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What are MD Simulations?

“It is a bit like performing an experiment … “
Understanding Molecular Simulation, Frenkel and Smit

1. Prepare your sample
2. Select a model (how they interact)
3. Integrate Newton’s equations of motion
4. Measure observable of interest

Evolve
Prepare

Measure



Preparing the Sample

To fully specify your system state you have to define

For each of the N atoms
1. Positions (x, y, z)
2. Velocity (vx, vy, vz)

For connected pairs
- Bonds

For triplets 
- Angles

For quadruplets 
- Dihedrals

Loosely termed “topology”

For each pair
- pair interactions, e.g. excluded 

volume or native contacts



What are MD Simulations?

Steve Plimpton https://lammps.sandia.gov/tutorials/sor13/SoR_01-Overview_of_MD.pdf



Things you can do
Protein models Coluzza Plos One

Smrek et al DNA models

Granular/Hard materials

Min Zhou Cu nanowire

M Klein Science 2008

Self assembly/polymers

Water/Lipids

PEO 
Silica
Particles
In water



Select an Ensemble

Specify the ensemble 

Microcanonical ensemble: Number,  Volume and Energy conserved
Velocity (and hence temperature) can change, total energy is fixed

Canonical ensemble: Number,  Volume and Temperature conserved
Distribution of velocities is preserved globally by a thermostat (see later)

kBT (t) =
NX

i=1

mv2i,↵(t)

Nf
↵ = x, y, z

<latexit sha1_base64="USNnCYjVahggt5kx+FNScaBJIYM="></latexit><latexit sha1_base64="USNnCYjVahggt5kx+FNScaBJIYM="></latexit><latexit sha1_base64="USNnCYjVahggt5kx+FNScaBJIYM="></latexit><latexit sha1_base64="USNnCYjVahggt5kx+FNScaBJIYM="></latexit>

 is the number of degrees of freedomNf
<latexit sha1_base64="vn6M9o8NoZfUwIsSA1i6EobaghY=">AAAB+nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyURTQwkR9jb7CVL9uPY3RPCmZ9gq72d2PpnbP0lbpIrTOKDgcd7M8zMixLOjPX9b6+wsrq2vlHcLG1t7+zulfcPmkalmtAGUVzpVoQN5UzShmWW01aiKRYRp4/R8HriPz5RbZiSD3aU0FDgvmQxI9g66f62G3fLFb/qT4GWSZCTCuSod8s/nZ4iqaDSEo6NaQd+YsMMa8sIp+NSJzU0wWSI+7TtqMSCmjCbnjpGJ07poVhpV9Kiqfp3IsPCmJGIXKfAdmAWvYn4n9dObXwZZkwmqaWSzBbFKUdWocnfqMc0JZaPHMFEM3crIgOsMbEunbktkRiXXCjBYgTLpHlWDfxqcHdeqV3l8RThCI7hFAK4gBrcQB0aQKAPL/AKb96z9+59eJ+z1oKXzxzCHLyvX1QklFE=</latexit><latexit sha1_base64="vn6M9o8NoZfUwIsSA1i6EobaghY=">AAAB+nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyURTQwkR9jb7CVL9uPY3RPCmZ9gq72d2PpnbP0lbpIrTOKDgcd7M8zMixLOjPX9b6+wsrq2vlHcLG1t7+zulfcPmkalmtAGUVzpVoQN5UzShmWW01aiKRYRp4/R8HriPz5RbZiSD3aU0FDgvmQxI9g66f62G3fLFb/qT4GWSZCTCuSod8s/nZ4iqaDSEo6NaQd+YsMMa8sIp+NSJzU0wWSI+7TtqMSCmjCbnjpGJ07poVhpV9Kiqfp3IsPCmJGIXKfAdmAWvYn4n9dObXwZZkwmqaWSzBbFKUdWocnfqMc0JZaPHMFEM3crIgOsMbEunbktkRiXXCjBYgTLpHlWDfxqcHdeqV3l8RThCI7hFAK4gBrcQB0aQKAPL/AKb96z9+59eJ+z1oKXzxzCHLyvX1QklFE=</latexit><latexit sha1_base64="vn6M9o8NoZfUwIsSA1i6EobaghY=">AAAB+nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyURTQwkR9jb7CVL9uPY3RPCmZ9gq72d2PpnbP0lbpIrTOKDgcd7M8zMixLOjPX9b6+wsrq2vlHcLG1t7+zulfcPmkalmtAGUVzpVoQN5UzShmWW01aiKRYRp4/R8HriPz5RbZiSD3aU0FDgvmQxI9g66f62G3fLFb/qT4GWSZCTCuSod8s/nZ4iqaDSEo6NaQd+YsMMa8sIp+NSJzU0wWSI+7TtqMSCmjCbnjpGJ07poVhpV9Kiqfp3IsPCmJGIXKfAdmAWvYn4n9dObXwZZkwmqaWSzBbFKUdWocnfqMc0JZaPHMFEM3crIgOsMbEunbktkRiXXCjBYgTLpHlWDfxqcHdeqV3l8RThCI7hFAK4gBrcQB0aQKAPL/AKb96z9+59eJ+z1oKXzxzCHLyvX1QklFE=</latexit><latexit sha1_base64="vn6M9o8NoZfUwIsSA1i6EobaghY=">AAAB+nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0DJoYyURTQwkR9jb7CVL9uPY3RPCmZ9gq72d2PpnbP0lbpIrTOKDgcd7M8zMixLOjPX9b6+wsrq2vlHcLG1t7+zulfcPmkalmtAGUVzpVoQN5UzShmWW01aiKRYRp4/R8HriPz5RbZiSD3aU0FDgvmQxI9g66f62G3fLFb/qT4GWSZCTCuSod8s/nZ4iqaDSEo6NaQd+YsMMa8sIp+NSJzU0wWSI+7TtqMSCmjCbnjpGJ07poVhpV9Kiqfp3IsPCmJGIXKfAdmAWvYn4n9dObXwZZkwmqaWSzBbFKUdWocnfqMc0JZaPHMFEM3crIgOsMbEunbktkRiXXCjBYgTLpHlWDfxqcHdeqV3l8RThCI7hFAK4gBrcQB0aQKAPL/AKb96z9+59eJ+z1oKXzxzCHLyvX1QklFE=</latexit>

No exchange of heat or energy with environment and happening in vacuum



Units

In molecular dynamics simulations it is typical to use 
“dimensionless” units. These are so-called Lennard-Jones units:

Distance. �/�⇤
<latexit sha1_base64="cFB25AS1sRh181MYEcEYVXzBTdk=">AAACCHicbVDLSgNBEOz1GeMjqx69DAZBPMRdEfQY9OIxgnlAsobZyWwyZGZ2mZkVwpIf8Be86t2bePUvvPolTpI9mMSCpouqbrqpMOFMG8/7dlZW19Y3Ngtbxe2d3b2Su3/Q0HGqCK2TmMeqFWJNOZO0bpjhtJUoikXIaTMc3k785hNVmsXywYwSGgjclyxiBBsrdd1SR7O+wOez9njWdctexZsCLRM/J2XIUeu6P51eTFJBpSEca932vcQEGVaGEU7HxU6qaYLJEPdp21KJBdVBNn18jE6s0kNRrGxJg6bq340MC61HIrSTApuBXvQm4n9eOzXRdZAxmaSGSjI7FKUcmRhNUkA9pigxfGQJJorZXxEZYIWJsVnNXQnFuGhD8RcjWCaNi4rvVfz7y3L1Jo+nAEdwDKfgwxVU4Q5qUAcCKbzAK7w5z8678+F8zkZXnHznEObgfP0CyPKZeA==</latexit><latexit sha1_base64="cFB25AS1sRh181MYEcEYVXzBTdk=">AAACCHicbVDLSgNBEOz1GeMjqx69DAZBPMRdEfQY9OIxgnlAsobZyWwyZGZ2mZkVwpIf8Be86t2bePUvvPolTpI9mMSCpouqbrqpMOFMG8/7dlZW19Y3Ngtbxe2d3b2Su3/Q0HGqCK2TmMeqFWJNOZO0bpjhtJUoikXIaTMc3k785hNVmsXywYwSGgjclyxiBBsrdd1SR7O+wOez9njWdctexZsCLRM/J2XIUeu6P51eTFJBpSEca932vcQEGVaGEU7HxU6qaYLJEPdp21KJBdVBNn18jE6s0kNRrGxJg6bq340MC61HIrSTApuBXvQm4n9eOzXRdZAxmaSGSjI7FKUcmRhNUkA9pigxfGQJJorZXxEZYIWJsVnNXQnFuGhD8RcjWCaNi4rvVfz7y3L1Jo+nAEdwDKfgwxVU4Q5qUAcCKbzAK7w5z8678+F8zkZXnHznEObgfP0CyPKZeA==</latexit><latexit sha1_base64="cFB25AS1sRh181MYEcEYVXzBTdk=">AAACCHicbVDLSgNBEOz1GeMjqx69DAZBPMRdEfQY9OIxgnlAsobZyWwyZGZ2mZkVwpIf8Be86t2bePUvvPolTpI9mMSCpouqbrqpMOFMG8/7dlZW19Y3Ngtbxe2d3b2Su3/Q0HGqCK2TmMeqFWJNOZO0bpjhtJUoikXIaTMc3k785hNVmsXywYwSGgjclyxiBBsrdd1SR7O+wOez9njWdctexZsCLRM/J2XIUeu6P51eTFJBpSEca932vcQEGVaGEU7HxU6qaYLJEPdp21KJBdVBNn18jE6s0kNRrGxJg6bq340MC61HIrSTApuBXvQm4n9eOzXRdZAxmaSGSjI7FKUcmRhNUkA9pigxfGQJJorZXxEZYIWJsVnNXQnFuGhD8RcjWCaNi4rvVfz7y3L1Jo+nAEdwDKfgwxVU4Q5qUAcCKbzAK7w5z8678+F8zkZXnHznEObgfP0CyPKZeA==</latexit><latexit sha1_base64="cFB25AS1sRh181MYEcEYVXzBTdk=">AAACCHicbVDLSgNBEOz1GeMjqx69DAZBPMRdEfQY9OIxgnlAsobZyWwyZGZ2mZkVwpIf8Be86t2bePUvvPolTpI9mMSCpouqbrqpMOFMG8/7dlZW19Y3Ngtbxe2d3b2Su3/Q0HGqCK2TmMeqFWJNOZO0bpjhtJUoikXIaTMc3k785hNVmsXywYwSGgjclyxiBBsrdd1SR7O+wOez9njWdctexZsCLRM/J2XIUeu6P51eTFJBpSEca932vcQEGVaGEU7HxU6qaYLJEPdp21KJBdVBNn18jE6s0kNRrGxJg6bq340MC61HIrSTApuBXvQm4n9eOzXRdZAxmaSGSjI7FKUcmRhNUkA9pigxfGQJJorZXxEZYIWJsVnNXQnFuGhD8RcjWCaNi4rvVfz7y3L1Jo+nAEdwDKfgwxVU4Q5qUAcCKbzAK7w5z8678+F8zkZXnHznEObgfP0CyPKZeA==</latexit>

