape changes induced 

by the molecular transition from the anisotropic to isotropic state. Furthermore, in 

contrast to the other instantaneous heating simulations,110, 111 our long-time gradual 

heating has the advantage of characterizing the dependence of the initial orientation on 

the shape recovery path. 
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Table A.1. Thermo-elastic properties of the amorphous atactic polystyrene model. 

 Density (g/cc) gT  (K) 

 
L  (glassy) 

(ppm/K) 

L  (rubbery) 

(ppm/K) 

Unit cell 0.98 379.18 73.79 118.92 

Reference 1.05112 370.50113 73.33113 181.65114 

 

 

Figure A.1. Configurations of (a) representative fragment of atactic PS and (b) unit cell 

of the amorphous polymer. 



 

 160 

 

Figure A.2. (a) Specific volume-temperature plot and (b) mean square displacement 

curves of the amorphous PS. 

 

 

Figure A.3. Scheme of the MD simulation steps for describing the thermo-mechanical 

cycle.  
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A.3. Calculation of thermo-elastic and shape memory properties 

 

The changes of the thermo-elastic properties during shape recovery are 

estimated. The elastic stiffness components in both parallel to ( C = 
11C  and 

22C ) and 

normal to ( C
= 

33C ) the stretched direction are calculated within the temperature of 

300-550 K. The relaxed structures at each temperature are quenched by NVT runs on 0.1 

K, and the unit cell lengths are elongated with a strain rate of 108 s-1. Elastic constants in 

all three directions are estimated by obtaining the slopes of stress-strain curves within 

very small strain ( = 0.3%). This method is efficient to estimate the effect of structural 

anisotropy on the stiffness. The linear CTEs of each shape recovery path are calculated 

via Eq. (A.2). 

The quantification of the SME is also carried out by calculating the 

representative shape memory properties. The shape fixity ratio ( fR ) quantifies the ability 

of SMPs to fix the programmed shape ( m ) after the external loading is removed at T  =

lT . The shape recovery ratio ( rR ) indicates the extent of shape recovery. These two 

properties can be expressed as Eq. (A.3): 

 ,  u m n
f r

m m

R R
  

 


      (A.3) 

where u  is the fixed strain after stress relaxation and n  is the remaining strain after 

shape recoveries. The shape memory properties of the PS chains with different degrees of 

orientation are compared in order to establish a correlation between them. Results from at 
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least three MD simulations with different initial atomic velocities are averaged to 

calculate the properties. 

 

A.4. Programmed shape-dependence of shape memory effect 

 

A.4.1. Microscopic structural changes 

 

The thermo-mechanical cycle induces changes in the microscopic structure of 

PS molecules. Figure A.4 shows the internal energy changes of the oriented unit cells 

with different extents of pre-stretching during the cycle. Exact simulation times at each 

state are not specified for clear comparison of energy evolutions under each process. 

When the in-plane loading is applied at hT  = 550 K until the nominal strain is 100%, the 

internal energy slightly increases by about 200 kcal/mol. It then decreases by about 

10,000 kcal/mol during cooling simulation. As the external loading is removed, additional 

energy decrease is observed and the energy is gradually recovered to the initial state by 

heating-up simulation. Figure A.4 shows that the in-plane biaxial tensile deformation at 

high temperature does not significantly change the internal energy. Therefore, the effect 

of the initially deformed state on the shape recovery path is not observed. Rather, the 

energy is almost linearly dependent on the temperature of the system. This demonstrates 

that the shape recovery is not dominantly driven by energy, but is rather driven by 

conformational entropic force. 
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The effect of entropic force on molecular shapes can be qualitatively interpreted 

by estimating the changes of the conformational states. Backbone chains of the PS unit 

cells are used to analyze the conformational variations during the cycle. Figures A.5 (a) 

and A.5 (b) show the fractional variations of the trans state at each condition. Here, the 

trans state is defined as the atomic bonds of which the dihedral angles ( ) are greater 

than -60° and less than 60°. The biaxial tension enhances the molecular ordering of 

backbones and the trans population increases with tensile strain (Figure A.5 (a)). PS 

molecules maintain the distribution of torsional angles after the temperature drops to 300 

K, because the conformational molecular mobility is limited at low temperature. During 

heating, the conformational energy barrier between the trans and gauchy states reduces 

and the trans state is transformed into the gauchy state. Therefore, the fraction of trans 

state decreases as the temperature increases (Figure A.5 (b)), and these microscopic 

motions cause the macroscopic shape changes. As seen in Figure A.5 (b), the extent of 

initially applied strain influences the temporal conformational transformation. The 

initiation temperature of the decrements in the trans fraction increase as the initially 

deformed extent increases. Moreover, as the initial pre-strain increases, the temperature 

where the trans-fraction is fully recovered increases and hence, the recovery of torsional 

angle distribution gets slower under the same thermal treatment. 

