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Abstract 

Self and Forced Assembly of the Block 

Copolymer Melts in Thin Films 

- Coarse-Grained Molecular Dynamics – 

 

Chongyong Nam 

School of Chemical & Biological Engineering 

Graduate School of Seoul National University 

 

In this thesis, the assembled structures of the block copolymer melts in thin films 

are described with the computational approach. Molecular dynamics is used as a 

computational method for the simulation of block copolymer melts. As the polymer 

melt system requires the mesoscale approach, coarse-grained particles are applied to 

the molecular dynamics to use computer resources efficiently without losing the 

assembly of phase separation.   

Both self and forced assembly are considered. First, the self-assembly process of 

the polymer (rod-coil)-nanoparticle in the soft confinement was considered. To 

calculate force, dissipative particle dynamics (DPD) was employed since the 

polymer (rod-coil)-nanoparticle system requires a long relaxation time to make 

relaxed state and has the possibility to make the defects. The rod-coil diblock 
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copolymers are made by the chain shape of DPD particles with harmonic bonds and 

angles. Nanoparticles are composed with face-centered cubic (fcc) lattice with DPD 

particles. Lastly, soft confinement is designed by a number of single DPD particles 

which have a high repulsion to the diblock copolymers and nanoparticles. Due to the 

system configurations, soft confinement of the DPD fluid is suggested and the 

fluctuating thin film structure was constructed during the simulation process. 

Analyses of the position of nanoparticles are conducted in the self-assembled rod-

coil matrix, which forms the smectic lamellar phase in the relaxed state. Also, density 

distributions of rods, coils, and nanoparticles are obtained as functions of the size of 

nanoparticles and the maximum repulsion constant of DPD between the rods and 

nanoparticles. The distributions of nanoparticles are explained by using the concept 

of translational entropy of nanoparticles, free energy difference from stretching of 

the polymer chain, relative pairwise repulsive energy of nanoparticles to rods or coils, 

and the effect of the formation of liquid crystalline by rod part of copolymers. 

The external environment considered in a forced assembly is shear-induced force. 

ABA triblock copolymer is used for the shear-induced assembly simulation. Pairwise 

potential similar to Lennard-Jones (LJ) potential is used for the energy (force) 

calculation to ensure energy transfer from the surface on which wall velocity acts. 

Langevin dynamics is used for the isothermal integration. As a result of the 

simulation, it could be confirmed that the direction of the lamellae of the triblock is 

the same or different from the direction to which shear is applied, and the criteria of 

arrangement could be explained. According to the setting value of wall velocity 𝑣! 

and Flory-Huggins parameter 𝜒  (related to the energy constant of the pairwise 
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potential between A and B type polymer), the degree to which the lamellae is sorted 

has changed. In the high value of Flory-Huggins parameter conditions, a large wall 

velocity is needed to arrange the lamellar structure to the shear direction to overcome 

the energy barrier. Also, the transverse shear simulation to the pre-arranged lamellae 

of ABA triblock copolymer melt is done. At the low level of the wall velocity, the 

lamellar structure endures the wall velocity and shapes the tilted structure. In the 

case of the high level of wall velocity, the tilted structure is destroyed by the shear 

and the lamellar structure rearranges to the transverse shear direction. Additional 

simulations of diblock copolymer melts with shear is also carried out to compare the 

phase behavior between triblock copolymer and diblock copolymer. Order-disorder 

transition (ODT) study is also conducted with the shear applied ABA triblock 

copolymer melt by using collective variables. 
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Chapter 1. Introduction 

1.1. Research Motivation 

For over one hundred years, polymers have been a part of human life. Due to their 

various characteristics and possibilities of uses as materials, many precedent studies 

have been conducted and lots of applications are utilized in our life. With the 

development of polymer synthesis technology, it became possible to synthesize 

polymers with unusual shapes like block copolymers. Mainly, monomers with 

different chemical properties are used as components of block copolymers. As one 

block part consists of one type of monomer and each block has a different type of 

monomer, the blocks get different properties that originated from different properties 

of monomer. Due to their difference in chemical properties, blocks usually hate each 

other. Therefore, a specific morphology different from that of general polymers can 

be observed in block copolymers [1, 2]. 

Under the polymer melt state, due to activation of interchain interaction, block 

copolymers tend to make phase separation to get free energy stabilization. However, 

complete phase separation of block copolymer does not occur due to the limited 

length of the blocks which are bonded together. Consequently, the block copolymers 

are assembled in periodic structures with microphase separation (lamellae, cylinder, 

sphere, gyroid…). From the characteristic of the repeating microphase separated 

structures of the block copolymer, new possibilities of application emerged including 

microchannels, drug delivery and lithographic template in the polymer 

nanocomposites [3, 4, 5]. 



 

 2 

The experimental researches of block copolymer melts have well developed over 

the few decades to make the assembled structure of block copolymer. In order to get 

repeated structure, self-assembly is widely used in the experiment process that does 

not require any other external forces [6, 7]. For the better quality of the assembled 

structure of block copolymer, a forced assembly which includes shear condition is 

used for the experiment condition [8, 9]. Also, lots of experiments have been 

conducted on assembling block copolymer using thin film conditions [10-12]. 

Although many experimental results of block copolymers are known, there are a lot 

of problems that remain to be solved computationally. Most of all, the computational 

study of block copolymer melt in thin films is quite rare compared to the bulk melt 

study due to the difficulty to imitate the thin film condition. Additionally, various 

types of block copolymers or nanocomposites have not yet been addressed. 

The objective of this thesis is to develop the computational study of block 

copolymer melts in thin film conditions with self-assembly or forced assembly. 

Moreover, the computational study of block copolymer-nanoparticle composites is 

also considered to broaden the understanding of the role of block copolymers in 

nanocomposites. In all research in the thesis, molecular dynamics are employed to 

track the behavior of block copolymer chain and nanoparticles. Coarse-graining is 

used to make the block copolymer relatively simple and to decrease the 

computational cost of the melt system that requires high density condition. As all 

systems covered in this computational study contain thin films, appropriate thin film 

conditions like soft confinement or lattice confinement are set according to the 

system environment.  



 

 3 

1.2. Outline of Thesis 

The outline of the thesis is described as follows: Chapter 1 states the main 

motivation of the thesis and briefly presents the contents to be described in advance. 

Next, the theoretical backgrounds of this thesis are described in Chapter 2. Chapter 

3 is in charge of the first part of the research, where the self-assembly of the polymer 

(rod-coil)-nanoparticle composites is covered. The relaxed states of the polymer-

nanoparticle composites are explained by the density distribution. In Chapter 4, the 

shear-induced forced assembly of the ABA triblock copolymer was developed with 

the non-equilibrium state analysis. The relation between wall velocity that induces 

shear and the affinity of polymer is mainly described. Lastly, conclusion of this study 

and potential for research development is written in Chapter 5. 

 

1.3. Associated Publications 

Chapter 3 is described based on the literature [13] and [14]. The work described in 

Chapter 4 has not been submitted yet and is now in preparation for the submission.  
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Chapter 2. Background Theory 

2.1. Molecular Dynamics (MD) 

Molecular Dynamics (MD) has a history of about half a hundred years. The first 

paper on MD [15] was an assembly model of hard spheres in 1956. After that, the 

MD simulations for simple real materials were reported [16], which opened the 

possibility of analyzing real materials with a computational approach. With the 

development of computer performance, MD has become available in more huge and 

diverse systems, and accordingly, many studies on phase or property analysis of 

materials have been conducted through MD. The real material examples developed 

with MD reported to date are far diverse: biomolecules (proteins, DNA, lipids, etc…), 

polymers, metals, alloys, ion batteries, etc.  

MD can be broadly divided into All-Atom Molecular Dynamics (AAMD) and 

Coarse-Grained Molecular Dynamics (CGMD). In AAMD, each atom constituting a 

molecule becomes a basic unit to express the target materials. A relatively precise 

analysis is possible by AAMD since the dynamics and force of the system can be 

checked at the atomic level. However, AAMD requires a large amount of 

computational cost to calculate governing equation for all atoms. Unlike AAMD, 

CGMD focuses on computational efficiency by building basic units larger than 

atoms. Though, since detailed atomic information is lost through the coarse-graining, 

the accuracy of the CGMD is relatively low. In this thesis, CGMD is mainly 

employed due to the size of the system. In order to observe the assembly in the melt 

state of the block copolymer, the number of block copolymer chains should be large. 
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The amount of computation is not suitable for simulating with AAMD. Moreover, 

despite the loss of the atomic-scale information, the CGMD is enough to observe the 

assembled structure of copolymers. 

MD is basically based on the Newtonian equation of the motion. With the initialized 

position and momentum of the particle, the updated position and momentum of the 

particle can be calculated by the Newtonian equation of motion [17]. 

 

 
𝑑𝐫,
𝑑𝑡

= 𝐯, ,
𝑑𝐯,
𝑑𝑡

= 𝐟, (2.1) 

 

Equation 2.1. denotes the Newtonian equation of motion. 𝐫, is the position of the 

particle, 𝐯, is the velocity of the particle, and 𝐟, is the net force on particle 𝑖. The 

net force term can be divided into derivatives of the bonded potential and non-

bonded potential. 