Energy. ✏/kBT
<latexit sha1_base64="a/SXc/HGWbKnqLuK3mKdZVS2bUI=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GwirsiaBliYxkhDyFZwuxkkgyZxzozK4Qlrb9gq72d2Poftn6Jk2QLk3jgwuGcezmXE8WcGev7315ubX1jcyu/XdjZ3ds/KB4eNY1KNKENorjSDxE2lDNJG5ZZTh9iTbGIOG1Fo9up33qi2jAl63Yc01DggWR9RrB1UtihsWFcyYtRt1rvFkt+2Z8BrZIgIyXIUOsWfzo9RRJBpSUcG9MO/NiGKdaWEU4nhU5iaIzJCA9o21GJBTVhOnt6gs6c0kN9pd1Ii2bq34sUC2PGInKbAtuhWfam4n9eO7H9mzBlMk4slWQe1E84sgpNG0A9pimxfOwIJpq5XxEZYo2JdT0tpERiUnClBMsVrJLmZTnwy8H9ValSzerJwwmcwjkEcA0VuIMaNIDAI7zAK7x5z9679+F9zldzXnZzDAvwvn4B7A+Yhw==</latexit><latexit sha1_base64="a/SXc/HGWbKnqLuK3mKdZVS2bUI=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GwirsiaBliYxkhDyFZwuxkkgyZxzozK4Qlrb9gq72d2Poftn6Jk2QLk3jgwuGcezmXE8WcGev7315ubX1jcyu/XdjZ3ds/KB4eNY1KNKENorjSDxE2lDNJG5ZZTh9iTbGIOG1Fo9up33qi2jAl63Yc01DggWR9RrB1UtihsWFcyYtRt1rvFkt+2Z8BrZIgIyXIUOsWfzo9RRJBpSUcG9MO/NiGKdaWEU4nhU5iaIzJCA9o21GJBTVhOnt6gs6c0kN9pd1Ii2bq34sUC2PGInKbAtuhWfam4n9eO7H9mzBlMk4slWQe1E84sgpNG0A9pimxfOwIJpq5XxEZYo2JdT0tpERiUnClBMsVrJLmZTnwy8H9ValSzerJwwmcwjkEcA0VuIMaNIDAI7zAK7x5z9679+F9zldzXnZzDAvwvn4B7A+Yhw==</latexit><latexit sha1_base64="a/SXc/HGWbKnqLuK3mKdZVS2bUI=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GwirsiaBliYxkhDyFZwuxkkgyZxzozK4Qlrb9gq72d2Poftn6Jk2QLk3jgwuGcezmXE8WcGev7315ubX1jcyu/XdjZ3ds/KB4eNY1KNKENorjSDxE2lDNJG5ZZTh9iTbGIOG1Fo9up33qi2jAl63Yc01DggWR9RrB1UtihsWFcyYtRt1rvFkt+2Z8BrZIgIyXIUOsWfzo9RRJBpSUcG9MO/NiGKdaWEU4nhU5iaIzJCA9o21GJBTVhOnt6gs6c0kN9pd1Ii2bq34sUC2PGInKbAtuhWfam4n9eO7H9mzBlMk4slWQe1E84sgpNG0A9pimxfOwIJpq5XxEZYo2JdT0tpERiUnClBMsVrJLmZTnwy8H9ValSzerJwwmcwjkEcA0VuIMaNIDAI7zAK7x5z9679+F9zldzXnZzDAvwvn4B7A+Yhw==</latexit><latexit sha1_base64="a/SXc/HGWbKnqLuK3mKdZVS2bUI=">AAACBHicbVC7SgNBFL0bXzG+opY2g0GwirsiaBliYxkhDyFZwuxkkgyZxzozK4Qlrb9gq72d2Poftn6Jk2QLk3jgwuGcezmXE8WcGev7315ubX1jcyu/XdjZ3ds/KB4eNY1KNKENorjSDxE2lDNJG5ZZTh9iTbGIOG1Fo9up33qi2jAl63Yc01DggWR9RrB1UtihsWFcyYtRt1rvFkt+2Z8BrZIgIyXIUOsWfzo9RRJBpSUcG9MO/NiGKdaWEU4nhU5iaIzJCA9o21GJBTVhOnt6gs6c0kN9pd1Ii2bq34sUC2PGInKbAtuhWfam4n9eO7H9mzBlMk4slWQe1E84sgpNG0A9pimxfOwIJpq5XxEZYo2JdT0tpERiUnClBMsVrJLmZTnwy8H9ValSzerJwwmcwjkEcA0VuIMaNIDAI7zAK7x5z9679+F9zldzXnZzDAvwvn4B7A+Yhw==</latexit>

This means: 
1. decide your s* [1nm, 10cm, 10 km…]
2. Express all distances in units of this length
3. Use s* to map to real units. 

