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I. Introduction  
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• Quasi-continuum method 

• Bridging scale method 

Multiscale Methods 

I. Is Multiscale simulation is a science  ? or  it is an ad hoc 

numerical method aiming at saving computational cost. 

MD 

DDD 

Crystal Plasticity 

Continuum mechanics & 

Mechanics of materials 

DFT 



One day we shall have the Quantum Computer …. 

NO ! 

 2. Can we use Molecular Dynamics to design an airplane engine ? 

Stress-strain  

based Design 

Why ? 



How to link microscale MD to macroscale Thermodynamics (mechanics)? 

The NPT ensemble MD 



Parrinello-Rahman Molecular Dynamics 









PR-MD can simulate the Cubic-to-Tetragonal  Structure Phase Transition 

FCT BCT 







The Differential Manifold Interpretation of  

From Atomistic-to-Continuum MD 



Scaled atomic coordinate Si 

Cell shape Fa 

Cell center ra 

1. Fine scale atomistic dynamics 

2. Mesoscale micromorphic dynamics 

3. Macroscale particle dynamics 

MMMD couples three scales 

Representative unit cell 

Periodic boundary condition  
Individual cell has different deformation 

Non-periodic, Nonequilibrium 

P-R MD MMMD 

Supercell 

Multiscale Micromorphic Molecular Dynamics (MMMD) 





1. The state based peridynamics equations 



1. The state based peridynamics equations 









Take into account macroscale B.C. 



This derivation is both brilliant and splendid  ! 



The derivation is non-trivial: 

It is the journey not the destination that matters. 



MMMD Computational Algorithm 



Ni FCC to HCP transition by compression 

3 x 3 x 3 = 27 cells 

108 atoms in each cell 

2916 atoms in total. 

Displacement B.C. 

to cell center  

Morse potential 

350 K constant  

Nose-Hoover thermostat 

III. Validation and Numerical Examples 





Displacement 

B.C. 



Traction B.C. 





1. The state based peridynamics equations 
Stress Distribution 



1. The state based peridynamics equations 

Example 2. Phase Transformation of Nano-rod 





Example 3. Phase Transformation of Iron 



Prescribed displacement boundary condition 



Prescribed displacement boundary condition 





IV.  Application: Coupling MD with Peridynamics 



State-based Peridynamics 

Let  t(⋅, ⋅) denote a vector-valued function such that  

L(x,t)  



Example: An one-dimensional wave propagation 







Example 4: A two-dimensional wave propagation 





Example: A two-dimensional crack propagation 



Example: A two-dimensional crack propagation 



Spherical Indenter Vicker’s Indenter 

 B.C. of indenter can be applied to cell centers. 

 Local pressure in each cell can be analyzed.  

Coupling MD with FEM: Nanoindentation 



Depth vs. Force 

Spherical Indenter Vicker’s Indenter 



Conclusions 

1.   We have extended the equilibrium ensemble PR-MD 

      to a non-equilibrium atomistic-to-continuum dynamics; 

 

2. We have successfully embedded macroscale boundary  

       conditions into a finite-size microscale molecular dynamics  

       system instead of using periodic boundary condition; 

 

3. Based MMMD, we have developed the multiscale interface  

       element to couple Molecular Dynamics with Peridynamics; 

 

4. MMMD touches some basic fundamental concepts  of  

       continuum mechanics and multiscale simulations. 



Coupling of MMMD-FEM 

MMMD + FEM system 

■ MD cells 

Atomistic 

region divided 

into multi cells 

Macroscale 

discretisation 

by FEM 

□ FEM elements 

○ MD cell centers 
        & FEM nodes 

 To combine MMMD and FEM,  position of cell centers rα                            

are connected to FEM nodes.  

 It avoids “Fully Refined Mesh ”, at the boundary,                                        

because nodes are connected to coarse scale positions but not atoms 



Algorithm 

i. Define intermediate nodes (○)   to 

connect FEM & MD regions.  

 

ii. Force from FEM elements are considered 

as traction force Tk for boundary 

condition of MD cell centers.  

 

 

 

iii. Displacement of MD cell center Dra is 

utilized to estimate deformation gradient 

F of the boundary elements. 

Traction force B.C.  
from FEM to celll center 

Displacement B.C. from 
celll center to FEM node 



Multiscale system 

20.6 

[nm] 

5.4 

[nm] 

7 x 7 x 5 = 245 cells 

64 Silicon atoms in each cell 

15680 atoms in total 

Tersoff Potential for silicon 

 

MD region 

FEM region 

14-14-5 extra elements around MD 
cells 1860 elements in FEM 

method  with cubic crystal unit cell 

Indenter 

Spherical (20nmf)  

& Vicker’s indenters.  

applied as displacement B.C. analytically  



Crystal phase under indenters 

Crystal 
Bond 

[A] 
Coord. 

 No 

● 
Surface/ 

Amorphous 
2.35 <4 

● Si-I 2.35 4 

● bct-5 
2.31 4 

2.44 1 

● Si-III, XII 
2.39 4 

3.2-3.4 1 

● Si-II 
2.42 4 

2.57 2 

Spherical Indenter 

Vicker’s Indenter 

2nm 

4nm 

4nm 2nm 





Computer 

Implementation 

Parallel Computation 
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