 

 	𝐟, = −∇𝑈-./010 	−∇𝑈/./%-./010 (2.2) 

 

The bonded potential consists of the bond, angle, and dihedral potentials. Bond 

potential determines the equilibrium bond length and the fluctuation of the bond 

length. In this thesis, the harmonic bond potential and Finitely Extensible Nonlinear 

Elastic (FENE) bond potential are mainly employed.  
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 𝑈2345./,6(-./0) = 0.5𝐾4(𝑟 − 𝑟9): (2.3) 

 

The harmonic bond is the spring potential acting on the bond rest length 𝑟9. The 

huge value of harmonic bond energy constant 𝐾4 makes the bond tight. Since the 

harmonic bond has a wide area where the bonding length is allowed, the harmonic 

bond is appropriate for simulation that the position of the particle changes a lot. 

 

 𝑈!"#" = −0.5𝐾𝐹𝐸𝑁𝐸𝑅$% ln *1 − ,
𝑟
𝑅$
.
%
/ + 4𝜀 34

𝜎
𝑟6

&%
− 4

𝜎
𝑟6

'
7 + 𝜀 (2.4) 

 

FENE bond is a sum of the max bond length limitation and Weeks-Chandler-

Anderson (WCA) potential [18]. The FENE energy parameter 𝐾>?(?  is usually 

fixed to 30.0. By the maximum bond length 𝑅9  and logarithm term, the bond 

distance 𝑟 is limited, which blocks another particle to penetrate between bonds. 

Therefore, applying FENE bond satisfies to physics of the polymer chain without 

chain crossing. The WCA potential is the kind of shifted Lennard-Jones (LJ) 

potential, leaving only the repulsive force by shifting the LJ potential at 2@/B𝜎. 

WCA potential in the FENE bond prevents bonded particles from getting too close 

to each other. 

Angle potential is related to the angle stiffness of the chain by maintaining the bond 

angle. If the polymer chain has coil-like behavior, angle potential is not necessary. 

On the other hand, angle potential is required for the rod study. Harmonic angle 
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potential, as shown in equation 2.5, is usually applied to maintain the bond angle, 

where the 𝐾C is the harmonic angle energy constant and the 𝜃9 is the rest angle. 

 

 𝑈2345./,6(3/DE1) = 0.5𝐾C(𝜃 − 𝜃9): (2.5) 

 

The dihedral potential has to do with torsion angle which is related to gauche strain. 

In the CGMD, the dihedral potential is rarely used as the molecule part occupied by 

the coarse-grained particles is too large and has nothing to do with the torsion angle.  

The non-bonded potential is composed of intermolecular pair potential and Coulomb 

potentials. Typically, the LJ potential can be represented to be an intermolecular pair 

potential. 

 

 𝑈FG(𝑟) = C4𝜀 DE
𝜎
𝑟F

@:
− E

𝜎
𝑟F

B
G 𝑟 ≤ 𝑟6

0 𝑟 > 𝑟6
 (2.6) 

 

	𝜀 is the size of attractive energy well of the LJ potential. As 𝜀 increases, the energy 

well of the LJ goes deeper, which derives the bigger attraction between the two 

particles. The 𝜎 is the distance factor of the LJ potential and represents the effective 

size of the particle. For the efficiency of the computational calculation, cut-off 𝑟6 is 

set to 2.5𝜎 . Over the 𝑟6 , the intermolecular pair potential is ignored, and the 

resulting decreased computational flops boosts up the calculation. 
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Coulomb potential is important in a system with a charge due to the order of the 

Coulomb potential is quite large in the charged system. However, as the charged 

system is not covered in this thesis, Coulomb potential is ignored. 

After the calculation of the force, the position and momentum of the particles 

should be updated by equation 2.1. However, as the updating the particle position 

and momentum cannot be calculated with the continuous form, a discrete form of 

the Newtonian equation of motion is required. By using the Velocity-Verlet 

algorithm, discrete form calculation of updating the particle position and momentum 

becomes possible. 

 

 𝐫(𝑡 + ∆𝑡) = 𝐫(𝑡) + 𝐯(𝑡)∆𝑡 +
1
2
𝐚(𝑡)∆𝑡: (2.7) 

 

 𝐯(𝑡 + ∆𝑡) = 𝐯(𝑡) +
𝐚(𝑡) + 𝐚(𝑡 + ∆𝑡)

2
∆𝑡 (2.8) 

 

The local error order of the position of Velocity-Verlet algorithm is 𝑂(∆𝑡H) and 

the local error order of velocity is 𝑂(∆𝑡:). To reduce the error order, a small number 

of timestep ∆𝑡 is needed.  

In the MD process, the thermostat or barostat is required to control the specific 

conditions. As isothermal NVT equilibration is mainly used in this thesis, 

thermostats are employed. There are various types of thermostats can be used with 

MD: velocity rescale method, Nose-Hoover, Langevin, etc. 
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Chapter 3. Self-assembly of Polymer (Rod-Coil)-

Nanoparticle Composites 

3.1. Background 

There have been many experimental and theoretical advances in polymer-

nanoparticle composites due to their desirable properties and resulting applications 

[19-21]. When ordering nanoparticles, block copolymers have been widely used 

since their periodic assembled structure can be used as a lithography mask for 

nanoparticles [22]. The self-assembled periodic structure of block copolymers can 

prevent nanoparticles from aggregation and guide nanoparticles to be aligned in a 

specific periodic domain. As the aligned nanoparticle have a nano-scale structure, 

nano-scale phenomenon can be observed [19, 23]. 

Among the various methods to incorporate nanoparticles into a polymer matrix, 

self-assembly has gained significant attention due to its simplicity in the process. In 

polymer-nanoparticle composites, the position of nanoparticle is governed by the 

total free energy of the system including translational entropy of nanoparticles, 

stretching energy of the polymer chain, and interaction between the polymer chain 

and the nanoparticle. Conventional coil-coil diblock copolymers were widely used 

as a matrix for nanoparticles due to their simple self-assembly behavior upon mixing 

with nanoparticles [23-26]. In the coil-coil matrix, nanoparticles are able to be 

located in any space due to the flexibility of the coil polymer. Unlike coil-coil diblock 

copolymers, rod-coil diblock copolymers have liquid crystalline structure in the rod 

block which provides additional controllability on the position of nanoparticle in the 
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rod-coil matrix [27-30]. Furthermore, the electrical functional groups of the rod 

block of the rod-coil diblock copolymer open the possibility of using the polymer 

(rod-coil)-nanoparticle mixture as functional devices [31, 32]. 

Theoretical and computational studies of diblock copolymer-nanoparticle 

composites have been conducted using various method. The most widely used 

theoretical method to estimate phases is the self-consistent field theory (SCFT). The 

distribution of nanoparticles in the coil-coil diblock copolymer was predicted [33] 

and the phase of the rod-coil type polymers was also predicted using SCFT [34-36]. 

However, SCFT cannot capture the polymer kinetics and cannot observe the detailed 

packing structure of polymer chains since SCFT is based on the field-theory 

approach and it can only observe probability distribution of configuration in the 

potential field. Compared to SCFT, molecular dynamics (MD) can resolve the 

limitation of SCFT since MD calculates the time-dependent position of particles by 

the equation of motion with initial configuration and velocity. In the case of long 

relaxation time systems, however, the timestep of MD is not enough to make the 

system be in equilibrium. Therefore, the phase estimation using classical MD is quite 

limited to flexible polymer [37, 38] or dilute polymer systems [39] that have 

relatively short relaxation time. To address the limitations of both classical MD and 

SCFT, MD with dissipative particle dynamics (DPD) has been recently used for the 

simulation of polymer-nanoparticle composites. As DPD is utilized with the MD, it 

can observe the particle trajectory and packing structure of the particle. Also, large 

timestep is allowed in the DPD, which makes simulation available to observe well 

relaxation at a limited computational load [40]. 
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Due to the characteristics of DPD, DPD was applied to various polymer systems in 

precedent researches. In the case of the polymer(coil-coil)-nanoparticle composites, 

the distribution of nanoparticles in the polymer matrix was calculated as the fraction 

of polymer changes [41] or the graft component of nanoparticle changes [42]. 

Furthermore, the phase behavior of DPD for rod-coil diblock copolymer without 

nanoparticles has been studied in the bulk and in a confined system [43-45].  

However, the DPD simulation of the polymer(rod-coil)-nanoparticle mixture is 

limited to the case of dilute conditions with fixed nanoparticle size [46]. As both 

nanoparticles and rods form a kinetically trapped structure in dense conditions [32], 

it is challenging to study polymer (rod-coil)-nanoparticle composites in dense melt 

condition. 

In this chapter, the DPD simulation of polymer (rod-coil)-nanoparticle blends in 

soft confined thin film is performed. The distributions of nanoparticles in rod-coil 

diblock copolymer melts are investigated as functions of nanoparticle size and the 

maximum repulsion constant between polymers and nanoparticles. Also, the soft 

confinement method which manipulates the fluctuation of the soft thin film like 

liquid-liquid interface is suggested and the resulting physical behaviors are analyzed 

using DPD results. 
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3.2. Methods 

3.2.1. Coarse-Grained Polymers and Nanoparticles with 

Dissipative Particle Dynamics 

The description begins with the theory of Dissipative Particle Dynamics (DPD). 

DPD was originally developed to simulate hydrodynamics interaction in molecular 

dynamics (MD) simulation using a soft potential between particles (conservative 

forces) and additional dissipative and random forces. From the dissipative and 

random forces as a function of the thermostat, the temperature is manipulated at a 

constant level in the DPD simulation. It is widely known that DPD is effective in 

annealing defects in ordered mesophases and has been improved for the simulation 

of polymer mesophase systems [40]. DPD particles are coarse-grained particles that 

represent local fluid packages and their topological interaction is constructed by 

spring-like force.  