Mass. m/m⇤
<latexit sha1_base64="HE9pVdjSOR5NxnBka7JLdhn1oqE=">AAAB/HicbVA9SwNBEJ2LXzF+RS1tFoMgFvFOBC2DNpYRvCSQnGFvs5cs2d07dveEcMS/YKu9ndj6X2z9JW6SK0zig4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3Dxo6ThWhPol5rFoh1pQzSX3DDKetRFEsQk6b4fB24jefqNIslg9mlNBA4L5kESPYWMkX5+LxrFuuuFV3CrRMvJxUIEe9W/7p9GKSCioN4VjrtucmJsiwMoxwOi51Uk0TTIa4T9uWSiyoDrLpsWN0YpUeimJlSxo0Vf9OZFhoPRKh7RTYDPSiNxH/89qpia6DjMkkNVSS2aIo5cjEaPI56jFFieEjSzBRzN6KyAArTIzNZ25LKMYlG4q3GMEyaVxUPbfq3V9Wajd5PEU4gmM4BQ+uoAZ3UAcfCDB4gVd4c56dd+fD+Zy1Fpx85hDm4Hz9Amd7lOM=</latexit><latexit sha1_base64="HE9pVdjSOR5NxnBka7JLdhn1oqE=">AAAB/HicbVA9SwNBEJ2LXzF+RS1tFoMgFvFOBC2DNpYRvCSQnGFvs5cs2d07dveEcMS/YKu9ndj6X2z9JW6SK0zig4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3Dxo6ThWhPol5rFoh1pQzSX3DDKetRFEsQk6b4fB24jefqNIslg9mlNBA4L5kESPYWMkX5+LxrFuuuFV3CrRMvJxUIEe9W/7p9GKSCioN4VjrtucmJsiwMoxwOi51Uk0TTIa4T9uWSiyoDrLpsWN0YpUeimJlSxo0Vf9OZFhoPRKh7RTYDPSiNxH/89qpia6DjMkkNVSS2aIo5cjEaPI56jFFieEjSzBRzN6KyAArTIzNZ25LKMYlG4q3GMEyaVxUPbfq3V9Wajd5PEU4gmM4BQ+uoAZ3UAcfCDB4gVd4c56dd+fD+Zy1Fpx85hDm4Hz9Amd7lOM=</latexit><latexit sha1_base64="HE9pVdjSOR5NxnBka7JLdhn1oqE=">AAAB/HicbVA9SwNBEJ2LXzF+RS1tFoMgFvFOBC2DNpYRvCSQnGFvs5cs2d07dveEcMS/YKu9ndj6X2z9JW6SK0zig4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3Dxo6ThWhPol5rFoh1pQzSX3DDKetRFEsQk6b4fB24jefqNIslg9mlNBA4L5kESPYWMkX5+LxrFuuuFV3CrRMvJxUIEe9W/7p9GKSCioN4VjrtucmJsiwMoxwOi51Uk0TTIa4T9uWSiyoDrLpsWN0YpUeimJlSxo0Vf9OZFhoPRKh7RTYDPSiNxH/89qpia6DjMkkNVSS2aIo5cjEaPI56jFFieEjSzBRzN6KyAArTIzNZ25LKMYlG4q3GMEyaVxUPbfq3V9Wajd5PEU4gmM4BQ+uoAZ3UAcfCDB4gVd4c56dd+fD+Zy1Fpx85hDm4Hz9Amd7lOM=</latexit><latexit sha1_base64="HE9pVdjSOR5NxnBka7JLdhn1oqE=">AAAB/HicbVA9SwNBEJ2LXzF+RS1tFoMgFvFOBC2DNpYRvCSQnGFvs5cs2d07dveEcMS/YKu9ndj6X2z9JW6SK0zig4HHezPMzAsTzrRx3W+nsLK6tr5R3Cxtbe/s7pX3Dxo6ThWhPol5rFoh1pQzSX3DDKetRFEsQk6b4fB24jefqNIslg9mlNBA4L5kESPYWMkX5+LxrFuuuFV3CrRMvJxUIEe9W/7p9GKSCioN4VjrtucmJsiwMoxwOi51Uk0TTIa4T9uWSiyoDrLpsWN0YpUeimJlSxo0Vf9OZFhoPRKh7RTYDPSiNxH/89qpia6DjMkkNVSS2aIo5cjEaPI56jFFieEjSzBRzN6KyAArTIzNZ25LKMYlG4q3GMEyaVxUPbfq3V9Wajd5PEU4gmM4BQ+uoAZ3UAcfCDB4gVd4c56dd+fD+Zy1Fpx85hDm4Hz9Amd7lOM=</latexit>



Units - Time

LJ Time. F = ma ! kBT

�⇤ = m⇤�⇤/⌧2LJ
<latexit sha1_base64="Umit+ktaWu5RdzqVtEUcxkMOcyM="></latexit><latexit sha1_base64="Umit+ktaWu5RdzqVtEUcxkMOcyM="></latexit><latexit sha1_base64="Umit+ktaWu5RdzqVtEUcxkMOcyM="></latexit><latexit sha1_base64="Umit+ktaWu5RdzqVtEUcxkMOcyM="></latexit>

⌧LJ = �⇤
r

m⇤

kBT
<latexit sha1_base64="o6lQZHaXO00HFHaLmhuCnlho6eQ="></latexit><latexit sha1_base64="o6lQZHaXO00HFHaLmhuCnlho6eQ="></latexit><latexit sha1_base64="o6lQZHaXO00HFHaLmhuCnlho6eQ="></latexit><latexit sha1_base64="o6lQZHaXO00HFHaLmhuCnlho6eQ="></latexit>

NOTE. Until you are mapping to 
real units, everything with a * is 1.
Hence \tau_{LJ} is also 1.

Inertial Time. ma = ��v ! ⌧in =
m⇤

�
<latexit sha1_base64="WO7jRGjMdeSBJqW3SDnYlAxm3PM="></latexit><latexit sha1_base64="WO7jRGjMdeSBJqW3SDnYlAxm3PM="></latexit><latexit sha1_base64="WO7jRGjMdeSBJqW3SDnYlAxm3PM="></latexit><latexit sha1_base64="WO7jRGjMdeSBJqW3SDnYlAxm3PM="></latexit>

In LAMMPS (Brownian Dynamics mode) 
you can set 1/\gamma = damp. \gamma is 
a friction term that depends on 
environment too.

Brown. Time. ma = (2�kBT )
1/2⌘ ! D =

kBT

�
! ⌧B =

�2

D
=

3⇡⌘s�3

kBT
<latexit sha1_base64="PTNlzE0UcFNaRAXBCU0glqgGP/Q="></latexit><latexit sha1_base64="PTNlzE0UcFNaRAXBCU0glqgGP/Q="></latexit><latexit sha1_base64="PTNlzE0UcFNaRAXBCU0glqgGP/Q="></latexit><latexit sha1_base64="PTNlzE0UcFNaRAXBCU0glqgGP/Q="></latexit>

Time to decorrelate velocity

Time to move a bead ballistically

Time for a bead to diffuse its own size

For t>\tau_{in} Brownian dynamics 
is a good approximation



Specify Interactions
1. Pair interactions (between any two pair of atoms in the system)

Lennard Jones

ULJ(r) = 4✏

⇣�
r

⌘12
�
⇣�
r

⌘6
�

<latexit sha1_base64="3pY9z9XuMj32++0380UUlL0xhXY="></latexit><latexit sha1_base64="3pY9z9XuMj32++0380UUlL0xhXY="></latexit><latexit sha1_base64="3pY9z9XuMj32++0380UUlL0xhXY="></latexit><latexit sha1_base64="3pY9z9XuMj32++0380UUlL0xhXY="></latexit>

Soft

Usoft(r) = A


1 + cos

✓
⇡r

rc

◆�

<latexit sha1_base64="BVnTMfkjQdmOyMzlRNG+ARvs7vI="></latexit><latexit sha1_base64="BVnTMfkjQdmOyMzlRNG+ARvs7vI="></latexit><latexit sha1_base64="BVnTMfkjQdmOyMzlRNG+ARvs7vI="></latexit><latexit sha1_base64="BVnTMfkjQdmOyMzlRNG+ARvs7vI="></latexit>
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soft

ULJ(r) = 4✏
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<latexit sha1_base64="RkdFCs9CbeojpOd2GiqCrAQDH+U=">AAAB/nicbVA9SwNBEJ2NXzF+RS1tFoNgFe5E0MIiaGMZwXxAcoS9zV6yZHfv2N0TwhHwL9hqbye2/hVbf4mb5AqT+GDg8d4MM/PCRHBjPe8bFdbWNza3itulnd29/YPy4VHTxKmmrEFjEet2SAwTXLGG5VawdqIZkaFgrXB0N/VbT0wbHqtHO05YIMlA8YhTYp3U0vgG6x7tlSte1ZsBrxI/JxXIUe+Vf7r9mKaSKUsFMabje4kNMqItp4JNSt3UsITQERmwjqOKSGaCbHbuBJ85pY+jWLtSFs/UvxMZkcaMZeg6JbFDs+xNxf+8Tmqj6yDjKkktU3S+KEoFtjGe/o77XDNqxdgRQjV3t2I6JJpQ6xJa2BLKScmF4i9HsEqaF1Xfq/oPl5XabR5PEU7gFM7BhyuowT3UoQEURvACr/CGntE7+kCf89YCymeOYQHo6xeYvpWI</latexit><latexit sha1_base64="RkdFCs9CbeojpOd2GiqCrAQDH+U=">AAAB/nicbVA9SwNBEJ2NXzF+RS1tFoNgFe5E0MIiaGMZwXxAcoS9zV6yZHfv2N0TwhHwL9hqbye2/hVbf4mb5AqT+GDg8d4MM/PCRHBjPe8bFdbWNza3itulnd29/YPy4VHTxKmmrEFjEet2SAwTXLGG5VawdqIZkaFgrXB0N/VbT0wbHqtHO05YIMlA8YhTYp3U0vgG6x7tlSte1ZsBrxI/JxXIUe+Vf7r9mKaSKUsFMabje4kNMqItp4JNSt3UsITQERmwjqOKSGaCbHbuBJ85pY+jWLtSFs/UvxMZkcaMZeg6JbFDs+xNxf+8Tmqj6yDjKkktU3S+KEoFtjGe/o77XDNqxdgRQjV3t2I6JJpQ6xJa2BLKScmF4i9HsEqaF1Xfq/oPl5XabR5PEU7gFM7BhyuowT3UoQEURvACr/CGntE7+kCf89YCymeOYQHo6xeYvpWI</latexit><latexit sha1_base64="RkdFCs9CbeojpOd2GiqCrAQDH+U=">AAAB/nicbVA9SwNBEJ2NXzF+RS1tFoNgFe5E0MIiaGMZwXxAcoS9zV6yZHfv2N0TwhHwL9hqbye2/hVbf4mb5AqT+GDg8d4MM/PCRHBjPe8bFdbWNza3itulnd29/YPy4VHTxKmmrEFjEet2SAwTXLGG5VawdqIZkaFgrXB0N/VbT0wbHqtHO05YIMlA8YhTYp3U0vgG6x7tlSte1ZsBrxI/JxXIUe+Vf7r9mKaSKUsFMabje4kNMqItp4JNSt3UsITQERmwjqOKSGaCbHbuBJ85pY+jWLtSFs/UvxMZkcaMZeg6JbFDs+xNxf+8Tmqj6yDjKkktU3S+KEoFtjGe/o77XDNqxdgRQjV3t2I6JJpQ6xJa2BLKScmF4i9HsEqaF1Xfq/oPl5XabR5PEU7gFM7BhyuowT3UoQEURvACr/CGntE7+kCf89YCymeOYQHo6xeYvpWI</latexit><latexit sha1_base64="RkdFCs9CbeojpOd2GiqCrAQDH+U=">AAAB/nicbVA9SwNBEJ2NXzF+RS1tFoNgFe5E0MIiaGMZwXxAcoS9zV6yZHfv2N0TwhHwL9hqbye2/hVbf4mb5AqT+GDg8d4MM/PCRHBjPe8bFdbWNza3itulnd29/YPy4VHTxKmmrEFjEet2SAwTXLGG5VawdqIZkaFgrXB0N/VbT0wbHqtHO05YIMlA8YhTYp3U0vgG6x7tlSte1ZsBrxI/JxXIUe+Vf7r9mKaSKUsFMabje4kNMqItp4JNSt3UsITQERmwjqOKSGaCbHbuBJ85pY+jWLtSFs/UvxMZkcaMZeg6JbFDs+xNxf+8Tmqj6yDjKkktU3S+KEoFtjGe/o77XDNqxdgRQjV3t2I6JJpQ6xJa2BLKScmF4i9HsEqaF1Xfq/oPl5XabR5PEU7gFM7BhyuowT3UoQEURvACr/CGntE7+kCf89YCymeOYQHo6xeYvpWI</latexit>