The conformational motions of the molecular chains induce the 

anisotropic/isotropic transition. The extent of anisotropy in molecular shapes is related to 

the degree of polymer chain alignment, and is quantified by the orientational order 
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parameter ( iP ). The scalar orientational order parameter is a useful index of molecular 

ordering and can be calculated via Eq. (A.4): 

   23 1
cos

2 2
i iP         (A.4) 

Here, i  is the angle between the i - axis ( , ,i x y z ) and line segment of the C-C 

bonds in the PS backbone chains. The polymer chains are perfectly isotropic when iP  is 

zero. As iP  approaches 1.0, the molecules become aligned with the i - axis. On the 

other hand, when the value is close to -0.5, the polymer becomes well aligned normal to 

the principal direction. Figures A.6 (a) and A.6 (b) depict the changes of orientational 

order parameters during the shape memory creation process and shape recovery, 

respectively. Here, subscript ‘ ’ refers to the average properties in the in-plane directions 

( x  and y ) and ‘’ refers to those in the out-of-plane direction ( z ). Therefore, P  

equals to the average of order parameters along biaxially stretched directions (
xP  and 

yP ) and P
 equals to the 

zP . As seen in Figure A.6 (a), the deformation induces the 

anisotropy in the microscopic structure. The iP  in the loading direction increases up to 

about 0.1 and in the normal direction decreases up to about -0.2 until m  = 80%. Figure 

A.6 (b) shows that the molecular arrangement generated by external loading collapses 

under changes in temperature. The disordering process of the PS chains is activated close 

to gT  and, as the temperature increases, the order parameters in all directions become 

zero. The initial programmed strain affects the disordering behaviors of the molecules, 

and the corresponding changes are similar to those of conformational transformation. As 
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the molecular chains become more arranged, the thermal response and simultaneous 

collapse of the orientation become delayed. As the m  increases from 30% to 80%, the 

temperature at which both the initiation and completion of disordering occurs, increases. 

 

A.4.2. Macroscopic thermo-elastic and shape memory properties 

 

First, variations in the elastic stiffness components and directional linear CTE 

under heating-up simulation are analyzed. Figure A.7 (a) shows the ratio of elastic 

stiffness components ( /C C
). It shows that the anisotropy of initial microstructures 

induced by the shape memory creation process can cause the anisotropy of mechanical 

properties. As seen with the value at 300 K, the elastic stiffness of the oriented direction 

is about 1.2-1.4 times higher than that of the out-of-plane direction. The elastic modulus 

of the stretched direction with m  = 30% is about 3.65 ± 0.55 GPa, which is about 25.9% 

higher than that of the non-oriented amorphous PS unit cell. Meanwhile, the component 

of the normal to loading direction is about 2.86 ± 0.32 GPa. Figure A.7 (a) clearly shows 

the effect of the initial degree of alignment on the mechanical properties. As m  

increases from 30% to 80%, /C C
 increases by about 22.7%. Moreover, the rate of 

recovery from the anisotropic to isotropic state decreases as m  increases. This is 

consistent with the observations of the microscopic changes (as shown in Figures A.5 

and A.6). Figure A.7 (b) shows the linear CTE curves of the PS with different degrees of 

chain alignment. The data points are used for the exponential fitting to obtain the CTE 
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curves. As shown in Figure A.7 (b),   increases in the negative direction by thermal 

shrinkage during shape recovery. Simultaneously, in-plane shrinkage contributes to the 

expansion along the normal direction, and 
 thus increases in the positive direction. In 

other words, unlike the non-oriented cells, initially aligned PS chains show a separation 

of linear the CTE values. The instantaneous CTE of the oriented PS can be up to 100 

times higher than that of the isotropic state. Also, as the initially applied strain increases, 

the molecular entropic movement becomes slower, causing the delay of CTE separation. 

Figures A.8 (a) and A.8 (b) show the changes of strains along the stretched 

directions of PS during stress relaxation at T  = 
lT  and the sequential heating process, 

respectively. The initial length used for calculating the strains is the length of undeformed 

PS and the changes under shape recoveries are expressed up to the temperature where the 

conformational recoveries are completed ( 0iPT  ). As shown in Figure A.8, while the in-

plane unit cell lengths promptly decrease slightly under unloading, large shrinkage occurs 

gradually above the specific temperature during shape recoveries. Deformations induced 

by the stress relaxation are not due to the entropy changes, but are mainly due to the 

energy changes. Figure A.4 also shows that the internal energy of the system is released 

in an instant as the in-plane constraints are eliminated. On the other hand, the 

conformational distribution of polymer chains rarely changes. The low-temperature 

environment suppresses the mobility of chains and entropy-driven shape recoveries. 