Instead of LJ potential in MD, the basic DPD force 	𝐟,I'I is used in DPD. The 

𝐟,I'I consists of the conservative (𝐅,JK), dissipative (𝐅,JI), and random forces (𝐅,JL). 

 

 𝐟,I'I 	= OP𝐅,JK + 𝐅,JM + 𝐅,JNQ
,OJ

 (3.1) 

 

The DPD forces are calculated with a certain cutoff radius (𝑟6), which is the only 

length scale in the DPD simulation. The value of the 𝑟6 is set to a unit length equal 
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to 1.0. 

 

 𝐅,JK 	= R
𝑎,JP1 − 𝑟,JQ𝐫S,J 𝑖𝑓	𝑟,J < 𝑟6

0 𝑖𝑓	𝑟,J ≥ 𝑟6
 (3.2) 

 

The conservative force 𝐅,JK  implies soft repulsion between neighboring particles. 

𝑎,J is the maximum repulsion constant which implies the strength order of repulsion 

between two particles. Distance terms are represented as 𝐫,J = 𝐫, − 𝐫J, 𝑟,J = W𝐫,JW, 

and 𝐫S,J = 𝐫,J/W𝐫,JW. All DPD forces act along the line of centers. 

 

 𝐅,JI 	= −𝛾𝑤IP𝑟,JQP𝐫S,J ∙ 𝐯,JQ𝐫S,J  (3.3) 

 

 𝐅,JL 	= 𝜎/.,!1𝑤LP𝑟,JQ𝜃,J𝐫S,J  (3.4) 

 

 𝑤I(𝑟) = [𝑤L(𝑟)]: (3.5) 

 

 𝜎: = 2𝛾𝑘P𝑇 (3.6) 

 

Dissipative force is related to the velocity term, 𝐯,J = v, − vJ, and random force is 

related to the randomly fluctuating variable from Gaussian statistics 𝜃,J, which has 
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zero mean and unit variance distribution. Arbitrary weight functions, 𝑤I(𝑟) and 

𝑤L(𝑟), are dependent on 𝑟 and the relation between the two weight functions is 

given by equation 3.5. The friction coefficient 𝛾 and the noise amplitude 𝜎 are 

relevant to temperature 𝑘P𝑇. Referring to a previous study [40], the temperature 

𝑘P𝑇 was set to 1.0 and the noise amplitude 𝜎/.,!1 is set to 3.0. By equation 3.6, 

the resulting friction coefficient 𝛾 was set to 4.5. 

Rod-coil diblock copolymers are represented as linearly bonded 16 coarse-grained 

particles (𝑁+Q) = 16) and the relative number fraction of the rod part 𝑓4.0 is set to 

0.625 (𝑁"#$: 𝑁R#ST = 10: 6 ) to construct the smectic-C phase that is similar to 

lamellar phase observed in the coil-coil diblock copolymers (Figure 1(a)). Two 

neighboring beads in one polymer chain are connected by a harmonic bond potential 

as mentioned in equation 2.3. The setting of the bond-related parameter of the rod-

coil diblock copolymer is set as follows: 𝑘4 	(polymer) = 100.0  and 

𝑟9(polymer) = 0.7 . In order to make the rod-like part of the polymer chain, 

additional angular harmonic potential energy is employed (equation 2.5). To ensure 

a stiff rod chain with enough mobility for the self-assembly, the angle-related 

parameter of the rod part is set as follows: 𝑘C 	(rod) = 10.0 and 𝜃9	(rod) = 𝜋. 

To model nanoparticles, the close-packed structure is used on building DPD beads. 

The face-centered cubic (fcc) lattice was selected to cut DPD beads and three 

different sizes of nanoparticles (𝑁&' = 4, 13, and	19) were prepared. To prevent 

distortion of the nanoparticle shape during the simulation, 𝑘4 	(NP) was chosen as 

200.0 and 𝑟9	(NP) was set the same as 𝑟9	(polymer) for the consistency of the 

distance. The closed-packed nanoparticle is displayed in Figure 1(b). 
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Figure 1 (a) Coarse-grained particles of rod-coil diblock copolymer chain. Blue: rod, 

red: coil. (b) Coarse-grained particles and bonds of fcc lattice nanoparticle. 
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3.2.2. Setting of Affinity by Maximum Repulsion Constant 

between the Components of Polymer (Rod-Coil)-Nanoparticle 

Composites 

The maximum repulsion constant between two DPD beads 𝑖 and 𝑗 are listed in 

Table 1 (𝛼 = 100.0, 102.5, or	105.0). In the previous studies, 𝑎,, was normally set 

to 25.0 to ensure stable liquid mixture of the system. However, for the stable liquid 

crystalline phases at a temperature of 1.0, it is known that increasing 𝑎,, reduces 

fluctuation between beads and results in a liquid crystalline assembled structure [47, 

48]. In this study, 𝑎,, is set to 100.0 (except the case of nanoparticles) to obtain the 

liquid crystalline phase of rods.  

 

 𝜒 = 0.286∆𝑎 (3.7) 

 

	𝑎"#$%R#ST = 115.0 was set to ensure microphase separation between the rod and 

coil polymer chains. The value of the Flory-Huggins parameter 𝜒 calculated from 

the maximum repulsion constant is enough to make rod-coil diblock copolymers 

form the smectic-C phase (𝜒𝑁 = 68.64	from	equation	3.7) [30]. 𝑎&'%&' is set to 

120.0 to effectively disperse nanoparticles, which is discussed in the Chapter 3.2.4. 

𝑎R#ST%&' is set to 100.0 and 𝑎"#$%&' is changed from 100.0 to 105.0 to increase 

the relative repulsion between the rod and nanoparticle, which makes the 

nanoparticle more friendly to the coil compared to the rod. The maximum repulsion 

constants between polymer-nanoparticle blends and top (or bottom) confinements 
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are set to 150.0 to prevent confinement particles from mixing with blends.  
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Table 1 Maximum repulsion constants between two particles. 

𝑎,J =	 

- Rod Coil NP Top Bottom 

Rod 100.0 115.0 𝛼  150.0 150.0 

Coil 115.0 100.0 100.0 150.0 150.0 

NP 𝛼  100.0 120.0 150.0 150.0 

Top 150.0 150.0 150.0 100.0 300.0 

Bottom 150.0 150.0 150.0 300.0 100.0 
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3.2.3. Soft Confinement Model for the Thin Film Simulation 

Originally, the force added wall or fixed lattice particle confinement wall was used 

to build a thin film. However, the force added wall cannot simulate the fluctuation 

effect in the film interface. Moreover, the bead lattice wall distorts the system due to 

the guiding force from the lattice pattern. To avoid those problems and to simulate 

the fluctuating film of polymer (rod-coil)-nanoparticle blends, single bead DPD 

fluids on the top and bottom of blends as confinement is introduced. 

For the soft confinement model with heavy nanoparticles, the process of simulation 

should be carefully considered. The process of the simulation is displayed in Figure 

2. First, polymer chains and nanoparticles are generated separately in the region 

between 𝑧 = 5 and 𝑧 = −5 where the z-coordination of the simulation box is 

from 𝑧 = 10 to 𝑧 = −10. Next, a DPD simulation for 10B𝜏 time is run with the 

repulsive wall at 𝑧 = 5 and 𝑧 = −5 to maintain the polymer-nanoparticle blend 

region. 𝑎"#$%R#ST = 100.0, 𝑎"#$%&' = 100.0, and 𝑎R#ST%&' = 100.0 are used for 

this process for the randomly mixed initial blend structure in the thin film. 

Confinement particles are added on the top and bottom of blends in sequence as 

shown in Figure 2(c) with moved repulsive walls at 𝑧 = 10 and 𝑧 = −10. After 

the initial configuration of the film is set, the main DPD simulation is executed for 

10B𝜏 with parameters from Table 1. The step of simulation time ∆𝑡 is set to 0.02 

and all of the integration was performed using the Velocity-Verlet algorithm with 

“Highly Optimized Object-oriented Many-particle Dynamics” (HOOMD-Blue 

v.2.9.6.) [49]. 
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Figure 2 Process of DPD simulation; blue: rod, red: coil, yellow: nanoparticle, pink: 

top confinement, purple: bottom confinement. (a) Setting to avoid nanoparticle 

overlapping. (b) Dispersed diblock copolymer and nanoparticle blends. (c) Initial 

configuration for self-assembly. (d) Final result of DPD simulation. 
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3.3. Result and Discussion 

3.3.1. Relaxed Structure of the Polymer (Rod-Coil)-

Nanoparticle Composites 

As shown in Figure 2(d), the well-separated confining DPD fluids and blends 

with a fluctuating interface are observed. In Figure 3, the final snapshots of the 

simulation are displayed as functions of the maximum repulsion constant between 

rods and nanoparticles, and nanoparticle size. To focus on the analysis of blends, 

confining DPD fluids on the top and bottom of the blends are removed for better 

observation of blends in Figure 3. The nanoparticle size increases from the left side 

of the figure to the right side and nanoparticles become more repulsive to the rod 

from the top side of the figure to the bottom side.  