rc = 21/6
<latexit sha1_base64="/rJBCnMOfJNmQyD1adjTgKQ1ppo=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMAhWcTeI2ghBG8sI5gHJGmYns8mQmdl1ZlYIS1p/wVZ7O7H1P2z9EifJFibxwIXDOfdyLieIOdPGdb+dpeWV1bX13EZ+c2t7Z7ewt1/XUaIIrZGIR6oZYE05k7RmmOG0GSuKRcBpIxjcjP3GE1WaRfLeDGPqC9yTLGQEGyv5qkPQFSo/pN7p+ahTKLoldwK0SLyMFCFDtVP4aXcjkggqDeFY65bnxsZPsTKMcDrKtxNNY0wGuEdblkosqPbTydMjdGyVLgojZUcaNFH/XqRYaD0Ugd0U2PT1vDcW//NaiQkv/ZTJODFUkmlQmHBkIjRuAHWZosTwoSWYKGZ/RaSPFSbG9jSTEohR3pbizVewSOrlkueWvLuzYuU6qycHh3AEJ+DBBVTgFqpQAwKP8AKv8OY8O+/Oh/M5XV1yspsDmIHz9QsthZdx</latexit><latexit sha1_base64="/rJBCnMOfJNmQyD1adjTgKQ1ppo=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMAhWcTeI2ghBG8sI5gHJGmYns8mQmdl1ZlYIS1p/wVZ7O7H1P2z9EifJFibxwIXDOfdyLieIOdPGdb+dpeWV1bX13EZ+c2t7Z7ewt1/XUaIIrZGIR6oZYE05k7RmmOG0GSuKRcBpIxjcjP3GE1WaRfLeDGPqC9yTLGQEGyv5qkPQFSo/pN7p+ahTKLoldwK0SLyMFCFDtVP4aXcjkggqDeFY65bnxsZPsTKMcDrKtxNNY0wGuEdblkosqPbTydMjdGyVLgojZUcaNFH/XqRYaD0Ugd0U2PT1vDcW//NaiQkv/ZTJODFUkmlQmHBkIjRuAHWZosTwoSWYKGZ/RaSPFSbG9jSTEohR3pbizVewSOrlkueWvLuzYuU6qycHh3AEJ+DBBVTgFqpQAwKP8AKv8OY8O+/Oh/M5XV1yspsDmIHz9QsthZdx</latexit><latexit sha1_base64="/rJBCnMOfJNmQyD1adjTgKQ1ppo=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMAhWcTeI2ghBG8sI5gHJGmYns8mQmdl1ZlYIS1p/wVZ7O7H1P2z9EifJFibxwIXDOfdyLieIOdPGdb+dpeWV1bX13EZ+c2t7Z7ewt1/XUaIIrZGIR6oZYE05k7RmmOG0GSuKRcBpIxjcjP3GE1WaRfLeDGPqC9yTLGQEGyv5qkPQFSo/pN7p+ahTKLoldwK0SLyMFCFDtVP4aXcjkggqDeFY65bnxsZPsTKMcDrKtxNNY0wGuEdblkosqPbTydMjdGyVLgojZUcaNFH/XqRYaD0Ugd0U2PT1vDcW//NaiQkv/ZTJODFUkmlQmHBkIjRuAHWZosTwoSWYKGZ/RaSPFSbG9jSTEohR3pbizVewSOrlkueWvLuzYuU6qycHh3AEJ+DBBVTgFqpQAwKP8AKv8OY8O+/Oh/M5XV1yspsDmIHz9QsthZdx</latexit><latexit sha1_base64="/rJBCnMOfJNmQyD1adjTgKQ1ppo=">AAACBHicbVC7SgNBFL3rM8ZX1NJmMAhWcTeI2ghBG8sI5gHJGmYns8mQmdl1ZlYIS1p/wVZ7O7H1P2z9EifJFibxwIXDOfdyLieIOdPGdb+dpeWV1bX13EZ+c2t7Z7ewt1/XUaIIrZGIR6oZYE05k7RmmOG0GSuKRcBpIxjcjP3GE1WaRfLeDGPqC9yTLGQEGyv5qkPQFSo/pN7p+ahTKLoldwK0SLyMFCFDtVP4aXcjkggqDeFY65bnxsZPsTKMcDrKtxNNY0wGuEdblkosqPbTydMjdGyVLgojZUcaNFH/XqRYaD0Ugd0U2PT1vDcW//NaiQkv/ZTJODFUkmlQmHBkIjRuAHWZosTwoSWYKGZ/RaSPFSbG9jSTEohR3pbizVewSOrlkueWvLuzYuU6qycHh3AEJ+DBBVTgFqpQAwKP8AKv8OY8O+/Oh/M5XV1yspsDmIHz9QsthZdx</latexit>

Repulsive or Partly Attractive Only Repulsive



Specify Interactions

Harmonic FENE = Finitely Extensible Non-linear Elastic

2. Bonded interactions (between bonded pairs of atoms)
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<latexit sha1_base64="tk3tXQSausC4G56IiZH2D1IebNA=">AAACEnicbZDNSsNAFIUn/tb6F3UlbgaL0C4sSRF0I1TduKxg2kIbw2Q6aYfOJGFmIpQQfAlfwa3u3YlbX8CtT+K0zcK2Hhg4nHsv987nx4xKZVnfxtLyyuraemGjuLm1vbNr7u03ZZQITBwcsUi0fSQJoyFxFFWMtGNBEPcZafnDm3G99UiEpFF4r0YxcTnqhzSgGCkdeeah46UDJHhWFhV4Ca9gWZwKz6o81DyzZFWtieCisXNTArkanvnT7UU44SRUmCEpO7YVKzdFQlHMSFbsJpLECA9Rn3S0DREn0k0nX8jgiU56MIiEfqGCk/TvRIq4lCPu606O1EDO18bhf7VOooILN6VhnCgS4umiIGFQRXDMA/aoIFixkTYIC6pvhVgDQVhpajNbfJ4VNRR7HsGiadaqtlW1785K9escTwEcgWNQBjY4B3VwCxrAARg8gRfwCt6MZ+Pd+DA+p61LRj5zAGZkfP0CdSCbwQ==</latexit><latexit sha1_base64="tk3tXQSausC4G56IiZH2D1IebNA=">AAACEnicbZDNSsNAFIUn/tb6F3UlbgaL0C4sSRF0I1TduKxg2kIbw2Q6aYfOJGFmIpQQfAlfwa3u3YlbX8CtT+K0zcK2Hhg4nHsv987nx4xKZVnfxtLyyuraemGjuLm1vbNr7u03ZZQITBwcsUi0fSQJoyFxFFWMtGNBEPcZafnDm3G99UiEpFF4r0YxcTnqhzSgGCkdeeah46UDJHhWFhV4Ca9gWZwKz6o81DyzZFWtieCisXNTArkanvnT7UU44SRUmCEpO7YVKzdFQlHMSFbsJpLECA9Rn3S0DREn0k0nX8jgiU56MIiEfqGCk/TvRIq4lCPu606O1EDO18bhf7VOooILN6VhnCgS4umiIGFQRXDMA/aoIFixkTYIC6pvhVgDQVhpajNbfJ4VNRR7HsGiadaqtlW1785K9escTwEcgWNQBjY4B3VwCxrAARg8gRfwCt6MZ+Pd+DA+p61LRj5zAGZkfP0CdSCbwQ==</latexit><latexit sha1_base64="tk3tXQSausC4G56IiZH2D1IebNA=">AAACEnicbZDNSsNAFIUn/tb6F3UlbgaL0C4sSRF0I1TduKxg2kIbw2Q6aYfOJGFmIpQQfAlfwa3u3YlbX8CtT+K0zcK2Hhg4nHsv987nx4xKZVnfxtLyyuraemGjuLm1vbNr7u03ZZQITBwcsUi0fSQJoyFxFFWMtGNBEPcZafnDm3G99UiEpFF4r0YxcTnqhzSgGCkdeeah46UDJHhWFhV4Ca9gWZwKz6o81DyzZFWtieCisXNTArkanvnT7UU44SRUmCEpO7YVKzdFQlHMSFbsJpLECA9Rn3S0DREn0k0nX8jgiU56MIiEfqGCk/TvRIq4lCPu606O1EDO18bhf7VOooILN6VhnCgS4umiIGFQRXDMA/aoIFixkTYIC6pvhVgDQVhpajNbfJ4VNRR7HsGiadaqtlW1785K9escTwEcgWNQBjY4B3VwCxrAARg8gRfwCt6MZ+Pd+DA+p61LRj5zAGZkfP0CdSCbwQ==</latexit><latexit sha1_base64="tk3tXQSausC4G56IiZH2D1IebNA=">AAACEnicbZDNSsNAFIUn/tb6F3UlbgaL0C4sSRF0I1TduKxg2kIbw2Q6aYfOJGFmIpQQfAlfwa3u3YlbX8CtT+K0zcK2Hhg4nHsv987nx4xKZVnfxtLyyuraemGjuLm1vbNr7u03ZZQITBwcsUi0fSQJoyFxFFWMtGNBEPcZafnDm3G99UiEpFF4r0YxcTnqhzSgGCkdeeah46UDJHhWFhV4Ca9gWZwKz6o81DyzZFWtieCisXNTArkanvnT7UU44SRUmCEpO7YVKzdFQlHMSFbsJpLECA9Rn3S0DREn0k0nX8jgiU56MIiEfqGCk/TvRIq4lCPu606O1EDO18bhf7VOooILN6VhnCgS4umiIGFQRXDMA/aoIFixkTYIC6pvhVgDQVhpajNbfJ4VNRR7HsGiadaqtlW1785K9escTwEcgWNQBjY4B3VwCxrAARg8gRfwCt6MZ+Pd+DA+p61LRj5zAGZkfP0CdSCbwQ==</latexit>
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https://lammps.sandia.gov/doc/bond_fene.html