Therefore, the energy-related small shrinkage occurs rapidly under stress relaxation and it 

is desirable for shape fixing. Unlike the shape fixing procedure, shape recovery is 
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accompanied with entropy changes and is triggered by the conditions of high temperature 

and long simulation times for imposing sufficient mobility on the PS molecules. These 

results are in accordance with those of the shape memory behaviors of polyisoprene.115 

Figure A.8 and Table A.2 also indicate that the initially deformed states of the oriented 

PS unit cells affect the shape recovery behaviors. As seen in Table A.2, the increase of 

the pre-defined strain from 15% to 100% causes a 24% increase in the shape fixity ratio 

( fR ) and a 32% decrease in the shape recovery ratio ( rR ). This trend is consistent with 

that of the experimental and simulation results of other shape memory polymers.116,117 

Partial disintegration of the physical entanglement of polymer chains during mechanical 

deformation can contribute to the unrecoverable strain of the SMP.116 Moreover, as m  

increases, both temperatures at which shape recoveries are initiated (
iniT ) and completed 

( 0ipT  ) increase. 
iniT  is regarded as the point where orientational order parameters along 

the stretched directions ( P ) abruptly begin to decrease and 0ipT   is the temperature 

where all iP  converge to zero. 

Changes of the macroscopic shape memory behaviors can be explained by the 

microstructural effects. As polymer chains are more aligned by tensile force, the space 

available for molecular motion becomes insufficient. The polymer chains with suppressed 

mobility are favorable to fix the desired shape. Therefore, fR  increases with the more 

oriented polymer structures. Higher interaction between oriented chains causes the 

temporal retardation in the shape recovery response as the same thermal history is applied. 

The increases in 
iniT  and 0ipT   indicate the retardation of molecular switching. The 
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extent of strain recovery becomes less with larger m  because more macroscopic 

residual strain remains, even after the conformational recovery finishes. Furthermore, the 

shape recovery ratio is not linearly decreased with the increase of m . As listed in Table 

A.2, the shape recovery ratios barely change when m  varies from 45% to 60% and 

from 80% to 100%. The shape recovery ratio is determined mainly by the initial values of 

the orientational order parameter and trans fraction of polymer chains formed during 

stretching rather than a linear function of m  (as shown in Figures A.5 (a) and A.6 (a)). 

This reveals that the dominant factor affecting the shape recovery properties is the initial 

conformational structure. Figure A.9 shows the total in-plane shrinkage of oriented PS as 

a function of initial strain. Experimental results with larger m  can be expected with the 

linearly fitted lines of the MD simulation data points.118 Although our MD simulation 

schemes cannot realize models with higher m  due to the limitation of computational 

costs, the shrinkage of biaxially oriented PS can be expected with practical m  (150%-

300%). 
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Table A.2. Shape memory properties of the oriented PS with different initial strains. 

m  (%) fR  (%) 
rR  (%) iniT  (K) 0ipT 

 (K) 

15 73.6 80.3 459.0 569.3 

30 84.6 72.4 468.5 572.5 

45 88.5 56.3 479.8 578.3 

60 90.5 54.1 485.5 580.8 

80 90.4 48.7 492.5 620.5 

100 91.5 48.8 501.6 623.3 

 

 

Figure A.4. Internal energy evolution curves of the oriented PS with different initial 

strains during the thermomechanical cycle. 
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Figure A.5. Fractional variations of trans state of the oriented PS during (a) biaxial 

tension (T = 550 K) and (b) heating. 

 

 

Figure. A.6. Orientational order parameter changes both parallel ( P ) and normal ( P
) to 

the aligned direction during (a) biaxial tension (T = 550 K) and (b) heating. 
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Figure A.7. In-plane strain changes of the oriented PS with different initial strains under 

(a) unloading and (b) heating processes. 

 

 

Figure A.8. (a) Elastic constant ratio and (b) linear CTE-temperature plot of the oriented 

PS with different initial programmed strains. 
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Figure A.9. In-plane thermal shrinkage of the oriented PS as a function of initial strain. 
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A.5. Chapter summary and conclusions 

 

In this chapter, we evaluated the thermo-responsive shape memory effect and 

consequential thermoelastic property changes of the biaxially oriented polystyrenes. The 

microstructural analysis shows that in-plane tensile deformations can impose the 

alignment of polymer chains at sufficiently high temperature where entropic movements 

are ensured. In particular, the extent of deformation applied during the shape memory 

creation process determines the anisotropic thermoelastic properties and the response of 

the microstructural recoveries. As m  increases from 30% to 80%, the elastic stiffness 

components of the oriented direction become 12%-38% higher than those along the 

normal direction, and the rate of recovery to the isotropic state decreases. The linear CTE 

observed during shape recovery is up to 100 times higher than that of the non-oriented 

state and the gap between CTEs along each direction increases with increasing m . In 

terms of the shape memory performance, the shape fixity ratio increases by up to 24% 

and the shape recovery ratio decreases by up to 32% by increasing pre-defined strain. 