In all cases of Figure 3, a perpendicularly oriented periodic lamellar structure of 

the rod–coil block copolymer is observed. Rods were aligned in one direction and 

the resulting structure resembled the smectic-C phase of liquid crystals. In Figure 

3, nanoparticles tend to be distributed in various fashions within the self-assembled 

rod–coil copolymer matrix as the size of nanoparticles or the maximum repulsion 

constant between the rod and the nanoparticle changes. Nanoparticles are located at 

the interface between the rod and coil or in the coil domain but not in the rod 

domain. When the nanoparticles become more repulsive to the rod (𝑎"#$%&' =

105.0, Figure 3(g)–(i)) nanoparticles tend to move to the central domain of the 

coil. On the other hand, in the case of neutral nanoparticles against both rod and 

coil (𝑎"#$%&' = 100.0, Figure 3(a)–(c)), nanoparticles prefer to be located in the 
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boundary between rod and coil. These tendencies are more pronounced in the large 

nanoparticle compared to the small nanoparticle case.  
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Figure 3 Top view simulation snapshots as functions of 𝑎"#$%&' and nanoparticle 

size (confining DPD fluids on the top and bottom of the blends are removed for 

visual purpose); blue: rod, red: coil, yellow: nanoparticle. (a) 𝑎"#$%&' = 100.0, NP 

size: 4. (b) 𝑎"#$%&' = 100.0, NP size: 13. (c) 𝑎"#$%&' = 100.0, NP size: 19. (d) 

𝑎"#$%&' = 102.5, NP size: 4. (e) 𝑎"#$%&' = 102.5, NP size: 13. (f) 𝑎"#$%&' =

102.5, NP size: 19. (g) 𝑎"#$%&' = 105.0, NP size: 4. (h) 𝑎"#$%&' = 105.0, NP 

size: 13. (i) 𝑎"#$%&' = 105.0, NP size: 19. 
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For the accurate analysis of the nanoparticle behavior within the self-assembled 

rod–coil diblock copolymer matrix, the author studied the density distribution of 

rods, coils, and nanoparticles as a function of position perpendicular to the 

interface between rod and coil. In order to calculate the density distribution, I 

performed the Fourier reciprocal analysis [50]. 

 

 𝜓 =O𝑒%VW!X"YW#Z"[∙,
J

 (3.8) 

 

The intensity of the Fourier signal 𝜓 can be calculated from normalized DPD 

particle coordinates (𝑥J, 𝑦J) and wave vector (𝑘@, 𝑘:) composed of integer 

numbers. When the 𝑥, 𝑦 direction lattice periodicity of the particle snapshot 

coincides with the wave vector 𝑘@, 𝑘: component, the Fourier intensity gets the 

highest value. From the periodicity with box size, lattice spacing 𝐿9, the period 

length of the lamellar structure, is calculated. For the generality, 1000 snapshots 

were scanned through the characteristic wave vector from -𝐿9 to 𝐿9 and the 

resulting density distributions toward the perpendicular direction to the rod–coil 

interface from -𝐿9 to 𝐿9 are displayed in Figure 4. 
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Figure 4 The 𝑥𝑦 plane density distribution of rods, coils, and nanoparticles by 

scanning particle coordinates of snapshots with Fourier reciprocal space. (a) 

𝑎"#$%&' = 100.0, NP size: 4. (b) 𝑎"#$%&' = 100.0, NP size: 13. (c) 𝑎"#$%&' =

100.0, NP size: 19. (d) 𝑎"#$%&' = 102.5, NP size: 4. (e) 𝑎"#$%&' = 102.5, NP size: 

13. (f) 𝑎"#$%&' = 102.5 , NP size: 19. (g) 𝑎"#$%&' = 105.0 , NP size: 4. (h) 

𝑎"#$%&' = 105.0, NP size: 13. (i) 𝑎"#$%&' = 105.0, NP size: 19. 

 

 



 

 26 

In Figure 4, it is clearly observed that rods and coils are strongly segregated in 

lattice spacing 𝐿9, and the density peak of nanoparticles is located at either the 

center of the coil domain or the interface between rods and coils. It is noteworthy 

that there is no nanoparticle in the rod domain despite the neutral nanoparticle 

condition. If the polymer matrix were composed of the coil–coil diblock 

copolymer, neutral nanoparticles should show the same behavior to both coil 

domains. However, in the rod–coil system (Figure 4(a)–(c)), rods form a liquid 

crystalline structure to have a smectic phase of the rod–coil diblock copolymer. As 

a result, nanoparticles are not able to penetrate the liquid crystalline domain by 

overcoming the energy barrier of the stable liquid crystalline structure.  

As previously mentioned, depending on the size of the nanoparticles, 

nanoparticles showed different behavior to the change of maximum repulsion 

constant between rods and nanoparticles, 𝑎"#$%&'. When the nanoparticle size is 

small (Figure 4(a), (d) and (g)), over half of the nanoparticles are located in the 

rod–coil interface. From the internal energetic point of view, locating nanoparticles 

in the rod–coil interface decreases the pairwise potential energy and relaxes the 

rod–coil interface since the maximum repulsion constant between the rod and coil 

(𝑎"#$%&' = 115.0) is bigger than the maximum repulsion constant between 

nanoparticle and polymer (𝑎"#$%&' = 100.0, 102.5, or 105.0, 𝑎R#ST%&' = 100.0). 

In addition, small nanoparticles weakly stretch the coils in the rod–coil interface 

due to their small effective volume, which makes the reduction of the 

conformational entropy of the coil negligible and increases the possible site of 

nanoparticles in the rod–coil interface. Therefore, placing lots of small 
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nanoparticles in the rod–coil interface reduces the free energy by reducing the 

potential energy of the rod–coil interface. Also, Figure 4(a), (d) and (g) show 

dispersed distribution from the rod–coil interface to the coil domain. In order to 

maximize the energy benefit originated from the translational entropy of 

nanoparticles, small nanoparticles form a dispersed distribution to gain high 

entropy state. Since nanoparticle dispersion is dominant in the small nanoparticle 

case, 𝑎"#$%&'	only contributes a little to change nanoparticle density distribution. 

As the 𝑎"#$%&'	value increases, the nanoparticles become relatively attractive to 

the coil and the number of nanoparticles located in the coil domain is slightly 

increased.  

In the case of large nanoparticles, the distributions of nanoparticles were mainly 

determined by the maximum repulsion constant 𝑎"#$%&' (Figure 4(c), (f), and (i)). 

The number of nanoparticles of large size nanoparticle is smaller than the small 

size nanoparticle system with maintaining the same nanoparticle fraction. As a 

result, the entropic effect of nanoparticles decreases whereby the importance of the 

repulsion effect relatively increases. Therefore, large nanoparticles have a less 

dispersed distribution compared to small nanoparticles and their distribution is 

directly affected by 𝑎"#$%&'. In the coil-like nanoparticle condition as shown in 

Figure 4(i), the nanoparticle distribution of large nanoparticles shows a distinct 

peak in the coil domain compared to the small nanoparticle case from Figure 4(g). 

Although both systems have the same 𝑎"#$%&', large nanoparticles are harder to be 

located at the interface due to the severe stretching of coils occurred by the large 

local space occupied by nanoparticles. Therefore, nanoparticles are pushed to the 
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coil domain to relax the high stretching energy of coils. However, in the neutral 

nanoparticle condition (Figure 4(c)) where nanoparticles have no energetic 

preference to the rod or coil, the energetic benefit by positioning the large 

nanoparticles at the rod-coil interface overcomes the increased chain stretching.  
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3.3.2. The Effect of the Soft Confinement to the Polymer (Rod-

Coil)-Nanoparticle blends 

Furthermore, to observe the behavior of polymer(rod-coil)–nanoparticle 

composites in soft confined thin films, density distributions along the z-axis were 

measured (Figure 5). In general, rods have an oscillating distribution due to their 

regular structure and low mobility from the liquid crystalline structure. On the 

other hand, coils have a smooth distribution which cannot be observed in the fixed 

lattice confined wall [51] or force wall. Unlike the patterned force of the fixed 

lattice wall, soft confinement does not guide the artificial structure of polymer 

particles near the interface by fluctuations. Also, soft confinement does not show 

the oscillation density distribution near the surface which can be observed in the 

force wall due to the surface packing that originated from the same order force to 

the surface-adjacent particles (Figure 6(b)).  

It is noteworthy that the distribution of coils along the z-axis is slightly wider than 

that of rods (Figure 5). As the coil domain has more mobility than the rod domain 

that is confined by the liquid crystalline structure, it shows more fluctuations along 

the z-axis near the interface. The distribution of nanoparticles along the z-axis 

varies as a function of nanoparticle size. As the nanoparticle size increases, the 

nanoparticles tend to be localized compared to the smaller nanoparticles as shown 

in Figure 5(c) and (d) due to the lower mobility. Especially in the coil-preferred 

nanoparticle case (Figure 5(d)), large nanoparticles tend to be located near the 

interface between blends and confinement beads. In this case, the stretching energy 
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of coils can be relaxed by locating large nanoparticles at the interface of soft 

confinement.  
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Figure 5 The density distributions along the z-axis of rods, coils, bottom 

confinements, top confinements, and nanoparticles by scanning particle coordinates 

of snapshots. (a) 𝑎"#$%&' = 100.0, NP size: 4. (b) 𝑎"#$%&' = 105.0, NP size: 4. 