Specify Interactions

FENE + LJ

2. Bonded interactions (between bonded pairs of atoms)

Ufene+LJ(r) = �0.5KR2
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“Kremer Grest Model”, Macromolecules 1990



Specify Interactions

Cosine

3. Angle interactions (between triplets of atoms)

https://lammps.sandia.gov/doc/angle_cosine.html

Ua(✓) = B(1 + cos ✓)
<latexit sha1_base64="lCiI2blQLtLoH7VjFDVSXftfoio=">AAACGXicbVA9SwNBEN2LXzF+nVraLAYhQQh3ImgjhNhYRvCSQC6Evc1esmTvg905IRzX+if8C7ba24mtla2/xE1yhUl8MPB4b4aZeV4suALL+jYKa+sbm1vF7dLO7t7+gXl41FJRIilzaCQi2fGIYoKHzAEOgnViyUjgCdb2xrdTv/3IpOJR+ACTmPUCMgy5zykBLfVN7PRTklVcGDEg1ZsGrtjnLo1UOleyat8sWzVrBrxK7JyUUY5m3/xxBxFNAhYCFUSprm3F0EuJBE4Fy0puolhM6JgMWVfTkARM9dLZJxk+08oA+5HUFQKeqX8nUhIoNQk83RkQGKllbyr+53UT8K97KQ/jBFhI54v8RGCI8DQWPOCSURATTQiVXN+K6YhIQkGHt7DFC7KSDsVejmCVtC5qtlWz7y/L9UYeTxGdoFNUQTa6QnV0h5rIQRQ9oRf0it6MZ+Pd+DA+560FI585Rgswvn4BlkafuA==</latexit><latexit sha1_base64="lCiI2blQLtLoH7VjFDVSXftfoio=">AAACGXicbVA9SwNBEN2LXzF+nVraLAYhQQh3ImgjhNhYRvCSQC6Evc1esmTvg905IRzX+if8C7ba24mtla2/xE1yhUl8MPB4b4aZeV4suALL+jYKa+sbm1vF7dLO7t7+gXl41FJRIilzaCQi2fGIYoKHzAEOgnViyUjgCdb2xrdTv/3IpOJR+ACTmPUCMgy5zykBLfVN7PRTklVcGDEg1ZsGrtjnLo1UOleyat8sWzVrBrxK7JyUUY5m3/xxBxFNAhYCFUSprm3F0EuJBE4Fy0puolhM6JgMWVfTkARM9dLZJxk+08oA+5HUFQKeqX8nUhIoNQk83RkQGKllbyr+53UT8K97KQ/jBFhI54v8RGCI8DQWPOCSURATTQiVXN+K6YhIQkGHt7DFC7KSDsVejmCVtC5qtlWz7y/L9UYeTxGdoFNUQTa6QnV0h5rIQRQ9oRf0it6MZ+Pd+DA+560FI585Rgswvn4BlkafuA==</latexit><latexit sha1_base64="lCiI2blQLtLoH7VjFDVSXftfoio=">AAACGXicbVA9SwNBEN2LXzF+nVraLAYhQQh3ImgjhNhYRvCSQC6Evc1esmTvg905IRzX+if8C7ba24mtla2/xE1yhUl8MPB4b4aZeV4suALL+jYKa+sbm1vF7dLO7t7+gXl41FJRIilzaCQi2fGIYoKHzAEOgnViyUjgCdb2xrdTv/3IpOJR+ACTmPUCMgy5zykBLfVN7PRTklVcGDEg1ZsGrtjnLo1UOleyat8sWzVrBrxK7JyUUY5m3/xxBxFNAhYCFUSprm3F0EuJBE4Fy0puolhM6JgMWVfTkARM9dLZJxk+08oA+5HUFQKeqX8nUhIoNQk83RkQGKllbyr+53UT8K97KQ/jBFhI54v8RGCI8DQWPOCSURATTQiVXN+K6YhIQkGHt7DFC7KSDsVejmCVtC5qtlWz7y/L9UYeTxGdoFNUQTa6QnV0h5rIQRQ9oRf0it6MZ+Pd+DA+560FI585Rgswvn4BlkafuA==</latexit><latexit sha1_base64="lCiI2blQLtLoH7VjFDVSXftfoio=">AAACGXicbVA9SwNBEN2LXzF+nVraLAYhQQh3ImgjhNhYRvCSQC6Evc1esmTvg905IRzX+if8C7ba24mtla2/xE1yhUl8MPB4b4aZeV4suALL+jYKa+sbm1vF7dLO7t7+gXl41FJRIilzaCQi2fGIYoKHzAEOgnViyUjgCdb2xrdTv/3IpOJR+ACTmPUCMgy5zykBLfVN7PRTklVcGDEg1ZsGrtjnLo1UOleyat8sWzVrBrxK7JyUUY5m3/xxBxFNAhYCFUSprm3F0EuJBE4Fy0puolhM6JgMWVfTkARM9dLZJxk+08oA+5HUFQKeqX8nUhIoNQk83RkQGKllbyr+53UT8K97KQ/jBFhI54v8RGCI8DQWPOCSURATTQiVXN+K6YhIQkGHt7DFC7KSDsVejmCVtC5qtlWz7y/L9UYeTxGdoFNUQTa6QnV0h5rIQRQ9oRf0it6MZ+Pd+DA+560FI585Rgswvn4BlkafuA==</latexit>
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<latexit sha1_base64="6XiQKHPaHy5IlpmwnIOHc+stToU=">AAACFXicbZDLSsNAFIYn9VbrLepSF4NFcFUSEXQjlLpxWaE3aEKYTCft0JlJmJkIJWTjS/gKbnXvTty6duuTOG2zsK0/DPz85xzOmS9MGFXacb6t0tr6xuZWebuys7u3f2AfHnVUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDcd303r3kUhFY9HSk4T4HA0FjShG2kSBfdqAt9AbRBLhbBw0WpAFSZ55ig45ygO76tScmeCqcQtTBYWagf3jDWKcciI0Zkipvusk2s+Q1BQzkle8VJEE4TEakr6xAnGi/Gz2ixyem2QAo1iaJzScpX8nMsSVmvDQdHKkR2q5Ng3/q/VTHd34GRVJqonA80VRyqCO4RQJHFBJsGYTYxCW1NwK8QgZItqAW9gS8rxioLjLCFZN57LmOjX34apabxR4yuAEnIEL4IJrUAf3oAnaAIMn8AJewZv1bL1bH9bnvLVkFTPHYEHW1y9R2p6c</latexit><latexit sha1_base64="6XiQKHPaHy5IlpmwnIOHc+stToU=">AAACFXicbZDLSsNAFIYn9VbrLepSF4NFcFUSEXQjlLpxWaE3aEKYTCft0JlJmJkIJWTjS/gKbnXvTty6duuTOG2zsK0/DPz85xzOmS9MGFXacb6t0tr6xuZWebuys7u3f2AfHnVUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDcd303r3kUhFY9HSk4T4HA0FjShG2kSBfdqAt9AbRBLhbBw0WpAFSZ55ig45ygO76tScmeCqcQtTBYWagf3jDWKcciI0Zkipvusk2s+Q1BQzkle8VJEE4TEakr6xAnGi/Gz2ixyem2QAo1iaJzScpX8nMsSVmvDQdHKkR2q5Ng3/q/VTHd34GRVJqonA80VRyqCO4RQJHFBJsGYTYxCW1NwK8QgZItqAW9gS8rxioLjLCFZN57LmOjX34apabxR4yuAEnIEL4IJrUAf3oAnaAIMn8AJewZv1bL1bH9bnvLVkFTPHYEHW1y9R2p6c</latexit><latexit sha1_base64="6XiQKHPaHy5IlpmwnIOHc+stToU=">AAACFXicbZDLSsNAFIYn9VbrLepSF4NFcFUSEXQjlLpxWaE3aEKYTCft0JlJmJkIJWTjS/gKbnXvTty6duuTOG2zsK0/DPz85xzOmS9MGFXacb6t0tr6xuZWebuys7u3f2AfHnVUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDcd303r3kUhFY9HSk4T4HA0FjShG2kSBfdqAt9AbRBLhbBw0WpAFSZ55ig45ygO76tScmeCqcQtTBYWagf3jDWKcciI0Zkipvusk2s+Q1BQzkle8VJEE4TEakr6xAnGi/Gz2ixyem2QAo1iaJzScpX8nMsSVmvDQdHKkR2q5Ng3/q/VTHd34GRVJqonA80VRyqCO4RQJHFBJsGYTYxCW1NwK8QgZItqAW9gS8rxioLjLCFZN57LmOjX34apabxR4yuAEnIEL4IJrUAf3oAnaAIMn8AJewZv1bL1bH9bnvLVkFTPHYEHW1y9R2p6c</latexit><latexit sha1_base64="6XiQKHPaHy5IlpmwnIOHc+stToU=">AAACFXicbZDLSsNAFIYn9VbrLepSF4NFcFUSEXQjlLpxWaE3aEKYTCft0JlJmJkIJWTjS/gKbnXvTty6duuTOG2zsK0/DPz85xzOmS9MGFXacb6t0tr6xuZWebuys7u3f2AfHnVUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDcd303r3kUhFY9HSk4T4HA0FjShG2kSBfdqAt9AbRBLhbBw0WpAFSZ55ig45ygO76tScmeCqcQtTBYWagf3jDWKcciI0Zkipvusk2s+Q1BQzkle8VJEE4TEakr6xAnGi/Gz2ixyem2QAo1iaJzScpX8nMsSVmvDQdHKkR2q5Ng3/q/VTHd34GRVJqonA80VRyqCO4RQJHFBJsGYTYxCW1NwK8QgZItqAW9gS8rxioLjLCFZN57LmOjX34apabxR4yuAEnIEL4IJrUAf3oAnaAIMn8AJewZv1bL1bH9bnvLVkFTPHYEHW1y9R2p6c</latexit>