Especially, the shape recovery ratio is dominantly determined by the initial value of the 

order parameter. Even though oriented PS with better alignment shows lower rR  and 

slower responses, the larger photo-thermal deformations can be realized. The initial 

strain-dependency of thermoelastic properties and shape memory behaviors can be 

considered for precisely modeling sequential self-folding behaviors of the PS induced by 

infrared light heating. 
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38. Böckmann, M.; Doltsinis, N.L.; Marx, D., Nonadiabatic hybrid quantum and 

molecular mechanic simulations of azobenzene photoswitching in bulk liquid 

environment. J. Phys. Chem. A 2009, 114, 745-754. 

39. Chung, H.; Choi, J.; Yun, J.-H.; Cho, M., Nonlinear photomechanics of nematic 

networks: upscaling microscopic behaviour to macroscopic deformation. Sci. Rep. 

2016, 6, 20026. 

40. Wilson, M.R., Progress in computer simulations of liquid crystals. Int. Rev. Phys. 

Chem. 2005, 24, 421-455. 

41. Berardi, R.; Muccioli, L.; Zannoni, C., Can nematic transitions be predicted by 

atomistic simulations? A computational study of the odd–even effect. 

ChemPhysChem 2004, 5, 104-111. 

42. Sánchez-Ferrer, A.; Finkelmann, H., Opto-mechanical effect in photoactive nematic 

main-chain liquid-crystalline elastomers. Soft Matter 2013, 9, 4621-4627. 

43. Garcia-Amorós, J.; Finkelmann, H.; Velasco, D., Influence of the photo-active azo 



 

 180 

cross-linker spacer on the opto-mechanics of polysiloxane elastomer actuators. J. 

Mater. Chem. 2011, 21, 1094-1101. 

44. Plimpton, S.; Crozier, P.; Thompson, A., LAMMPS-large-scale Atomic/molecular 

Massively Parallel Simulator. Sandia National Laboratories, 2007, p. 18. 

45. Sun, H., Force field for computation of conformational energies, structures, and 

vibrational frequencies of aromatic polyesters. J. Comput. Chem. 1994, 15, 752-768. 

46. Hoover, W.G., Canonical dynamics: equilibrium phase-space distributions. Phys. Rev. 

A 1985, 31, 1695-1697. 

47. Hoover, W.G., Constant-pressure equations of motion. Phys. Rev. A 1986, 34, 2499-

2500. 

48. Li, C.; Lo, C.-W.; Zhu, D.; Li, C.; Liu, Y.; Jiang, H., Synthesis of a photoresponsive 

liquid-crystalline polymer containing azobenzene. Macromol. Rapid Commun. 2009, 

30, 1928-1935. 

49. Varshney, V.; Patnaik, S.S.; Roy, A.K.; Farmer, B.L., A molecular dynamics study of 

epoxy-based networks: cross-linking procedure and prediction of molecular and 

material properties. Macromolecules 2008, 41, 6837-6842. 

50. Li, C.; Yoon, J.-H.; Kim, H.; Cho, M., Light propagation and photoactuation in 

densely cross-linked azobenzene-functionalized liquid-crystalline polymers: 

contribution of host and concerted isomerism. Macromolecules 2016, 49, 6012-6020. 

51. Heinz, H.; Vaia, R.; Koerner, H.; Farmer, B., Photoisomerization of azobenzene 



 

 181 

grafted to layered silicates: simulation and experimental challenges. Chem. Mater. 

2008, 20, 6444-6456. 

52. Tsuda, T.; Ogasawara, T.; Deng, F.; Takeda, N., Direct measurements of interfacial 

shear strength of multi-walled carbon nanotube/PEEK composite using a nano-

pullout method. Compos. Sci. Technol. 2011, 71, 1295-1300. 

53. Bohlén, M.; Bolton, K., Molecular dynamics studies of the influence of single wall 

carbon nanotubes on the mechanical properties of Poly (vinylidene fluoride). Comput. 

Mater. Sci. 2013, 68, 73-80. 

54. Jang, C.; Lacy, T.E.; Gwaltney, S.R.; Toghiani, H.; Pittman, C.U., Interfacial shear 

strength of cured vinyl ester resin-graphite nanoplatelet from molecular dynamics 

simulations. Polymer 2013, 54, 3282-3289. 