(c) 𝑎"#$%&' = 100.0, NP size: 19. (d) 𝑎"#$%&' = 105.0, NP size: 19. 
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Figure 6 The density distributions along the z-axis of rods, coils, and nanoparticles 

by scanning particle coordinates of snapshots. 𝑎"#$%&' = 100.0, NP size: 4. (a) 

Soft confinement. (b) Force wall confinement. 
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3.3.3. The Effect of the Nanoparticle Fraction to the Location 

of the Nanoparticle 

From previous descriptions in Chapter 3, the fraction of nanoparticles within the 

polymer (rod-coil)-nanoparticle blends is fixed to 0.05 to reduce the manipulative 

variables in the study. However, the fraction of nanoparticles also affects the 

distribution of nanoparticles in the rod-coil matrix. In order to observe the effect of 

nanoparticle fraction, additional simulations with different nanoparticle fractions 

are performed. When the nanoparticles consist of 19 size DPD particles, decreasing 

the fraction to 0.025 did not change the tendency of the distribution and seems to 

show linear regimes due to their repulsion constant dependent property. Increasing 

the fraction to 0.1 with large size nanoparticles derives the defect included 

structure as shown in Figure 7(c). The increasing number of low mobility 

nanoparticles hinders the formation of smectic lamellar phase of the rod-coil.  

In the case of small nanoparticles (NP size: 4), density distribution analysis is 

available in the 0.1 nanoparticle fraction since the small nanoparticles have more 

mobility than large nanoparticles. As shown in Figure 7(a) and Figure 4(a), 

increasing nanoparticle fraction with small size nanoparticles does not change the 

tendency of density distribution since the translational entropy of nanoparticles is 

dominant in both systems. On the other hand, comparing Figure 7(b) and Figure 

4(a), decreasing fraction to 0.025 in small nanoparticle size condition displays 

different behavior. The nanoparticles have less dispersed distribution as the 

nanoparticle fraction decreases to 0.025. When the number of nanoparticles 
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decreases, the entropic effect becomes less dominant and the resulting distribution 

gets a less dispersed shape.  
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Figure 7 (a) The density distribution of 0.1 nanoparticle fraction system 

(𝑎"#$%&' = 100.0, NP size: 4). (b) The density distribution of 0.025 nanoparticle 

fraction system (𝑎"#$%&' = 100.0, NP size: 4). (c) Defect example in the 0.1 

fraction nanoparticle system with large size nanoparticles. 
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3.3.4. The Condition of Nanoparticle Aggregation. 

The maximum repulsion constant between nanoparticles (NPs) 𝑎&'%&' is fixed to 

120.0 in the previous descriptions to block the aggregation of the nanoparticles. To 

put it another way, more repulsion between NP-NP is needed compared to rod-rod 

or coil-coil repulsion to block the aggregation of the nanoparticles. From the 

𝑎&'%&' = 100.0 (which is same to 𝑎"#$%"#$ and 𝑎R#ST%R#ST) condition simulation, 

the aggregation of nanoparticle can be observed as shown in Figure 8. Small size 

nanoparticle (NP size: 4) cannot distort the smectic phase of the rod-coil matrix 

despite the relatively friendly condition between nanoparticles. However, in the case 

of the big size nanoparticle (NP size: 19), the smectic phase of the rod-coil matrix 

cannot be aligned to the lamellar shape and distorted by the nanoparticles which have 

aggregation region. The following conclusion can be drawn from this simulation: as 

the size of nanoparticles increases, the aggregation effect of nanoparticles become 

severe. 
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Figure 8 Top view simulation snapshots when the 𝑎&'%&' = 100.0 (confining 

DPD fluids on the top and bottom of the blends are removed for visual purpose); 

blue: rod, red: coil, yellow: nanoparticle. (a) 𝑎"#$%&' = 100.0, NP size: 4. (b) 

𝑎"#$%&' = 100.0 , NP size: 19. (c) Nanoparticle only rendered snapshot of 

𝑎"#$%&' = 100.0 , NP size: 4. (d) Nanoparticle only rendered snapshot of 

𝑎"#$%&' = 100.0, NP size: 19. 
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For the quantitative analyses for the aggregation, the radial distribution function 

(RDF) 𝑔(𝑟) of DPD particles supports the size-dependent self-assembly behavior 

(Figure 9). In both small and large nanoparticles, RDF shows a high peak at 0.7𝑟R 

which corresponds to a bond distance between neighboring DPD particles within a 

face-centered nanoparticle. The peak position follows an order of 0.7𝑟R, which is a 

distance between adjacent DPD particles. Accordingly, the aggregation of 

nanoparticles can be represented by RDF in a range at which 𝑟 is larger than the 

diameter of nanoparticles. Notably for large nanoparticles (NP size: 19, 𝑟&' =

1.1𝑟R), the oscillation of RDF is observed in a range between the nanoparticle size 

and 4.0𝑟R due to the closely packed nanoparticles in a segregation region, 

indicating the aggregation occurred with neighboring nanoparticles with increasing 

the nanoparticle size. To make the point clearer, the original conditions (𝑎&'%&' =

120.0) simulation are carried out for the two different sized nanoparticles. As 

mentioned above, the original conditions are created to have stronger repulsive 

force between nanoparticles to block the nanoparticle aggregation. For small 

nanoparticles (NP size: 4, 𝑟&' = 0.47𝑟R), RDF of the 𝑎&'%&' = 100.0 case is 

similar to that of original conditions (black lines in Figure 9). On the other hand, 

for large nanoparticles, RDF of 𝑎&'%&' = 100.0 is visibly larger than that of the 

original conditions, indicating that there are more nanoparticles around one 

nanoparticle in the 𝑎&'%&' = 100.0 case compared to the original case (red lines 

in Figure 9).  
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Figure 9 The radial distribution function (RDF) of DPD particles for two different 

size nanoparticles: 𝑁() = 4 or 13. Two 𝑎&'%&'  conditions are considered: 

𝑎&'%&' = 100.0 and 𝑎&'%&' = 120.0. 
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The nanoparticle aggregation is also attributed to coil polymer stretching which 

donates to the entropy. In order to confirm the polymer stretching contribution, the 

mean end-to-end distance of coil strands in the model system, 〈𝑅6.,E〉 is obtained 

by averaging data taken at 1000 different time points as follows with standard 

deviations of 0.0136 and 0.0138 for 4 size nanoparticle and 19 size nanoparticle, 

respectively.  

 〈𝑅6.,E〉 = 1.834	𝑟6 	(NP	size: 4) (3.9) 

 

 〈𝑅6.,E〉 = 1.815	𝑟6 	(NP	size: 19) (3.10) 

The end-to-end distance decreased with the increase in the nanoparticle size. This 

result indicates that polymer stretching is relieved by the aggregation of large 

nanoparticles. Large nanoparticles located in the coil domain occupy more space 

than small nanoparticles and induce a higher entropy penalty of coil chains. 

Therefore, nanoparticles are aggregated to reduce the entropy penalty from the 

polymer stretching. The size-dependent behavior of nanoparticles can also be 

explained by their mobility as calculated by mean squared displacement (MSD) 

(Figure 10). Large nanoparticles are kinetically trapped due to the low mobility of 

the constrained large body, which results in their immobilization at a certain region 

(i.e., segregation).  
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Figure 10 Mean squared displacement (MSD) of nanoparticles with two different 

sizes: 𝑁() =4 or 13. 
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Chapter 4. Shear Induced Lamellar Shape Assembly 

of ABA Triblock Copolymer 

4.1. Background 

Among the periodic structure of the block copolymer, the lamellar structure is the 

most common due to the simplicity of the generation. Usually, a lamellar structure 

is formed in the block copolymer when the fraction of each type of polymer is similar 

[5, 52]. Therefore, the AB diblock copolymer with the same fraction of A particles 

and B particles is mostly used to make the lamellar structure. Also, additional 

conditions are required to form the lamellar structure, which is expressed by the 

Flory-Huggins parameter 𝜒 and chain length 𝑁. In the case of two type particle 

systems (A and B), 𝜒 represents the relative affinity of pairwise interaction of A-B 

(𝑢*+) compared to the pairwise interaction of A-A and B-B (𝑢*+ and 𝑢++) [1]. 

 

 𝜒	~	
2𝑢*+ − 𝑢** − 𝑢++

𝑘𝑇
 (4.1) 

 

The high value of 𝜒 denotes that the affinity between the same type of particles is 

much better than the affinity between the different type of particles, and particles do 

not have a tendency to mix with each other. Additionally, as a long chain length 

decreases the possible number of cases of chain conformation in the mixing state, 

phase separation occurs much better when the chain length is long. By grouping the 

elements that derives a phase separation, 𝜒𝑁 becomes a factor determining the 
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lamellar phase separation.  

The diblock copolymer is available to the single-layered lamellae and double-

layered lamellae. According to the proportion of the single and double-layered 

lamellae, the lattice spacing 𝐿9 differs. With the large portion of the double-layered 

lamellae, the lattice spacing 𝐿9  increases. To make the small lattice spacing 

lamellar structure, a method using ABA triblock copolymer was devised instead 

decreasing the portion of the double-layered lamellar structure. As the B block is 

constrained by the A block at both ends, the length of the B phase region in the one 

lattice spacing is limited [53]. 

By using the self-assembly process, the lamellar phase can be acquired. However, 

a lot of defects can be made during the self-assembly as the local part of the block 

copolymer is easy to be located in the energy well as a metastable. In order to anneal 

the defects in the block copolymer system, forced assembly has been widely 

researched. The external force condition can affect the assembled phase of the block 

copolymer. For example, the electric field [54, 55] affect the charged system and the 

magnetic field [14] rearranges the direction of the dipole molecules. There is a 

method that can be used without the electrical or magnetic properties of the 

molecules, and that is the method using shear [56, 57]. Using shear force on the block 

copolymer film, the lamellar shape of the block copolymer rearranges to the shear-

related direction with annealing of the defects. 