Where l_p is the persistence length** of a polymer

Persistence length = length at which tangent-tangent correlation 
decorrelates, i.e.

hti · ti+lii = e�l/lp
<latexit sha1_base64="0bczjJU5BQnktVlnU0mMCqeOMQA="></latexit><latexit sha1_base64="0bczjJU5BQnktVlnU0mMCqeOMQA="></latexit><latexit sha1_base64="0bczjJU5BQnktVlnU0mMCqeOMQA="></latexit><latexit sha1_base64="0bczjJU5BQnktVlnU0mMCqeOMQA="></latexit>

Minimum at \pi



Specify Interactions

4. Dihedral (exercise for the avid student)



Almost there!!
- You set the interaction topology (pairs, bonds, angles,…), 
- Decided how these interactions are tuned by potentials 
- Specified the ensemble (NVE for now)

�
<latexit sha1_base64="SmYFe2sF+vJETtbToBSnboyymn0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMx81hmZoWwBH/Bq969iVe/xatf4iTZg0ksaCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PmkalmtAGUVzpdoQN5UzShmWW03aiKRYRp61odDv1W09UG6bkgx0nNBR4IFnMCLZOanYNGwjcK1f8qj8DWiVBTiqQo94r/3T7iqSCSks4NqYT+IkNM6wtI5xOSt3U0ASTER7QjqMSC2rCbHbtBJ05pY9ipV1Ji2bq34kMC2PGInKdAtuhWfam4n9eJ7XxdZgxmaSWSjJfFKccWYWmr6M+05RYPnYEE83crYgMscbEuoAWtkRiUnKhBMsRrJLmRTXwq8H9ZaV2k8dThBM4hXMI4ApqcAd1aACBR3iBV3jznr1378P7nLcWvHzmGBbgff0C6kuVyQ==</latexit><latexit sha1_base64="SmYFe2sF+vJETtbToBSnboyymn0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMx81hmZoWwBH/Bq969iVe/xatf4iTZg0ksaCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PmkalmtAGUVzpdoQN5UzShmWW03aiKRYRp61odDv1W09UG6bkgx0nNBR4IFnMCLZOanYNGwjcK1f8qj8DWiVBTiqQo94r/3T7iqSCSks4NqYT+IkNM6wtI5xOSt3U0ASTER7QjqMSC2rCbHbtBJ05pY9ipV1Ji2bq34kMC2PGInKdAtuhWfam4n9eJ7XxdZgxmaSWSjJfFKccWYWmr6M+05RYPnYEE83crYgMscbEuoAWtkRiUnKhBMsRrJLmRTXwq8H9ZaV2k8dThBM4hXMI4ApqcAd1aACBR3iBV3jznr1378P7nLcWvHzmGBbgff0C6kuVyQ==</latexit><latexit sha1_base64="SmYFe2sF+vJETtbToBSnboyymn0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMx81hmZoWwBH/Bq969iVe/xatf4iTZg0ksaCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PmkalmtAGUVzpdoQN5UzShmWW03aiKRYRp61odDv1W09UG6bkgx0nNBR4IFnMCLZOanYNGwjcK1f8qj8DWiVBTiqQo94r/3T7iqSCSks4NqYT+IkNM6wtI5xOSt3U0ASTER7QjqMSC2rCbHbtBJ05pY9ipV1Ji2bq34kMC2PGInKdAtuhWfam4n9eJ7XxdZgxmaSWSjJfFKccWYWmr6M+05RYPnYEE83crYgMscbEuoAWtkRiUnKhBMsRrJLmRTXwq8H9ZaV2k8dThBM4hXMI4ApqcAd1aACBR3iBV3jznr1378P7nLcWvHzmGBbgff0C6kuVyQ==</latexit><latexit sha1_base64="SmYFe2sF+vJETtbToBSnboyymn0=">AAAB/XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOSJcxOZpMx81hmZoWwBH/Bq969iVe/xatf4iTZg0ksaCiquunuihLOjPX9b6+wtr6xuVXcLu3s7u0flA+PmkalmtAGUVzpdoQN5UzShmWW03aiKRYRp61odDv1W09UG6bkgx0nNBR4IFnMCLZOanYNGwjcK1f8qj8DWiVBTiqQo94r/3T7iqSCSks4NqYT+IkNM6wtI5xOSt3U0ASTER7QjqMSC2rCbHbtBJ05pY9ipV1Ji2bq34kMC2PGInKdAtuhWfam4n9eJ7XxdZgxmaSWSjJfFKccWYWmr6M+05RYPnYEE83crYgMscbEuoAWtkRiUnKhBMsRrJLmRTXwq8H9ZaV2k8dThBM4hXMI4ApqcAd1aACBR3iBV3jznr1378P7nLcWvHzmGBbgff0C6kuVyQ==</latexit>

Now what?



Integration of Equations

1. Newton Eq.  are time reversible so the integrator should be it too

We need to integrate the eq. of motion. What integrator scheme to use?

2. Fast
3. Must preserve volume in phase space (and thus energy)

4. Little energy drift

Popular solution:  Verlet algorithm (sum of Taylor exp of r(t+dt) and r(t-dt))

Not good: Euler
Not time reversible + energy drift

Velocities are computed after positions … 

r(t+�t) = 2r(t)� r(t��t) +
f(t)

m
�t2

<latexit sha1_base64="1GQDFDWyMLt1ZHb/ncK0pldPgaQ="></latexit><latexit sha1_base64="1GQDFDWyMLt1ZHb/ncK0pldPgaQ="></latexit><latexit sha1_base64="1GQDFDWyMLt1ZHb/ncK0pldPgaQ="></latexit><latexit sha1_base64="1GQDFDWyMLt1ZHb/ncK0pldPgaQ="></latexit>

v(t) =
r(t+�t)� r(t��t)

2�t
+O(�t

2)
<latexit sha1_base64="x/Cr0FmGEXCN+aGpu1/O/0j8c6E="></latexit><latexit sha1_base64="x/Cr0FmGEXCN+aGpu1/O/0j8c6E="></latexit><latexit sha1_base64="x/Cr0FmGEXCN+aGpu1/O/0j8c6E="></latexit><latexit sha1_base64="x/Cr0FmGEXCN+aGpu1/O/0j8c6E="></latexit>



CPU time
80% to compute forces

15% to build neighbour lists

5% everything else

1. LAMMPS can automatically run in parallel with no extra work and can run on GPUs
2. Smart coarse-graining. What is the minimum level of details to answer my specific question?