55. Yang, S.; Choi, J.; Cho, M., Intrinsic defect-induced tailoring of interfacial shear 

strength in CNT/polymer nanocomposites. Compos. Struct. 2015, 127, 108-119. 

56. Subramaniyan, A.K.; Sun, C.T., Continuum interpretation of virial stress in molecular 

simulations. Int. J. Solids Struct. 2008, 45, 4340-4346. 

57. Bendsøe, M.P.; Kikuchi, N., Generating optimal topologies in structural design using 

a homogenization method. Comput. Method Appl. M. 1988, 71, 197-224. 

58. Guedus, J.M.; Kikuchi, N., Preprocessing and postprocessing for materials based on 

the homogenization method with adaptive finite element methods. Comput. Method 

Appl. M. 1990, 83, 143-198. 



 

 182 

59. MSC Software Inc., California, http://www.mscsoftware.com/. 

60. Cho, M.; Yang, S.; Chang, S.; Yu, S., A study on the prediction of the mechanical 

properties of nanoparticulate composites using the homogenization method with the 

effective interface concept. Int. J. Numer. Methods Eng. 2011, 85, 1564-1583. 

61. Tsai, J.-L.; Tzeng, S.-H.; Chiu, Y.-T., Characterizing elastic properties of carbon 

nanotubes/polyimide nanocomposites using multi-scale simulation. Compos. Part B-

Eng. 2010, 41, 106-115. 

62. DIGIMAT, Software Platform for Nonlinear Multi-scale Modeling of Composite 

Materials and Structures, Belgium and Luxembourg: e-Xstream Engineering, 2009. 

Available from: www.e-Xstream.com. 

63. ABAQUS/CAE, version 6.12, 2012. 

64. Janiak, C., A critical account on π–π stacking in metal complexes with aromatic 

nitrogen-containing ligands. J. Chem. Soc., Dalton Trans. 2000, 3885-3896. 

65. Choi, J.; Shin, H.; Cho, M., A multiscale mechanical model for the effective 

interphase of SWNT/epoxy nanocomposite, Polymer 2016, 89, 159-171. 

66. Zhang, Y.; Xu, J.; Cheng, F.; Yin, R.; Yen, C.-C.; Yu, Y., Photoinduced bending 

behavior of crosslinked liquid-crystalline polymer films with a long spacer. J. Mater. 

Chem. 2010, 20, 7123-7130. 

67. Peter, C.; Delle Site, L.; Kremer, K., Classical simulations from the atomistic to the 

mesoscale and back: coarse graining an azobenzene liquid crystal. Soft Matter 2008, 4, 

http://www.mscsoftware.com/
http://www.e-xstream.com/


 

 183 

859-869. 

68. Zhang, J.; Su, J.; Ma, Y.; Guo, H., Coarse-grained molecular dynamics simulations of 

the phase behavior of the 4-cyano-4′-pentylbiphenyl liquid crystal system. J. Phys. 

Chem. B 2012, 116, 2075-2089. 

69. Mukherjee, B.; Delle Site, L.; Kremer, K.; Peter, C., Derivation of coarse grained 

models for multiscale simulation of liquid crystalline phase transitions. J. Phys. Chem. 

B 2012, 116, 8474-8484. 

70. Milano, G.; Goudeau, S.; Müller‐Plathe, F., Multicentered Gaussian‐based potentials 

for coarse‐grained polymer simulations: Linking atomistic and mesoscopic scales. J. 

Polym. Sci. Part B: Polym. Phys. 2005, 43, 871-885. 

71. Reith, D.; Pütz, M.; Müller‐Plathe, F., Deriving effective mesoscale potentials from 

atomistic simulations. J. Comput. Chem. 2003, 24, 1624-1636. 

72. Ju, S.-P.; Huang, S.-C.; Lin, K.-H.; Chen, H.-Y.; Shen, T.-K., Prediction of Optical 

and Dielectric Properties of 4-Cyano-4-pentylbiphenyl Liquid Crystals by Molecular 

Dynamics Simulation, Coarse-Grained Dynamics Simulation, and Density Functional 

Theory Calculation. J. Phys. Chem. C 2016, 120, 14277-14288. 

73. Schneider, T.; Stoll, E., Molecular-dynamics study of a three-dimensional one-

component model for distortive phase transitions. Phys. Rev. B 1978, 17, 1302. 

74. Berendsen, H.J.; Postma, J.V.; van Gunsteren, W.F.; DiNola, A.; Haak, J., Molecular 

dynamics with coupling to an external bath. J. Chem. Phys. 1984, 81, 3684-3690. 



 

 184 

75. Selinger, J.V.; Jeon, H.G.; Ratna, B., Isotropic-nematic transition in liquid-crystalline 

elastomers. Phys. Rev. Lett. 2002, 89, 225701. 