Recently, there have been experimental and computation researches to study the 

shear-induced lamellar structure of the block copolymers. The computational study 

of diblock copolymer under shear already exists and the effect of the wall velocity is 
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also considered [51, 58, 59]. Yet, the shear force related studies on triblock 

copolymer have not been conducted and the effect of the Flory-Huggins parameter 

on the shear-induced system has also not been conducted. In order to develop the 

study of the triblock copolymer under shear conditions, a molecular dynamics study 

is conducted in Chapter 4. 
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4.2. Methods 

4.2.1. Triblock Copolymer Model in Molecular Dynamics 

For the main case study for this chapter, the triblock copolymer is built based on 

the bead-spring model. Diblock copolymer is considered as a control group. There 

are two types of coarse-grained bead particles that make up block copolymers: A and 

B. With the different combinations of A or B type beads, triblock and diblock 

copolymers are classified. The total number of bead particles in one chain 𝑁 = 40 

is fixed for consistency. The molecular sequence of the triblock copolymer is 

modeled as A10-B20-A10. On the other hand, the molecular sequence of the diblock 

copolymer is modeled as A20-B20.  

In order to observe the effect of shear, dissipative particle dynamics that used in the 

previous chapter was not employed. According to the model of the shear to be 

described later, the LJ-like potential is employed since a strong level of non-bonded 

potential is required in the manner in which the shear force is transmitted. The non-

bonded interactions between particles are modeled by the truncated and shifted 

Lennard-Jones (TSLJ) potential. 

 

 𝑈()*+(𝑟) = :4𝜀 *4
𝜎
𝑟6
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− 4

𝜎
𝑟6

'
− ,

𝜎
𝑟,
.
&%
+ ,

𝜎
𝑟,
.
'
/ 𝑟 ≤ 𝑟,

0 𝑟 > 𝑟,
 (4.2) 

 

The TSLJ potential is similar to the LJ potential but has another characteristic that 

the potential is continuous at the cutoff distance 𝑟6 by shifting the energy form. The 
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𝑟6 is set to 2.5𝜎 for the attraction of pairwise potential, and the range parameter 𝜎 

is fixed to 1.0. The energy constant 𝜀 determines the affinity between two particles. 

The value of the energy minimum of TSLJ potential decreases as the energy constant 

𝜀 increases. Therefore, a large 𝜀 value indicates high affinity. 

All types of polymers are considered as a coil. Therefore, bond potential is 

considered solely along with the bonded interaction. Bond potential is described by 

finite extensible elastic (FENE) potential (equation 2.4) to block the chain crossing 

under the shear condition. 𝐾>?(? is fixed to 30.0𝜖/𝜎: and the maximum extent of 

the bond, 𝑅9, is set to 1.5𝜎, which is already used in precedent studies.  

Figure 11 displays the composition of the simulation system. With the x and y-

direction, periodic boundary condition was applied. The length of the periodic scale 

of the box was set to 80. Two simple cubic lattice walls are located in 𝑧 = ±10𝜎 

normal to the z-axis, where the structure of the lattice wall consists of A, B 

alternating particles to represent the two-type-mixed polymer surface. A, B 

alternating lattice wall was conceived from the neutral polymer brush wall in the 

experiment condition. The value of the lattice parameter is set to 1.0 to block the 

inner polymer particles from escaping. Between the lattice walls, the block 

copolymers were randomly spread with the polymer melt form density, 𝜌 = (
]
= 1.0. 

The reference temperature of the system 𝑇∗ is set to 2.0 to gain a moderate level of 

mobility of polymer chains. 
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Figure 11 Visualization of the shear simulation model (side view). Lattice particles 

are built on the top and bottom of the main system to build the lattice wall. Shear is 

conducted by the wall velocity. 
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For the case study of this chapter, the lamellar phase separation is required to 

validate the effect of the shear on the rearrangement of system. The phase separation 

of the block copolymer is originated from the difference of interaction energy 

between particles. As mentioned in background of Chapter 4, 𝑈_`FG,*+ should be 

bigger than 𝑈_`FG,** and 𝑈_`FG,++ to get enough Flory-Huggins parameter value 

to get phase separation. As the TSLJ potential is attractive potential in relaxed 

distance, 𝜀*+ is set smaller than 𝜀** and 𝜀++. In order to reduce the manipulated 

variable, 𝜀**=𝜀++ = 1.0 was set as the reference point and the value of the energy 

constant between different particle 𝜀*+ is varied from 0.2 to 0.85 for case study.  

The wall velocity is implemented by the displacement of the lattice wall among the 

time interval. In order to observe the effect of the wall velocity 𝑣! on the block 

copolymer, values between 0.01	𝜎/𝜏  and 0.04	𝜎/𝜏  are used. The timestep of 

simulation ∆𝑡 is set to 0.004	𝜏 for stable traditional MD simulation with shear 

condition. All integrations in this chapter are done with the Langevin dynamics, 

where the equation form includes conservative force with additional random and 

frictional forces. 

 

 𝑚
𝑑%𝒓-
𝑑𝑡% = −∇𝒓!𝑉 −𝑚Γ

𝑑𝒓-
𝑑𝑡 +𝑾-(𝑡) (4.3) 

 

Friction force term contains friction coefficient Γ	and	𝑾,(𝑡) is Gaussian noise 

which satisfies the fluctuation-dissipation theorem.  
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 〈𝑾-(𝑡)𝑾/(𝑡0)〉 = 6𝑘1𝑇𝑚Γ𝛿-/𝛿(𝑡 − 𝑡0) (4.4) 

 

The variable 𝑚 is a mass, 𝑘+ is Boltzmann constant, and 𝛿 describes the Dirac 

delta. As the temperature is controlled by the Langevin dynamics, the temperature 

keeps at a constant level during the shear-induced block copolymer simulation. All 

simulations are proceeded by “Highly Optimized Object-oriented Many-particle 

Dynamics” (HOOMD-Blue v.2.9.6.) [49]. 
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4.2.2. Case Study for Shear Induced Lamellar Arrangement of 

Block Copolymer  

Both triblock and diblock copolymers are considered in the simulation study. In 

each case, simulation processes are designed to explain the effect of the 𝜀*+ and 

wall velocity 𝑣! on the alignment of the lamellar phase. Two steps of the simulation 

process are designed for this study: 

 

Process 1 (Figure 12(a)) – Shear induced arrangement of the randomly mixed block 

copolymer.  

At the initial state of the simulation, block copolymers are spread between the 

lattice wall and mixed with isothermal integration. 𝜀*+ is set the same as 𝜀** or 

𝜀++ during the mixing procedure to get a randomly mixed polymer structure. The 

mixing procedure is carried out for 10H𝜏 . After the mixing procedure, 𝜀*+  is 

converted to a value between 0.2 and 0.85 to obtain the result related to phase 

separation. At the same time, 𝑥-direction wall velocity operates in the opposite 

direction on both lattice wall with 10b𝜏	time of isothermal integration. From the 

process 1, the presence or absence of arrangement of lamellar structure to the shear 

direction can be observed. 

 

Process 2 (Figure 12(b)) – Transverse shear induced rearrangement of the lamellar 

formed block copolymer.  
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In this process, arranged lamellae parallel to 𝑥-direction from Process 1 is used for 

the initial state. Pre-relaxation with no wall velocity is applied to return block 

copolymers from stretched chain structures from Process 1. After the pre-relaxation, 

transverse wall velocity is applied over 10b𝜏 to analyze the lamellar rearrangement 

to the transverse shear direction. 
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Figure 12 Visualization of the shear simulation processes; (a) Process 1, shear 

direction: 𝑥 , and randomly mixed chains for initial state. (b) Process 2, shear 

direction: 𝑦, and pre-arranged lamellar structure for initial state. 
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4.3. Result and Discussion 

4.3.1. Shear Induced Arrangement of Randomly Mixed Block 

Copolymer 

As a result of the order-disorder transition (ODT) simulations to be described later 

(section 4.3.3.), triblock copolymer system has an ODT around 𝜀*+	 =0.68~0.73. In 

the case of the diblock copolymer system, the ODT is observed around 

𝜀*+	 =0.83~0.88. The 𝜀*+	value in Figure 13 was determined within the range that 

allowed the system to form the lamellar structure. Triblock copolymer shows three 

types of behavior and two boundaries of the behavior under shear condition with 

random initial state. The first boundary is between the system arranged in shear 

direction and the system arranged different in shear direction. When 𝑣! is low and 

𝜀*+	is small, triblock polymers are arranged different to the shear direction. Small 

𝜀*+ is coincident with high 𝜒, which implies that A, B polymer particles hate each 

other. Therefore, copolymers tend to make phase separation strongly rather than to 

be arranged parallel to the shear direction. Moreover, as small velocity induces small 

additional energy to the system, small velocity cannot overcome the energy well of 

the strong phase separation. As shown in Figure 13(a), more wall velocity is needed 

to make system parallel to shear direction in smaller 𝜀*+	condition. In short, since 

smaller 𝜀*+  (higher 𝜒 ) occurs early phase separation more severely, more 

additional energy from larger wall velocity is required to arrange triblock copolymer 

parallel to shear direction. Another boundary to be considered is the number 

difference of the lamellar units of the triblock copolymer arranged parallel to the 
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shear direction. More number of lamellar units is formed when 𝜀*+ is relatively 

large. The pairwise potential energy of A-B boundary surface is relaxed with the 

increase of 𝜀*+, which allows system to make more boundary surface and lamellar 

units.  

