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Defects can arise in any material with structural order… 
In crystals…dislocations, grain boundaries, vacancies, interstitials, 
impurities, cracks, steps. They affect… 
       mechanical properties (yield stress, ductility) 
       transport (diffusion) 
      
 
 
 
 
 
 
 
 
 
 
 
Defects are not always something wrong! A gold ring that’s a defect-
free single crystal is too soft to wear. 

Edge dislocation glides  under 
applied stress 

250 m 

Dislocations coalesce to form 
grain boundaries separating 
grains of different orientations 



Defect characterized by 
Burger’s circuit:  
 
“Take a walk around the defect” 
 
Burger’s vector 

Defects have “topological charge” 

Dislocations are point defects in 2-d, line defects in 3-d 

 

Dislocations can pair-annihilate if the sum of their Burgers 

vectors is zero 

 



Crystal   Smectic C     Smectic A    Nematic   Isotropic 

Liquid crystal phases of rod-like molecules 

COLD …                                                         … HOT 

 



Defects in matter with orientational order… 
 
Nematic liquid crystal 
 
Disclination 
 
 
 
Smectic-C (one layer, arrows indicate tilt direction) 



 
 
Nematic liquid crystal 
 
Disclination 
 
 
 
Smectic-C (one layer, arrows indicate tilt direction) 

+1/2  -1/2 

+1  -1  

Topological charge of point defects in 2-d: 

    …another kind of circuit 



Defects in a liquid crystal can be observed 

by viewing through crossed polarizers… 

Simulation of defect 
texture in  
Smectic A to 
Smectic C transition 
 
 
Four dark brushes 
defect of charge +/-1 
 
If rotate sample 
relative to 
polarizers, defects of 
opposite charge 
show brush rotation 
in opposite 
directions 



Statistical physics models can be used to study point defects  

     ….show cool phase transitions with temperature in 2-D 
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Each vector si can rotate in the x-y  plane 
“Arrow with one head” 
 
Kosterlitz-Thouless phase transition 
 
High T phase has lots of unbound +1/-1  defect pairs 

Each vector ni can rotate in the x-y  plane 
“Arrow with no head” 
 
High T phase has lots of unbound + ½ / -½  defect pairs 
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Put an XY model on a sphere and anneal from a disordered state… 

Initially many +/- defects form 
 
…and gradually pair-annihilate 



XY  model on a rigid sphere – Monte Carlo simulation 

Mesh created using 

Random Sequential 

Absorption 

Defects form, 

pair-annihilate 
Two defects remain 

 Gauss-Bonnet 

theorem 



Gauss-Bonnet Theorem: 
 
No way to comb hair on a coconut 
without at least two topological 
defects 
 
Both are +1 



XY Model on Torus:  

    +1 defects  migrate to outer  surface 

    -1 defects  migrate to inner surface 

Robin L. Blumberg Selinger, Andrew Konya, Alex Travesset, and Jonathan V. 
Selinger, "Monte Carlo studies of the XY model on two dimensional curved 
surfaces,"J. Phys. Chem B. 115 (48), 13989-13993 (2011).  



Shows that surface curvature acts as an 

external potential for topological defects  

Robin L. Blumberg Selinger, Andrew Konya, Alex Travesset, and Jonathan V. 
Selinger, "Monte Carlo studies of the XY model on two dimensional curved 
surfaces,"J. Phys. Chem B. 115 (48), 13989-13993 (2011).  



DPPC Lipid bilayer membranes have phases that look 

something like the Smectic A and C phases 

Untilted Lα 

liquid crystal 

phase 

 

Higher T 

Tilted Lβ’ gel phase 

 

 

 

Lower T  



Experiment by Linda Hirst : Phase transition in a Giant 

Unilamellar Vesicle (GUV) of DPPC in Water 

Untilted liquid crystal  

phase 

Tilted gel phase 



Why is the vesicle shape so complex and disordered? 

 

Possible answer: topological defects in the tilt direction can 

form 

 

 

 

 

 

 

 

Need net charge of +2 on a sphere 

 

Defects could lead to non-spherical shapes... 