76. Aßfalg, N.; Finkelmann, H., A smectic A liquid single crystal elastomer (LSCE): 

Phase behavior and mechanical anisotropy. Macromol. Chem. Phys. 2001, 202, 794-

800. 

77. Kondo, M.; Yu, Y.; Ikeda, T., How does the initial alignment of mesogens affect the 

photoinduced bending behavior of liquid‐crystalline elastomers? Angew. Chem. Int. 

Ed. 2006, 45, 1378-1382. 

78. Yu, Y.; Nakano, M.; Shishido, A.; Shiono, T.; Ikeda, T., Effect of cross-linking density 

on photoinduced bending behavior of oriented liquid-crystalline network films 

containing azobenzene. Chem. Mater. 2004, 16, 1637-1643. 

79. Chung, H.; Park, J.; Cho, M., Numerical study of light-induced phase behavior of 

smectic solids. Phys. Rev. E 2016, 94, 042707. 

80. Warner, M.; Terentjev, E.M., Liquid crystal elastomers. OUP Oxford: 2003; Vol. 120. 

81. Shimamura, A.; Priimagi, A.; Mamiya, J.-i.; Ikeda, T.; Yu, Y.; Barrett, C.J.; Shishido, 

A., Simultaneous analysis of optical and mechanical properties of cross-linked 

azobenzene-containing liquid-crystalline polymer films. ACS Appl. Mater. Interfaces 

2011, 3, 4190-4196. 

82. Li, C.; Moon, J.; Yun, J.-H.; Kim, H.; Cho, M., Influence of external loads on 

structure and photoactuation in densely crosslinked azo-incorporated liquid 



 

 185 

crystalline polymers. Polymer 2017, 129, 252-260. 

83. Jin, L.; Zeng, Z.; Huo, Y., Thermomechanical modeling of the thermo-order–

mechanical coupling behaviors in liquid crystal elastomers. J. Mech. Phys. Solids 

2010, 58, 1907-1927. 

84. Conti, S.; DeSimone, A.; Dolzmann, G., Soft elastic response of stretched sheets of 

nematic elastomers: a numerical study. J. Mech. Phys. Solids 2002, 50, 1431-1451. 

85. Adams, J.M.; Warner, M., Elasticity of smectic-A elastomers. Phys. Rev. E 2005, 71, 

021708. 

86. Nishikawa, E.; Finkelmann, H., Smectic‐A liquid single crystal elastomers–strain 

induced break‐down of smectic layers. Macromol. Chem. Phys. 1999, 200, 312-322. 

87. Felippa, C.A.; Haugen, B., A unified formulation of small-strain corotational finite 

elements: I. Theory. Comput. Methods Appl. Mech. Eng. 2005, 194, 2285-2335. 

88. Sze, K.Y.; Liu, X.H.; Lo, S.H., Popular benchmark problems for geometric nonlinear 

analysis of shells. Finite Elem. Anal. Des. 2004, 40, 1551-1569. 

89. Felippa, C.A., A study of optimal membrane triangles with drilling freedoms. Comput. 

Methods Appl. Mech. Eng. 2003, 192, 2125-2168. 

90. Batoz, J.-L.; Bathe, K.-J.; Ho, L.-W., A study of three‐node triangular plate bending 

elements. Int. J. Numer. Methods Eng. 1980, 15, 1771-1812. 

91. Corbett, D.; Warner, M., Bleaching and stimulated recovery of dyes and of 

photocantilevers. Phys. Rev. E 2008, 77, 051710. 



 

 186 

92. de Haan, L.T.; Schenning, A.P.; Broer, D.J., Programmed morphing of liquid crystal 

networks. Polymer 2014, 55, 5885-5896. 

93. Ware, T.H.; McConney, M.E.; Wie, J.J.; Tondiglia, V.P.; White, T.J., Voxelated Liquid 

Crystal Elastomers. Science 2015, 347, 982–984. 

94. Klémen, M.; Williams, C.E.; Costello, M.J.; Gulik-Krzywicki, T., Defect structures in 

lyotropic smectic phases revealed by freeze-fracture electron microscopy. Philos. 

Mag. 1977, 35, 33-56. 

95. Chen, B.G.; Alexander G.P.; Kamien R.D., Symmetry breaking in smectics and 

surface models of their singularities. Proc. Natl. Acad. Sci. 2009, 106, 15577–15582. 

96. Kim, Y.H.; Yoon, D.K.; Jeong, H.S.; Lavrentovich, O.D.; Jung, H.T., Smectic liquid 

crystal defects for self-assembling of building blocks and their lithographic 

applications. Adv. Funct. Mater. 2011, 21, 610–627. 

97. Aharoni, H.; Machon, T.; Kamien, R.D., Composite dislocations in smectic liquid 

crystals. Phys. Rev. Lett. 2017, 118, 257801. 