In the diblock copolymer case, the phase diagram is similar to triblock copolymer 

except few points. Exceptions are related to the difference of the doubled-bounded 

chain of the triblock copolymer and single-bounded chain of diblock copolymer. Due 

to the restraint of the double-bounded chain, triblock has small degree of freedom 

and composes smaller lattice spacing 𝐿9. Therefore, triblock copolymer shows more 

lamellar unit than diblock copolymer to satisfy smaller lattice spacing. Also, 

composing more lamellar units results on the increase of the surface between A and 

B. Compared to diblock copolymer, lower 𝜀*+	 is required in triblock copolymer to 

maintain lamellar structure. As a result, the behaviors seen in the diblock system 

including ODT and arrangement are visible in the lower 𝜀*+		range when the system 

is constructed with the triblock copolymer.  
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Figure 13 Simulation result of shear induced arrangement of randomly mixed block 

copolymer (Process 1); (a) Triblock copolymer. (b) Diblock copolymer. 
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4.3.2. Transverse Shear Induced Rearrangement of Lamellar 

Structure of Block Copolymer 

The effect of the transverse shear to the pre-arranged system is displayed in the 

Figure 14. Similar to Figure 13, the 𝜀*+	value in Figure 14 was set to allow the 

system to form the lamellar structure. In the part where rearrangement occurs, it can 

be seen that the result of the lamellar unit is same as that of process 1. After the 

rearrangement to the shear direction, the direction of transverse shear become 

parallel to lamellar surface direction. Therefore, the results of the process 2 after the 

rearrangement should be equivalent to results of the process 1. 

As shown in Figure 14, the pre-arranged system resists to be rearranged to the shear 

direction in higher 𝜀*+ and 𝑣! compared to random initial. As pre-arranged system 

has more stable energy state rather than random initial system, it can endure the 

moderate level of wall velocity even in higher 𝜀*+	. The example cases that resist 

the transverse shear forms tilted structure as shown in Figure 15.  
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Figure 14 Simulation result of transverse shear induced rearrangement of lamellar 

structure of block copolymer (Process 2); (a) Triblock copolymer. (b) Diblock 

copolymer. 
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Figure 15 Tilted structure of the lamellar structure in the transverse shear condition. 

(Lattice particles in the wall are removed for the visual purpose.) 
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For precise analysis of the effect of transverse shear, additional potential energy 

analysis with 𝜀*+	 = 0.4  is displayed in Figure 16. The gap between the wall 

velocity is modified to 0.001𝜎/𝜏 to analyze the effect of wall velocity near the 

critical point of rearrangement. The rearrangement of the lamellar structure has not 

occurred when the 𝑣! < 0.022 (critical point of rearrangement 𝑣!∗ = 0.022). In 

this region, the pairwise potential energy over the simulation time increases due to 

the tilting. The tilting induces the expansion of the A-B surface area and the 

increasing number of the effective A-B pair, which occurs the TSLJ potential energy 

increase. Additionally, the magnitude of the increase of pairwise potential energy 

after the steady-state is related to 𝑣!  since the higher 𝑣!  induces a more tilted 

structure and resulting a more expanded A-B surface area. Over the critical point of 

rearrangement, the tilted structure is destroyed by the wall velocity, where the 

pairwise potential energy of the increased A-B surface overcomes the energy barrier 

of the rearrangement. From this point of view, the energy gap between the initial 

state and steady-state near the critical point can be considered by the potential energy 

contribution to the energy barrier of rearrangement. The energy barrier of 

rearrangement in 𝜀*+	 = 0.4 can be calculated by equation 4.5. 

 

 
𝑈53X,!c130Z%!c3c1	 − 𝑈,/,c,3E = (1.995 − 1.963) × 10B

= 3.2	 × 10H 
(4.5) 

 

The potential energy level after shear arrangement is similar to the initial state, 

where the parallel shear barely changes the A-B surface area from the initial state.  
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Figure 16 Potential energy difference during the transverse shear induced 

rearrangement of lamellar structure of block copolymer (Process 2). x axis: 

simulation time, y axis: potential energy 𝑈, legend: wall velocity 𝑣!. 

 

 

 

 

 



 

 61 

The additional analysis was performed to explain the difference between the tilted 

lamellar case and rearranged lamellar case. From the movie of the simulation, near 

the shear surface, shear direction polymer flow was observed only in the rearranged 

lamellar case. This phenomenon can be confirmed by the Van Hove correlation 

function.  

 

 𝐺!(𝐫, 𝑡) = 	
1
𝑁
〈O𝛿P𝐫 + 𝐫,(0) − 𝐫,(𝑡)Q
(

,d@

〉 (4.6) 

 

The physical meaning self-part of the Van Hove correlation function is the 

probability density that particle 𝑖 is found in the vicinity of 𝐫 at time 𝑡, fixing that 

the particle 𝑖 is in the vicinity of the origin at time 𝑡 = 0. Figure 17 shows the Van 

Hove correlation result of the tilted lamellar case and rearranged lamellar case.  

In the short-time scale (Figure 17(a) and (b)), self-term Van Hove correlation plot 

shows similar probability distribution. Therefore, there is no additional cage effect 

by the adjacent atoms in the tilted lamellar case compared to the rearranged lamellar 

case. However, in the long-time scale (Figure 17(c) and (d)), the tilted lamellar case 

and rearranged lamellar case display different result. Rearranged lamellar case has 

wide distribution range of the distance since the polymer flow exists with 

maintaining the rearranged lamellar structure. On the other hand, the distance of the 

Van Hove correlation cannot exceed about 𝑟 = 10  in the tilted lamellar cases, 

which means the flow of the polymer chain is limited. The limitation of the polymer 

chain flow maintains the tilted structure from destruction by huge polymer flow. As 
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the cage effect can be observed in the long-time scale, it can be seen that caging 

occurred at the structural unit of the lamellae rather than the atomistic unit. From this 

point of view, the transverse shear is a disturbance to structural caging of the lamellar 

structure and the tilted structure is formed when the structural caging effect is more 

dominant than the disturbance. 
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Figure 17 The result of the self-term Van Hove correlation function of 𝜀*+ = 0.4 

case. (a) short time interval correlation, 𝑣! = 0.01 (tilted). (b) short time interval 

correlation, 𝑣! = 0.04 (rearranged). (c) long time interval correlation, 𝑣! = 0.01 

(tilted). (d) long time interval correlation, 𝑣! = 0.04 (rearranged). 
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4.3.3. Order-Disorder Transition with Shear Condition 

Order-disorder transition (ODT) analysis is conducted to observe the behavior of 

the polymer system near the transition point. Fourier amplitude of the composition 

field 𝜓(𝐪) is employed to get accurate analysis of the order-disorder transition, 

 

 𝜓(𝐪) = 	
1
𝑁𝑀

O𝜀J𝑒,𝐪∙𝐫"
g(

Jd@

 (4.7) 

 

where 𝜀J is a prefactor of representing particle type (𝜀J = 1 for type A and 𝜀J =

−1 for type B), 𝐪 is a wavevector, and 𝐫J is a coordinate of the particle. 𝜓(𝐪) is 

coincidence with the signal intensity in the inverse Fourier space. Therefore, the 

argument wavevector 𝐪∗ of highest 𝜓(𝐪) value indicates the direction and period 

of the lamellar unit. By using collective variable Ψ, the degree of order can be 

quantified [50]. 

 

 Ψ = �O|𝜓(𝐪)|/𝑓(|𝐪|)
𝐪

�

@//

 (4.8) 

 

The more certain the periodicity and the degree of the order, 𝜓(𝐪∗	) contrasts with 

the other values of 𝜓(𝐪), which denotes that Ψ gets higher value. 
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Figure 18 The collective variable of the triblock copolymer with shear condition 

near the order-disorder transition point. Mean value of the collective variable after 

reaching steady-state with wall velocity. 
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In Figure 18, Collective variables of triblock copolymers are calculated under 

different 𝜀*+ and 𝑣! conditions. When the 𝜀*+ is in the range of 0.71~0.73, the 

collective variables change significantly since the degree of order changes fast. 

Therefore, this point can be considered as near ODT region. The graph form of the 

collective variables over 𝜀*+ is similar to the sigmoid function. 

Additionally, from the transverse shear simulation (Process 2), ordered state and 

disordered state can be discriminated. Under the ordered condition (Figure 19(a)), 

transverse shear induces the decrease of collective variables initially, where the 

ordered part of the system is broken by the transverse shear. In sequence, the 

collective variable is recovered over the simulation time until reaching the level 

similar to initial, which is originated from the rearrangement of the ordered structure 

to the transverse shear direction. On the other hand, under the disordered condition 

(Figure 19(b)), collective variable shows fluctuation over the simulation time. As the 

ordered part did not exist from the beginning, the transverse shear does not induce 

significant direction of tendency in collective variable and only causes the 

fluctuation by momentary change of the polymer matrix. 
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Figure 19 The change of collective variables over the time during the transverse 

shear simulation. (a) Ordered case, 𝜀21 = 0.71, 𝑣3 = 0.02. (b) Disordered case, 𝜀21 =

0.73, 𝑣3 = 0.02. 
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Chapter 5. Concluding Remarks 

5.1. Summary of Contributions  

The computational approach for the assembly of the block copolymers in thin films 

condition is presented in this thesis. By using molecular dynamics, the relaxed 

structures (usually a lamellar structure) of the system are obtained with the dynamic 

trajectory. The behavior of the relaxed structure is explained by the qualitative 

polymer physics theory, where the contribution to free energy is mainly discussed. 

Additionally, the post-processing methods of the MD results let the analysis of the 

system quantitative. 