How to make it faster or more efficient?

How’s the CPU used?

Example

All Atom United-Atom Bead spring
dt=1 fsec
d= 0.1 nm
Cut-off = 1nm

9x fewer interactions
20-30x faster

2-3 C atoms per bead
Even faster .. 

3. Use shortest cutoff you can justify



https://www2.ph.ed.ac.uk/~dmichiel/Lab.html

Google: “dmichiel Lab”

Download: Tutorial0-nve



Thermostats
In NVE simulations you may want to keep temperature 
fixed, so you need a “thermostat”

Recall that the temperature is a collective feature defined as

(i.e. there is no Temperature for 1 particle)

kBT (t) =
NX

i=1

mv2i,↵(t)

Nf
↵ = x, y, z

<latexit sha1_base64="USNnCYjVahggt5kx+FNScaBJIYM="></latexit><latexit sha1_base64="USNnCYjVahggt5kx+FNScaBJIYM="></latexit><latexit sha1_base64="USNnCYjVahggt5kx+FNScaBJIYM="></latexit><latexit sha1_base64="USNnCYjVahggt5kx+FNScaBJIYM="></latexit>

For N particles, the relative variance of the Temperature ~1/N

Andersen Thermostat: To keep a Maxwellian distribution of velocities at 
constant temperature, one can introduce a head bath by adding 
stochastic forces acting on random particles (and otherwise NVE)



Langevin Dynamics

For particles in a solvent (water) it is best to use Langevin dynamics.

ma = ��v �rU +
p

2�kBT⌘
<latexit sha1_base64="1B38rvzvdlJyH3nw/u0y/PAIOJE="></latexit><latexit sha1_base64="1B38rvzvdlJyH3nw/u0y/PAIOJE="></latexit><latexit sha1_base64="1B38rvzvdlJyH3nw/u0y/PAIOJE="></latexit><latexit sha1_base64="1B38rvzvdlJyH3nw/u0y/PAIOJE="></latexit>

⌘
<latexit sha1_base64="qOoqvE5Y+l50VPkzuf5NUuzOxzs=">AAAB+3icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbSbt0Nwm7E6GE/gWvevcmXv0xXv0lbtocbOuDgcd7M8zMCxIpDLrut1Pa2Nza3invVvb2Dw6PqscnbROnmkOLxzLW3YAZkCKCFgqU0E00MBVI6AST+9zvPIM2Io6ecJqAr9goEqHgDHOpD8gG1Zpbd+eg68QrSI0UaA6qP/1hzFMFEXLJjOl5boJ+xjQKLmFW6acGEsYnbAQ9SyOmwPjZ/NYZvbDKkIaxthUhnat/JzKmjJmqwHYqhmOz6uXif14vxfDWz0SUpAgRXywKU0kxpvnjdCg0cJRTSxjXwt5K+ZhpxtHGs7QlULOKDcVbjWCdtK/qnlv3Hq9rjbsinjI5I+fkknjkhjTIA2mSFuFkTF7IK3lzZs678+F8LlpLTjFzSpbgfP0CST6U3g==</latexit><latexit sha1_base64="qOoqvE5Y+l50VPkzuf5NUuzOxzs=">AAAB+3icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbSbt0Nwm7E6GE/gWvevcmXv0xXv0lbtocbOuDgcd7M8zMCxIpDLrut1Pa2Nza3invVvb2Dw6PqscnbROnmkOLxzLW3YAZkCKCFgqU0E00MBVI6AST+9zvPIM2Io6ecJqAr9goEqHgDHOpD8gG1Zpbd+eg68QrSI0UaA6qP/1hzFMFEXLJjOl5boJ+xjQKLmFW6acGEsYnbAQ9SyOmwPjZ/NYZvbDKkIaxthUhnat/JzKmjJmqwHYqhmOz6uXif14vxfDWz0SUpAgRXywKU0kxpvnjdCg0cJRTSxjXwt5K+ZhpxtHGs7QlULOKDcVbjWCdtK/qnlv3Hq9rjbsinjI5I+fkknjkhjTIA2mSFuFkTF7IK3lzZs678+F8LlpLTjFzSpbgfP0CST6U3g==</latexit><latexit sha1_base64="qOoqvE5Y+l50VPkzuf5NUuzOxzs=">AAAB+3icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbSbt0Nwm7E6GE/gWvevcmXv0xXv0lbtocbOuDgcd7M8zMCxIpDLrut1Pa2Nza3invVvb2Dw6PqscnbROnmkOLxzLW3YAZkCKCFgqU0E00MBVI6AST+9zvPIM2Io6ecJqAr9goEqHgDHOpD8gG1Zpbd+eg68QrSI0UaA6qP/1hzFMFEXLJjOl5boJ+xjQKLmFW6acGEsYnbAQ9SyOmwPjZ/NYZvbDKkIaxthUhnat/JzKmjJmqwHYqhmOz6uXif14vxfDWz0SUpAgRXywKU0kxpvnjdCg0cJRTSxjXwt5K+ZhpxtHGs7QlULOKDcVbjWCdtK/qnlv3Hq9rjbsinjI5I+fkknjkhjTIA2mSFuFkTF7IK3lzZs678+F8LlpLTjFzSpbgfP0CST6U3g==</latexit><latexit sha1_base64="qOoqvE5Y+l50VPkzuf5NUuzOxzs=">AAAB+3icbVBNS8NAEN3Ur1q/qh69LBbBU0lE0GPRi8cK9gPaUDbbSbt0Nwm7E6GE/gWvevcmXv0xXv0lbtocbOuDgcd7M8zMCxIpDLrut1Pa2Nza3invVvb2Dw6PqscnbROnmkOLxzLW3YAZkCKCFgqU0E00MBVI6AST+9zvPIM2Io6ecJqAr9goEqHgDHOpD8gG1Zpbd+eg68QrSI0UaA6qP/1hzFMFEXLJjOl5boJ+xjQKLmFW6acGEsYnbAQ9SyOmwPjZ/NYZvbDKkIaxthUhnat/JzKmjJmqwHYqhmOz6uXif14vxfDWz0SUpAgRXywKU0kxpvnjdCg0cJRTSxjXwt5K+ZhpxtHGs7QlULOKDcVbjWCdtK/qnlv3Hq9rjbsinjI5I+fkknjkhjTIA2mSFuFkTF7IK3lzZs678+F8LlpLTjFzSpbgfP0CST6U3g==</latexit>