98. Lan, X.; Liu, Y.; Lv, H.; Wang, X.; Leng, J.; Du, S., Fiber reinforced shape-memory 

polymer composite and its application in a deployable hinge. Smart Mater. Struct. 

2009, 18, 024002. 

99. Kunzelman, J.; Chung, T.; Mather, P.T.; Weder, C., Shape memory polymers with 

built-in threshold temperature sensors. J. Mater. Chem. 2008, 18, 1082-1086. 

100. Zhang, H.; Zhao, Y., Polymers with dual light-triggered functions of shape memory 



 

 187 

and healing using gold nanoparticles. ACS Appl. Mater. Interfaces 2013, 5, 13069-

13075. 

101. Hu, J.; Meng, H.; Li, G.; Ibekwe, S.I., A review of stimuli-responsive polymers for 

smart textile applications, Smart Mater. Struct. 2012, 21, 053001. 

102. Meng, H.; Li, G., A review of stimuli-responsive shape memory polymer composites. 

Polymer 2013, 54, 2199-2221. 

103. Lee. Y.; Lee, H.; Hwang, T.; Lee, J.-G.; Cho, M., Sequential folding using light-

activated polystyrene sheet, Sci. Rep. 2015, 5, 16544. 

104. Ryu, J.; D’Amato, M.; Cui, X.; Long, K.N.; Qi, H.J.; Dunn, M.L., Photo-origami—

Bending and folding polymers with light. Appl. Phys. Lett. 2012, 100, 161908. 

105. Stoychev, G.; Puretskiy, N.; Ionov, L., Self-folding all-polymer thermoresponsive 

microcapsules. Soft Matter 2011, 7, 3277-3279. 

106. Liu, Y.; Boyles, J.K.; Genzer, J.; Dickey, M.D., Self-folding of polymer sheets using 

local light absorption. Soft Matter 2012, 8, 1764-1769. 

107. Mailen, R.W.; Liu, Y.; Dickey, M.D.; Zikry, M.; and Genzer, J., Modelling of shape 

memory polymer sheets that self-fold in response to localized heating. Soft Matter 

2015, 11, 7827-7834. 

108. Theodorou, D.N.; Suter, U.W., Detailed molecular structure of a vinyl polymer glass. 

Macromolecules 1985, 18, 1467-1478. 

109. Brandrup, J.; Immergut, E.H.; Grulke, E.A.; Abe, A.; Bloch, D.R., Polymer 



 

 188 

handbook, Wiley New York etc, 1989. 

110. Ghobadi, E.; Heuchel, M.; Kratz, K.; Lendlein, A., Simulating the shape‐memory 

behavior of amorphous switching domains of poly (l‐lactide) by molecular dynamics. 

Macromol. Chem. Phys. 2013, 214, 1273-1283. 

111. Ghobadi, E.; Heuchel, M.; Kratz, K.; Lendlein, A., Influence of the addition of water 

to amorphous switching domains on the simulated shape-memory properties of poly 

(L-lactide). Polymer 2013, 54, 4204-4211. 

112. Karasz, F.; Bair, H.; O'reilly, J., Thermal properties of atactic and isotactic 

polystyrene. J. Phys. Chem. 1965, 69, 2657-2667. 

113. Fukao, K.; Miyamoto, Y., Glass transitions and dynamics in thin polymer films: 

dielectric relaxation of thin films of polystyrene. Phys. Rev. E 2000, 61, 1743.  

114. Höcker, H.; Blake, G.; Flory, P., Trans. Faraday Soc. Equation-of-state parameters 

for polystyrene. 1971, 67, 2251-2257. 

115. Diani, J.; Gall, K., Molecular dynamics simulations of the shape-memory behaviour 

of polyisoprene. Smart Mater. Struct. 2007, 16, 1575. 

116. Abberton, B.C.; Liu, W.K.; Keten, S., Coarse-grained simulation of molecular 

mechanisms of recovery in thermally activated shape-memory polymers. J. Mech. 

Phys. Solids 2013, 61, 2625-2637. 

117. Yang, B.; Huang, W.; Li, C.; Li, L., Effects of moisture on the thermomechanical 

properties of a polyurethane shape memory polymer. Polymer 2006, 47, 1348-1356. 



 

 189 

118. Zhang, X.; Ajji, A., Biaxial orientation behavior of polystyrene: Orientation and 

properties. J. Appl. Polym. Sci. 2003, 89, 487-496. 