Chapter 3 provided the explanation of the location of nanoparticles in the rod-coil 

polymer matrix by dissipative particle dynamics (DPD) with the soft confined film 

condition. The particle density distribution is calculated and the distributions of 

nanoparticles are explained with the factors that contribute to the free energy. Mainly, 

there are three factors to diversify the distribution of the nanoparticles: the size of 

the nanoparticle, relative affinity of nanoparticles to compositions, and the polymer 

type (rod or coil). The size of nanoparticles affects the translational entropy of 

nanoparticles and polymer stretching energy which determines the nanoparticle 

distribution in the polymer matrix. The relative affinity of nanoparticles against rods 

or coils moves nanoparticles to the friendly side. As rods form a liquid crystalline 

structure, the agglomerated liquid crystalline part prevents nanoparticles from the 

penetration in the rod region. From these results, the study of the positions of 

nanoparticles in the polymer matrix is developed. Additionally, film-forming soft 
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confinement is suggested in Chapter 3. In the early studies, most of the confinements 

were simulated by the force added wall or lattice particle walls. Although the 

previous confinements can successfully manipulate the fixed interface like solidated 

polymer brush or shearing templates, they have limitations to simulate the soft 

interface like liquid-liquid interface. The force added wall behaves like a system 

under pressure, which is flattening the system interface and ignoring the interaction 

between film and environment. Lattice particle walls have a specific patterned force 

filed due to patterned lattice. The patterned force guides the film particles to biased 

conformation which has a probability to affect the phase behavior. Therefore, the 

previous confinements are not appropriate for observing the fluctuation near the soft 

interface. Unlike the previous case, soft confinement simulation is able to mimic the 

interaction between film and surrounding soft substances. Moreover, although soft 

confinement particles are neutral to the film components in this study, confinement 

particles are built to be available to get one-sided friendly potential energy. Hence, 

the soft confinement is desirable to simulate various interfaces of the thin film rather 

than previous confinements. 

In chapter 4, the shear induced arrangement of the ABA triblock copolymers are 

described by non-equilibrium molecular dynamics simulation. Lamellar annealing 

to the shear direction of the system is the main topic of Chapter 4. In order to give 

sufficient and constant shear to the system, fixed lattice wall conditions is employed. 

By setting two processes of the simulation, case studies were developed. From the 

random initial polymer state shear simulation (Process 1 of Chapter 4), the effect of 

the Flory Huggins parameter 𝜒 and the magnitude of the wall velocity is developed. 



 

 70 

The competition between the early phase separation originated from Flory-Huggins 

parameter 𝜒 and the fluctuation originated from the wall velocity 𝑣! determines 

the shear direction arrangement of the system. Also, from the transverse shear 

simulation (Process 2 of Chapter 4), the endurance behavior of the pre-arranged 

lamellar system is observed and the tilted lamellar structure is affirmed in the high 

𝜒 and low wall velocity conditions. The potential energy of the system during the 

transverse shear simulation instructed that the energy barrier to rearrangement exists 

and the critical value of the wall velocity for rearrangement of lamellar structure is 

achieved. Additionally, the differences between triblock and diblock copolymer are 

described. Compared to diblock copolymer, triblock copolymer shows small lattice 

spacing 𝐿9 due to the constrained structure of the middle part of blocks. As a result, 

the triblock copolymer requires higher 𝜒 to observe behavior similar to the diblock 

copolymer. In addition, order-disorder transition (ODT) is defined by the change of 

the collective variable Ψ during the transverse shear simulation. 

Combining the above studies, the range of MD studies for the block copolymers is 

expanded. Whether self-assembly or force assembly, research has been conducted 

with a system under harsh conditions that have not been studied. Also, new boundary 

conditions for the film interface are introduced, which is different from the existing 

methods. The simulation range of the simulation method for the thin film is expanded 

and a suitable surface simulation is presented according to the conditions of the 

system.  
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5.2. Future Work 

In this thesis, all studies are based on coarse-grained molecular dynamics (CGMD), 

and the research development is mainly conducted using a toy model. Therefore, the 

behavior of the block copolymer melts in the mesoscale could be predicted, but a 

direct comparison with the experimental data has limitations. For more systematic 

research, all atom molecular dynamics (AAMD) can be considered due to its high 

precision. However, current computer resources are limited in the AAMD model for 

polymer melts. To solve problems, methodologies that bridge the result of AAMD 

and CGMD more accurately are studied recently. One of the goals of future work is 

to accurately map the parameter of CGMD with the results of AAMD and apply it to 

the polymer melts. 

Moreover, quantitative post-processing of polymers has not yet been developed in 

MD. Proposing a new post-processing for the polymer MD is the second future goal 

of this thesis. 
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Abstract in Korean (국문초록) 

얇은 막 내 용융 블록공중합체의 자기 조립 및 

강제 조립 현상의 대단위화 분자동역학 모사 

 

남정용(Chongyong Nam) 

화학생물공학부 

서울대학교 대학원 

 

이 박사학위논문에서는, 얇은 막 조건에 있는 용융 블록공중합체에 대

해 조립된 구조들이 전산 모사 방식의 접근을 통해 서술되었다. 분자동

역학이 블록공중합체 시스템에 대한 전산 모사 방법으로 사용되었다. 일

반적으로 고분자의 용융 상태에서 일어나는 현상들이 메소스케일에 기반

하므로 조립 구조의 손실을 야기하지 않으면서 한정된 계산 자원을 활용

하기 위해 대단위화 방법이 분자동역학에 적용되었다. 

조립 과정에는 자기 조립 및 강제 조립이 이 논문의 연구에서 둘 다 고

려되었다. 먼저, 부드러운 얇은 막 내 고분자(라드-코일)-나노입자 시스

템 시뮬레이션이 자기 조립 과정을 활용하여 진행되었다. 분자동역학 내 
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힘을 계산하기 위해, 소산 입자 역학이 사용되었는데, 고분자(라드-코

일)-나노입자 시스템의 완화 시간이 길고 결점이 있는 구조가 생길 가능

성이 있어서 이를 해결하기 위해 활용되었다. 전산 모사 내 구성 요소들

은 소산 입자 역학을 활용한 입자들로 구성되었다. 라드-코일 이중 블록

공중합체를 만들기 위해 사슬 형태의 소산 역학 입자와 조화 결합 그리

고 조화 결합각을 활용하였다. 나노입자를 만들기 위해서는 면십입방체 

구조가 활용되었다. 구성요소 중 마지막인 부드러운 경계 조건의 입자들

은 고분자-나노입자들과 강한 반발력을 가지는 소산 입자 역학의 단입

자들로 이루어졌다. 앞서 언급한 시스템 구성을 통해, 소산 입자 역학 

유체의 부드러운 경계조건을 새로이 제시할 수 있었고 분자동역학 전산 

모사 도중에 얇은 막 경계에서의 변동을 확인할 수 있었다. 전산 모사 

결과를 활용해, 나노입자의 위치가 스멕틱 층상 라드-코일 고분자 기반

에서 어디에 위치하는지 분석할 수 있었다. 또한, 나노입자의 크기와 소

산 입자 역학의 최대 반발력 매개변수의 변화에 따라 라드, 코일, 나노

입자 각각의 위치 밀도 분포가 어떻게 변하는지 알 수 있었다. 나노입자

의 분포는 병진 엔트로피와 고분자 사슬의 신축을 통한 자유 에너지의 

변화, 나노입자의 라드 코일 각각에 대한 상호 작용 에너지, 그리고 라

드의 액정 구조 형성에 의한 효과로 설명되었다. 

강제 조립 연구를 위해 강제 조립 방법에는 전단 힘이 사용되었다. 대

상이 되는 시스템은 삼중 블록공중합체가 선택되었다. 전단에 의한 효과

를 보기 위해서는, 전단 면에서부터의 에너지 전달이 필요한데, 이를 위
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해 레나드-존스 퍼텐셜 에너지와 유사한 모양의 쌍 에너지를 사용했고 

랑주뱅 동역학 안에서 분자동역학 계산을 진행했다. 전산 모사의 결과로 

전단 속도의 크기에 따라 시스템이 전단 방향으로 층상 구조를 형성하는

지 여부를 알 수 있었고, 그 기준에 대해서 논의할 수 있었다. 또한, 플

로리-허긴스 매개변수의 변화에 따라 전단 방향으로 층상 구조가 만들

어지는지 확인할 수 있었다. 높은 플로리-허긴스 매개변수 조건에서는 

전단 방향으로 층상 구조를 만들기 위해서 에너지 장벽을 극복해야 해서 

높은 전단 속도가 필요했다. 추가로, 사전에 정렬된 층상 구조를 가지는 

용융 삼중 블록공중합체 시스템의 횡단 방향에 전단 응력을 가하는 전산 

모사를 진행했다. 낮은 전단 속도에서는 층상 구조가 전단 속도를 견뎌 

기울어진 기존 방향 층상 구조를 유지했다. 반대로, 높은 전단 속도 조

건에서는 전단 속도를 이기지 못하고 기울어진 층상 구조가 파괴되어 횡

단 전단 방향으로 층상 구조의 재배열이 일어났다. 삼중 블록공중합체와 

비교할 시스템을 얻기 위해 비교군으로 이중 블록공중합체에 대해서도 

전산 모사가 진행되었다. 추가적으로, 질서구조-무질서구조 전이 지점이 

용융 삼중 블록공중합체 전단 전산 모사를 통해 집합 변수를 활용하여 

분석이 진행되었다. 

주요어 : 대단위화 분자동역학, 블록공중합체, 전단 속도, 부드러운 경계

조건, 층상 구조 

학번 : 2017-24209  
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