 

+1               -1 



Tilt direction  

…like XY spin  

On flexible vesicle… 

 

If defect motion is FAST relative to  

   membrane deformation, 

    quick pair annihilation 

    Only 2 defects remain 

    Simple prolate shape 

 

 

 

XY model on rigid sphere 

Jiang, Huber, Pelcovits and 

Powers, Phys. Rev. E 76, 

031908 (2007)  

If defect motion is SLOW relative to    

    membrane deformation,  

     Extra defect pairs can be trapped 

     Complex shape evolution  ?   



How to model such systems allowing free evolution of shape? 

 

Molecular simulation too cpu intensive (many orders of magnitude) 

J.S. Hub, T. Salditt, M.C. Rheinstädter, 

and B.L. de Groot, Biophys J 93, 3156-

3168 (2007)  

MD can only model small flat patch of membrane, even using 

a simplified molecular model 

 

To model whole vesicle, study shape evolution, 

   need coarse-grained model NOT at molecular scale 



Coarse grain membrane model  

Repulsion Attraction Orientation 

Developed by Ju Li and coworkers 

H Yuan et al., Phys. Rev. E 82, 011905 (2010) 

• Each particle represents a “patch” of membrane 

• Self-assemble to form single layer 

• Solvent is implicit 

To model orientational order, we add  

extra vector degree of freedom ci 

     



Coarse-grained model 

C = XY spin 

 

U(i,j)= 

n c 



Tilted membrane model 

8-4 potential 

(Lennard-Jones 

crystallizes too 

easily in 2-d) 



Set spin direction as random and quench 
 
Forms topological defects 

• Mimics transition from LC to gel phase 



Simulation results 
If defect motion is fast compared 

to deformation, two +1 defects 

remain 

... vesicle becomes prolate. 

Jiang, Huber, Pelcovits and 

Powers, Phys. Rev. E 76, 

031908 (2007)  



Can more defects pairs be trapped? 

 

What shapes would arise? 

 

Run larger system to find out: 

 

100K particles 

 Start with spherical vesicle 

Spin orientations initially random 

Quench to low Temperature 



Visualization 
+x hemisphere -x hemisphere 

Defects 

Light intensity as 

if visualized via  

fluorescence 

microscopy with 

polarized light 

 

Only one 

polarizer--- 

Defect=2 brushes 

Distance 

Tilt orientation 

Color indicates 

distance from 

center 



Vesicle With XY Order 



Results 

• Competition: defect mobility vs deformation 

 

• 10 defects trapped (+6,  - 4) 

 

     … System is metastable 

 

• Protrusions around +1 defects 

 

•   ...traps +1 defects, repels -1 defects, inhibits 
pair annihilation 

 

• Leads to non-spherical shape 

 

• More trapped defects would create more 
disorder 

 

• Simulation not large enough to see really 
complex shapes, but we demonstrated the 
mechanism of defect trapping 



Shape and defect configuration for a simulated vesicle with low translational viscosity and 

high rotational viscosity.  

Hirst L S et al. PNAS 2013;110:3242-3247 

©2013 by National Academy of Sciences 





 Modeling Actuation and Auto-Origami  

in Blueprinted Nematic Glass  

Polymer Networks  

Robin Selinger  

Jonathan Selinger 

Andrew Konya  

Vianney Gimenez-Pinto 

 
LIQUID CRYSTAL INSTITUTE 



Nematic elastomer: shrinks and 

elongates 

when heated and cooled 

Image courtesy of 

B. Ratna and J. Naciri 

Naval Research 

Laboratory 



Movies by E. M. Terentjev 

Cavendish Laboratory  

More shape changes under heating and cooling: 

“artificial muscles” 

http://www.cam.ac.uk/


Polymer Liquid Crystal Phases 

Side chain 

Nematic  

Isotropic  



Main chain 

Polymer Liquid Crystal Phases 

Nematic  

 Hair-pin defects 

LC Gels 



Programmable materials 

Stimuli responsive materials Complex shape change 
under external stimulus 

How to engineer materials to change shape in 
complex ways? 