  



 

 190 

국문 요약 

 

본 논문에서는 특정 파장 영역 빛의 조사에 따라 기계적 변형을 보이

는 광반응 구조체 및 나노복합재의 기계적 물성 및 거동에 대한 멀티스케일 

해석 방법론을 제시한다. 제안된 해석법은 분자 수준에서 일어나는 광이성질

화에 의한 나노 스케일의 광화학 반응부터 이에 따른 거시적 변형에 이르기까

지 다양한 스케일에서 관측이 되는 다중 물리 현상이 통합된 솔루션을 도출하

는데 그 의의가 있다. 

원자/ 분자 스케일에서의 미시 구조 모사가 가능한 분자동역학 전산해

석법을 활용하여 광이성질화 반응에 의한 아조벤젠 작용기의 분자 구조 변화 

및 이에 따른 액정 고분자의 응답 특성을 해석하였다. 특히 탄소나노튜브 기

반 광반응 나노복합재의 강화 효과에 대한 해석이 이루어졌다. 분자동역학 해

석 결과 광반응 나노복합재의 기계적 강화 효과는 기지재와 강화재의 계면 특

성 및 이에 따른 상호작용력의 세기에 의해 결정됨을 밝혔다. 나노 스케일에

서 관측이 가능한 탄소나노튜브의 배열 특성, 크기 등의 미시 설계 요소에 따

른 광·기계적 물성 변화를 예측하고, 이를 기반으로 균질화 기법 및 등가 유

한요소 모델을 활용하여 복합재의 유효 계면 물성 및 거시적 거동을 분석하였

다. 이를 통해 빛 조사시 나노복합재의 미시 구조 변화에 따른 기계적 강화 

효과의 감쇠 현상을 예측하고, 이에 대한 메커니즘을 규명하였다. 

모든 분자 구조의 자유도를 해석적으로 표현하는 기존의 분자동역학 

전산해석법은 과도한 계산량으로 인해 해석 가능한 시·공간 영역이 제한적이
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고, 이로 인해 연속체 스케일에서의 광변형 고분자 해석 영역과의 괴리가 발

생하게 된다. 본 연구에서는 분자 스케일과 연속체 스케일의 중간자 역할을 

수행하는 축소 분자동역학 해석 기법을 활용하여 기존 분자동역학 전산 모사

로 해석이 불가능했던 다양한 액정 상 및 미시 설계 파라미터 고려, 액정 탄

성체의 기계적 거동 모사, 순차적이고 보다 복잡한 광변형 형상 설계를 가능

케 하였다. 여러 원자로 구성된 단위 구조를 하나의 해석 자유도로 축소하여 

전산 해석 영역을 메조스케일로 확장하되, 기존 모델의 구조 및 거동을 정확

히 예측하기 위해 등가 포텐셜 에너지를 계산하였다. 그 결과 기존 멀티스케

일 해석에서 효율적으로 반영하지 못했던 메조스케일에서의 구조체의 광변형 

응답 특성 및 광에 의한 기계적 물성의 연화 효과를 효과적으로 도출하는데 

성공하였다. 

메조스케일에서의 현상이 반영된 물리량들을 연속체 스케일에서의 광-

기계 연성 거동의 구성방정식에 도입하였다. 특히 광반응에 의해 나타나는 액

정 재료의 미시 배열 변화 및 이에 따른 강체 회전 운동을 고려하기 위해 기

하 비선형 쉘 유한 요소를 활용하였다. 이를 통해 초기 액정 상, 고분자 네트

워크의 가교율 및 분자 길이 변화에 따른 광변형 구조체의 거시적 굽힘 거동 

변화를 예측하였다. 이뿐만 아니라 네마틱 상에서의 배열 결함 및 스맥틱 상

에서의 층상 구조 결함을 활용하여 기존 전산 해석에서 효율적으로 구현하지 

못했던 다양한 3차원 형상을 설계할 수 있음을 밝혔다.  

 본 연구에서 제시된 광변형 구조체의 거동 해석법은 순차적 멀티스케

일 해석을 통하여 메조스케일에서 나타나는 특이 현상 및 설계 변수들을 고려
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할 수 있는 장점을 지니고 있다. 특히 광변형 구조체 소재 개발의 설계 변수

인 재료의 미시구조뿐만 아니라 광원의 종류 및 빛의 세기, 시편의 기하 정보 

등의 제조·공정 개발 변수까지 통합적으로 다룰 수 있는 해석 플랫폼이라 할 

수 있다. 따라서 제안된 해석 방법론은 광변형 구조체가 활용되는 나노 스케

일에서의 약물 전달, DNA 구조 변형 등의 바이오 산업에서부터 생체 모방, 광 

액츄에이터 등의 소프트 로봇 산업의 발전에 전방위적으로 이바지할 것으로 

기대된다. 

 

주요어: 광반응 고분자, 나노복합재, 멀티스케일 해석, 축소 분자동역학, 

비선형 유한요소 해석 
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