
Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Definition and Application of Hydrogel . . . . . . . . . . . . . . 1
1.2 Historical Development of Modelling Hydrogel . . . . . . . . . . 3

1.2.1 Steady-State Modelling for Equilibrium of Smart
Hydrogels . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.2 Transient Modelling for Kinetics of Smart Hydrogels . . . 29
1.2.3 A Theoretical Formalism for Diffusion Coupled

with Large Deformation of Hydrogel . . . . . . . . . . . . 43
1.2.4 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

1.3 About This Monograph . . . . . . . . . . . . . . . . . . . . . . . 45
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2 Multi-Effect-Coupling pH-Stimulus (MECpH) Model for
pH-Sensitive Hydrogel . . . . . . . . . . . . . . . . . . . . . . . . . . 57
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
2.2 Development of the MECpH Model . . . . . . . . . . . . . . . . 57

2.2.1 Electrochemical Formulation . . . . . . . . . . . . . . . . 58
2.2.2 Mechanical Formulation . . . . . . . . . . . . . . . . . . 67

2.3 Computational Domain, Boundary Condition
and Numerical Implementation . . . . . . . . . . . . . . . . . . . 72

2.4 Model Validation with Experiment . . . . . . . . . . . . . . . . . 76
2.5 Parameter Studies by Steady-State Simulation

for Equilibrium of Hydrogel . . . . . . . . . . . . . . . . . . . . 78
2.5.1 Influence of Initially Fixed Charge Density of Hydrogel . . 81
2.5.2 Influence of Young’s Modulus of Hydrogel . . . . . . . . . 85
2.5.3 Influence of Initial Geometry of Hydrogel . . . . . . . . . 91
2.5.4 Influence of Ionic Strength of Bath Solution . . . . . . . . 95
2.5.5 Influence of Multivalent Ionic Composition

of Bath Solution . . . . . . . . . . . . . . . . . . . . . . . 102
2.6 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

xv



xvi Contents

3 Multi-Effect-Coupling Electric-Stimulus
(MECe) Model for Electric-Sensitive Hydrogel . . . . . . . . . . . . 115
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
3.2 Development of the MECe Model . . . . . . . . . . . . . . . . . 115

3.2.1 Formulation of the MECe Governing Equations . . . . . . 116
3.2.2 Boundary and Initial Conditions . . . . . . . . . . . . . . 126

3.3 Steady-State Simulation for Equilibrium of Hydrogel . . . . . . . 127
3.3.1 Numerical Implementation . . . . . . . . . . . . . . . . . 127
3.3.2 Model Validation with Experiment . . . . . . . . . . . . . 131
3.3.3 Parameter Studies . . . . . . . . . . . . . . . . . . . . . . 132

3.4 Transient Simulation for Kinetics of Hydrogel . . . . . . . . . . . 147
3.4.1 Numerical Implementation . . . . . . . . . . . . . . . . . 147
3.4.2 Model Validation with Experiment . . . . . . . . . . . . . 150
3.4.3 Parameter Studies . . . . . . . . . . . . . . . . . . . . . . 151

3.5 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

4 Multi-Effect-Coupling pH-Electric-Stimuli (MECpHe)
Model for Smart Hydrogel Responsive to pH-Electric
Coupled Stimuli . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
4.2 Development of the MECpHe Model . . . . . . . . . . . . . . . . 174
4.3 Numerical Implementation . . . . . . . . . . . . . . . . . . . . . 180
4.4 Model Validation with Experiment . . . . . . . . . . . . . . . . . 182
4.5 Parameter Studies by Steady-State Simulation

for Equilibrium of Hydrogel . . . . . . . . . . . . . . . . . . . . 184
4.5.1 Influence of Solution pH Coupled with External

Electric Voltage . . . . . . . . . . . . . . . . . . . . . . . 184
4.5.2 Influence of Initially Fixed Charge Density of Hydrogel . . 191
4.5.3 Influence of Ionic Strength . . . . . . . . . . . . . . . . . 199
4.5.4 Influence of Ionic Valence . . . . . . . . . . . . . . . . . 209

4.6 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 217

5 Multi-Effect-Coupling Thermal-Stimulus (MECtherm)
Model for Temperature-Sensitive Hydrogel . . . . . . . . . . . . . . 219
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
5.2 Development of the MECtherm Model . . . . . . . . . . . . . . . 220

5.2.1 Free Energy . . . . . . . . . . . . . . . . . . . . . . . . . 220
5.2.2 Poisson–Nernst–Planck Formulation . . . . . . . . . . . . 223

5.3 Numerical Implementation . . . . . . . . . . . . . . . . . . . . . 223
5.4 Model Validation with Experiment . . . . . . . . . . . . . . . . . 228
5.5 Parameter Studies by Steady-State Simulation

for Thermo-Sensitive Ionized Hydrogel . . . . . . . . . . . . . . 229
5.5.1 Influence of Initially Fixed Charge Density . . . . . . . . . 230
5.5.2 Influence of Bath Solution Concentration . . . . . . . . . . 233



Contents xvii

5.5.3 Influence of Effective Crosslink Density . . . . . . . . . . 237
5.5.4 Influence of Initial Volume Fraction of Polymeric Network 240

5.6 Transient Modelling of Temperature-Sensitive
Neutral Hydrogel . . . . . . . . . . . . . . . . . . . . . . . . . . 243
5.6.1 Model Formulation in Eulerian Frame . . . . . . . . . . . 246
5.6.2 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
5.6.3 Model Formulation in Lagrangian Frame

and Boundary and Initial Conditions . . . . . . . . . . . . 268
5.6.4 Numerical Implementation . . . . . . . . . . . . . . . . . 270
5.6.5 Simulations and Discussions . . . . . . . . . . . . . . . . 272

5.7 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 286
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 288

6 Novel Models for Smart Hydrogel
Responsive to Other Stimuli: Glucose Concentration
and Ionic Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295
6.2 Multi-Effect-Coupling Glucose-Stimulus (MECglu)

Model for Glucose-Sensitive Hydrogel . . . . . . . . . . . . . . . 296
6.2.1 Development of the MECglu Model . . . . . . . . . . . . 298
6.2.2 Model Validation with Experiment . . . . . . . . . . . . . 306

6.3 Multi-Effect-Coupling Ionic-Strength-Stimulus (MECis)
Model for Ionic Strength-Sensitive Hydrogel . . . . . . . . . . . . 310
6.3.1 Development of the MECis Model . . . . . . . . . . . . . 312

6.4 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 328
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 329

7 Simulation of Controlled Drug Release
from Non-Swellable Micro-Hydrogel Particle . . . . . . . . . . . . . 335
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 335
7.2 Formulation of Model . . . . . . . . . . . . . . . . . . . . . . . . 335
7.3 Numerical Implementation . . . . . . . . . . . . . . . . . . . . . 338
7.4 Comparison with Experiment . . . . . . . . . . . . . . . . . . . . 339
7.5 Parameter Studies by Transient Simulation . . . . . . . . . . . . . 341

7.5.1 Identification of Physical Parameters . . . . . . . . . . . . 341
7.5.2 Influence of Mean Radius of Micro-Hydrogel Particle . . . 344
7.5.3 Influence of Equivalent Drug Saturation Concentration . . 344
7.5.4 Influence of the First-Order Drug Dissolution Rate . . . . 344
7.5.5 Influence of Drug Diffusion Coefficient . . . . . . . . . . 345

7.6 Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 345
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 345

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 347

Acknowledgements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 349

Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351





http://www.springer.com/978-3-642-02367-5