Assemble different materials  
with different response 

One solution: 



Programmable materials 

Programmable solids via engineered microstructure 

Non-uniform director field 
in liquid crystal elastomers 

 
“Blueprinted” 

Change temperature… Director-patterned LCE's or 
polymer glass can be engineered 
to produce complex actuation as 
a function of 
 
- Temperature 
- Illumination 
-   Chemical environment 



Non-uniform director field 

Film cross-linked between  patterned substrates 
Can impose defects but they cannot diffuse around or annihilate 
Blueprinted director can vary along… 

One direction:  
n varies along the z axis only  
e.g. Twisted Nematic Elastomers (TNE) 
K. Urayama’s group 
Uniform planar anchoring on each substrate, offset 90o  
Twist direction set via chiral dopant 

Two directions:  
n varies in the xy plane of sample; uniform along z 
M. Warner, D. Broer, T. White 
 Substrates with matched planar anchoring patterns 

Three directions:   
n varies on both xy plane and z axis 
Eg. TNE double coil, Accordion and Chessboard  
D. Broer’s group 
Substrates with coordinated patterns+chiral dopant 



Free energy of each element is a function of: 
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Nonlinear Strain: 

3-d sample is discretized in a 
tetrahedral mesh 

Finite Element Elastodynamics Simulation (FEM) 
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Free energy density: 

Shear  
modulus 
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ijij QTSQ  Changes in S mimic Temperature change 
… induce shape deformation 

Couples strain and  
nematic order 

Related to bulk modulus 
(resists change in volume) 
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Finite Element Elastodynamics Simulation (FEM) 

Elastodynamics: Mesh nodes move via  f = ma 

Dissipation is added so sample relaxes to equilibrium shape 
 
Home-made code implemented in CUDA for GPU-enabled computer 



LCE films with 2-d director field 



Thin Sample with Blueprinted Azimuthal Director 

C. D. Modes et al,  PRE 2010 Modes and Warner predicted: 
 
T > Tflat (high T range)     Cone 

T < Tflat (low T range)  Anti-cone 

Azimuthal +1  
blueprinted director field: 

 
 

FEM - Nematic order S decreases FEM - Nematic order S increases 

Aspect ratio: 500-500-10 



Thin Membrane – Radial and Azimuthal Director 

When  ΔS < 0.3  No distortion 



+1 defect, heating  scalar order parameter drops 



De Haan, et al.  

Angewandte Chemie  2012 

 McConney et al 
Advanced Materials, in press 

Compare with experiments…. 



-2 defect, heating   
scalar order parameter drops 

McConney et al 
Advanced Materials 
2013  







Auto-origami: one corner 
 
Director pattern proposed by Modes & Warner 



Auto-origami: two corners 
 
Director pattern proposed by Modes & Warner 
 
(Corners cut out) 



Auto-origami: whole cube 
 
Director pattern proposed by Modes & Warner 



Controllable Apertures 

Angular Deficits in Flat Space: Remotely 
Controllable Apertures in Nematic Solid Sheets 

C.D. Modes, M. Warner, C. Sanchez-Somolinos, L.T. de 

Haan, D. Broer  

Proc. R. Soc. A, 2012  

cold hot 

FEM simulation 

Our new design: 
Blueprinted chiral iris 

FEM simulation: Grooves accommodate 
azimuthal strain; color shows strain energy 



3-d director fields 



More complex microstructures: Accordion actuator 

Thin sample with chessboard-like domains 
 
 
 
 
 
Each domain has a different TN director configuration 

Top view 

Side view 

What does happen when T increases? 

Director field: 

Experiments by Laurens de Haan, 
Albert Schenning, Dick Broer  

and coworkers 



Accordion actuator: Teardrop folds 

When stripe width/thickness is large enough (sw/t ≥ 200) 
Sample forms “Teardrop” folds 

FEM simulations 
Published with experiments  

De Haan et al. 
Advanced Functional Matls  2013 

For small aspect ratio, zig-zag shape 



Checkerboard actuator 

Each square domain bends, upward 
or downward depending on director 

twist 

Creates “egg-crate”  
bumps and depressions 

FEM simulations 

Overall dome shape in both 
experiments and simulations 

a b 

Collaboration with A. Schenning 
De Haan et al., Advanced Functional 

Matls (in press) 



Conclusions 
 
Interactions between defects and curvature lead to three effects: 
 
1. On a rigid substrate, + defects migrate to regions of + Gaussian curvature 
                                           - defects migrate to regions of – Gaussian curvature 
                                        
 
2. On a blueprinted nematic polymer where defects can’t diffuse or annihilate,  
+ defects induce increase in Gaussian curvature 
- Defects induce decrease in Gaussian curvature 
 
… Auto-origami!!! Trajectory encoded in the blueprinted director field 

 
3. On a flexible membrane with tilt order … 
     Kinetic competition between defect annihilation and shape change  
     Defect interactions screened 
     Disordered metastable states as defect interactions are screened. 
 
 



Engineering design of complex actuators requires accurate modeling tools 

 

Topological defect                       Twisted ribbons; Accordion; chessboard 

 

 

      

    

Apertures                                        Auto-origami 

 

 

 

 

Conclusions 

Solved: the “forward problem” 

    …Determine shape transformation driven by a prescribed director microstructure 

 

Next theoretical challenge:  the “inverse problem” 

     …Design a microstructure that drives a target shape transformation 
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Recent interest in dynamics and pattern-formation of 
self-propelled elongated particles   active nematics 
 
Simulation models typically assume highly simplified 
rules of locomotion: 
 
• Vicsek model: Particles have fixed speed, rotate to 
align nearly parallel to neighbors 
 

• Reichhardt model: Particle selects random direction, 
moves for a ŬȄŜŘ time before changing orientation  
 
• [ŀǘǘƛŎŜ ƳƻŘŜƭ όǎŜŜ ǘƘƛǎ ǿŜŜƪΩǎ tw[ ōȅ Peruani et al) 
 

Consider:     CATERPILLARS   

 
Will a more realistic model of crawling caterpillars 
show the same universal features as simplified 
models? 
 
-  Spontaneous segregation into ordered bands 
-  Rectification via asymmetric barriers 
-  Enhanced nematic ordering  

https://exchange.kent.edu/owa/redir.aspx?C=f884c797441943dfb2f6bb1a6d7d0fd2&URL=http://publish.aps.org/search/field/author/Peruani_Fernando


Model caterpillar:   
 
• 9 overlapping  spheres  
• Connected by center-to-center springs  
   that lengthen and contract 
         spring equilibrium length   Lo=Lmax sin(wt) 
• Extra springs penalize bending 
• Head and tail can grip substrate 
        to enable locomotion 
 
 



Simon et al., Visceral-Locomotor 
Pistoning in Crawling Caterpillars, 
Current Biology (2010) 

Model caterpillar crawl 

Head grips, 
springs contract 
 
Χǘŀƛƭǎ Ǉǳƭƭǎ  
    forward 
 
Head releases 
 
 
Tail grips, springs 
expand 
 
ΧƘŜŀŘ ǇǳǎƘŜǎ  
    forward 
 
  Tail releases, 
stroke complete 



Collisions: spheres are soft, repulsive 

Lennard-Jones Potential Weeks-Chandler-Anderson Potential 

Short range repulsion model van der Walls interaction model 



Lƴ ŀ ŎƻƭƭŜŎǘƛƻƴ ƻŦ ŎŀǘŜǊǇƛƭƭŀǊǎΧ 
 
Distribution of crawling speeds 
 
CǊŜǉǳŜƴŎȅ ŀƴŘ ǇƘŀǎŜ ƻŦ ŜŀŎƘ ŎŀǘŜǊǇƛƭƭŀǊΩǎ ŎǊŀǿƭƛƴƎ 
stroke is drawn from a random distribution and re-
randomized periodically  
 
 Random forces are added 
 
Random forces addedτso individual particles gradually 
change direction on their own even without a collision  
 
 
 Overdamped motion: 
 
Each sphere moves with velocity proportional to total incident force 
 
 Model can be polar or apolar  
 
      Polar: particles move in a single direction only 
 
      Apolar: particles switch direction at random intervals 
 



Polar model: band formation 



Apolar model: diffusion, rectification by barrier 



Blue particles to 

left of barrier 

Red particles to 

right of barrier 

nL  p(LR)=nR p(RL)    ... detailed balance 

 

 p(LR)=0.625 +/- 0.05   

 p(RL)=0.375 +/- 0.05 



Figure a - 60 worms (0.15 density) Figure b - 240 worms (0.6 density) 

Apolar model: 
 
Particles reverse directions at random 
   with some persistence time, r 
   also random forces 
 
Nematic order? 



Even more detailed model of caterpillar crawl 



Conclusions 
• Detailed  model of caterpillar locomotion  
   demonstrates universal features previously observed  
   in simplified systems 
 
• These include 
 
   - In polar model: giant density fluctuations/banding 
 
   - In apolar system:   rectification by asymmetric barriers 
                                      nematic order enhanced by activity 
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