Stochastic uncorrelated noise

Friction� = 3⇡⌘s�
<latexit sha1_base64="dqEQF2TqshWpR//98EBOljypxPE=">AAACFXicbVBNS8NAEN34WetX1KMeFovgqSQq6EUoevFYwX5AE8Jku2mX7iZhdyOU0It/wr/gVe/exKtnr/4St20OtvXBwOO9GWbmhSlnSjvOt7W0vLK6tl7aKG9ube/s2nv7TZVkktAGSXgi2yEoyllMG5ppTtuppCBCTlvh4Hbstx6pVCyJH/Qwpb6AXswiRkAbKbCPvB4IAfgan2MvZdijGgKFPcV6AgK74lSdCfAicQtSQQXqgf3jdROSCRprwkGpjuuk2s9BakY4HZW9TNEUyAB6tGNoDIIqP598McInRuniKJGmYo0n6t+JHIRSQxGaTgG6r+a9sfif18l0dOXnLE4zTWMyXRRlHOsEjyPBXSYp0XxoCBDJzK2Y9EEC0Sa4mS2hGJVNKO58BIukeVZ1nap7f1Gp3RTxlNAhOkanyEWXqIbuUB01EEFP6AW9ojfr2Xq3PqzPaeuSVcwcoBlYX78pnp3i</latexit><latexit sha1_base64="dqEQF2TqshWpR//98EBOljypxPE=">AAACFXicbVBNS8NAEN34WetX1KMeFovgqSQq6EUoevFYwX5AE8Jku2mX7iZhdyOU0It/wr/gVe/exKtnr/4St20OtvXBwOO9GWbmhSlnSjvOt7W0vLK6tl7aKG9ube/s2nv7TZVkktAGSXgi2yEoyllMG5ppTtuppCBCTlvh4Hbstx6pVCyJH/Qwpb6AXswiRkAbKbCPvB4IAfgan2MvZdijGgKFPcV6AgK74lSdCfAicQtSQQXqgf3jdROSCRprwkGpjuuk2s9BakY4HZW9TNEUyAB6tGNoDIIqP598McInRuniKJGmYo0n6t+JHIRSQxGaTgG6r+a9sfif18l0dOXnLE4zTWMyXRRlHOsEjyPBXSYp0XxoCBDJzK2Y9EEC0Sa4mS2hGJVNKO58BIukeVZ1nap7f1Gp3RTxlNAhOkanyEWXqIbuUB01EEFP6AW9ojfr2Xq3PqzPaeuSVcwcoBlYX78pnp3i</latexit><latexit sha1_base64="dqEQF2TqshWpR//98EBOljypxPE=">AAACFXicbVBNS8NAEN34WetX1KMeFovgqSQq6EUoevFYwX5AE8Jku2mX7iZhdyOU0It/wr/gVe/exKtnr/4St20OtvXBwOO9GWbmhSlnSjvOt7W0vLK6tl7aKG9ube/s2nv7TZVkktAGSXgi2yEoyllMG5ppTtuppCBCTlvh4Hbstx6pVCyJH/Qwpb6AXswiRkAbKbCPvB4IAfgan2MvZdijGgKFPcV6AgK74lSdCfAicQtSQQXqgf3jdROSCRprwkGpjuuk2s9BakY4HZW9TNEUyAB6tGNoDIIqP598McInRuniKJGmYo0n6t+JHIRSQxGaTgG6r+a9sfif18l0dOXnLE4zTWMyXRRlHOsEjyPBXSYp0XxoCBDJzK2Y9EEC0Sa4mS2hGJVNKO58BIukeVZ1nap7f1Gp3RTxlNAhOkanyEWXqIbuUB01EEFP6AW9ojfr2Xq3PqzPaeuSVcwcoBlYX78pnp3i</latexit><latexit sha1_base64="dqEQF2TqshWpR//98EBOljypxPE=">AAACFXicbVBNS8NAEN34WetX1KMeFovgqSQq6EUoevFYwX5AE8Jku2mX7iZhdyOU0It/wr/gVe/exKtnr/4St20OtvXBwOO9GWbmhSlnSjvOt7W0vLK6tl7aKG9ube/s2nv7TZVkktAGSXgi2yEoyllMG5ppTtuppCBCTlvh4Hbstx6pVCyJH/Qwpb6AXswiRkAbKbCPvB4IAfgan2MvZdijGgKFPcV6AgK74lSdCfAicQtSQQXqgf3jdROSCRprwkGpjuuk2s9BakY4HZW9TNEUyAB6tGNoDIIqP598McInRuniKJGmYo0n6t+JHIRSQxGaTgG6r+a9sfif18l0dOXnLE4zTWMyXRRlHOsEjyPBXSYp0XxoCBDJzK2Y9EEC0Sa4mS2hGJVNKO58BIukeVZ1nap7f1Gp3RTxlNAhOkanyEWXqIbuUB01EEFP6AW9ojfr2Xq3PqzPaeuSVcwcoBlYX78pnp3i</latexit>

The (big) particles are travelling within a solvent (friction) and 
(small) solvent particles are bumping into the (big) particles.

At times larger than the inertial time
this is Brownian motion

⌧i = m/�
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v = �rU

�
+

p
2D⌘

<latexit sha1_base64="X23HQEB0XQs4Wl5PFXne70WRWnc="></latexit><latexit sha1_base64="X23HQEB0XQs4Wl5PFXne70WRWnc="></latexit><latexit sha1_base64="X23HQEB0XQs4Wl5PFXne70WRWnc="></latexit><latexit sha1_base64="X23HQEB0XQs4Wl5PFXne70WRWnc="></latexit>

D = kBT/�
<latexit sha1_base64="aGNHci1eK0/zHAbP4coHEKiH/PU=">AAACCHicbVDLSsNAFL3xWeujUZduBovgqiYi6EYo1YXLCn1BG8JkOmmHziRhZiKU0B/wF9zq3p249S/c+iVO2yxs64ELh3Pu5VxOkHCmtON8W2vrG5tb24Wd4u7e/kHJPjxqqTiVhDZJzGPZCbCinEW0qZnmtJNIikXAaTsY3U399hOVisVRQ48T6gk8iFjICNZG8u3SPbpFI7/WuOgNsBDYt8tOxZkBrRI3J2XIUfftn14/JqmgkSYcK9V1nUR7GZaaEU4nxV6qaILJCA9o19AIC6q8bPb4BJ0ZpY/CWJqJNJqpfy8yLJQai8BsCqyHatmbiv953VSHN17GoiTVNCLzoDDlSMdo2gLqM0mJ5mNDMJHM/IrIEEtMtOlqISUQk6IpxV2uYJW0LiuuU3Efr8rVWl5PAU7gFM7BhWuowgPUoQkEUniBV3iznq1368P6nK+uWfnNMSzA+voFV/uYlg==</latexit><latexit sha1_base64="aGNHci1eK0/zHAbP4coHEKiH/PU=">AAACCHicbVDLSsNAFL3xWeujUZduBovgqiYi6EYo1YXLCn1BG8JkOmmHziRhZiKU0B/wF9zq3p249S/c+iVO2yxs64ELh3Pu5VxOkHCmtON8W2vrG5tb24Wd4u7e/kHJPjxqqTiVhDZJzGPZCbCinEW0qZnmtJNIikXAaTsY3U399hOVisVRQ48T6gk8iFjICNZG8u3SPbpFI7/WuOgNsBDYt8tOxZkBrRI3J2XIUfftn14/JqmgkSYcK9V1nUR7GZaaEU4nxV6qaILJCA9o19AIC6q8bPb4BJ0ZpY/CWJqJNJqpfy8yLJQai8BsCqyHatmbiv953VSHN17GoiTVNCLzoDDlSMdo2gLqM0mJ5mNDMJHM/IrIEEtMtOlqISUQk6IpxV2uYJW0LiuuU3Efr8rVWl5PAU7gFM7BhWuowgPUoQkEUniBV3iznq1368P6nK+uWfnNMSzA+voFV/uYlg==</latexit><latexit sha1_base64="aGNHci1eK0/zHAbP4coHEKiH/PU=">AAACCHicbVDLSsNAFL3xWeujUZduBovgqiYi6EYo1YXLCn1BG8JkOmmHziRhZiKU0B/wF9zq3p249S/c+iVO2yxs64ELh3Pu5VxOkHCmtON8W2vrG5tb24Wd4u7e/kHJPjxqqTiVhDZJzGPZCbCinEW0qZnmtJNIikXAaTsY3U399hOVisVRQ48T6gk8iFjICNZG8u3SPbpFI7/WuOgNsBDYt8tOxZkBrRI3J2XIUfftn14/JqmgkSYcK9V1nUR7GZaaEU4nxV6qaILJCA9o19AIC6q8bPb4BJ0ZpY/CWJqJNJqpfy8yLJQai8BsCqyHatmbiv953VSHN17GoiTVNCLzoDDlSMdo2gLqM0mJ5mNDMJHM/IrIEEtMtOlqISUQk6IpxV2uYJW0LiuuU3Efr8rVWl5PAU7gFM7BhWuowgPUoQkEUniBV3iznq1368P6nK+uWfnNMSzA+voFV/uYlg==</latexit><latexit sha1_base64="aGNHci1eK0/zHAbP4coHEKiH/PU=">AAACCHicbVDLSsNAFL3xWeujUZduBovgqiYi6EYo1YXLCn1BG8JkOmmHziRhZiKU0B/wF9zq3p249S/c+iVO2yxs64ELh3Pu5VxOkHCmtON8W2vrG5tb24Wd4u7e/kHJPjxqqTiVhDZJzGPZCbCinEW0qZnmtJNIikXAaTsY3U399hOVisVRQ48T6gk8iFjICNZG8u3SPbpFI7/WuOgNsBDYt8tOxZkBrRI3J2XIUfftn14/JqmgkSYcK9V1nUR7GZaaEU4nxV6qaILJCA9o19AIC6q8bPb4BJ0ZpY/CWJqJNJqpfy8yLJQai8BsCqyHatmbiv953VSHN17GoiTVNCLzoDDlSMdo2gLqM0mJ5mNDMJHM/IrIEEtMtOlqISUQk6IpxV2uYJW0LiuuU3Efr8rVWl5PAU7gFM7BhWuowgPUoQkEUniBV3iznq1368P6nK+uWfnNMSzA+voFV/uYlg==</latexit>



https://www2.ph.ed.ac.uk/~dmichiel/Lab.html

Google: “dmichiel Lab”

Download: Tutorial0-nvt



https://arxiv.org/pdf/2102.10399.pdf

https://www2.ph.ed.ac.uk/~dmichiel/Lab.html

Useful resources

Series of tutorials on MD simulations of polymers/knots/links

Recent hands-on notes for LAMMPS and Brownian active particles

Your brain! :)
Don’t be afraid, just open source codes and try to understand/fiddle with them…
what’s the worst it can happen?

LAMMPS documentation/tutorials/presentations
https://lammps.sandia.gov/tutorials.html



Cite appropriately

It takes a lot of work to come up with all this so…

If (using LAMMPS) {Plimpton Journal of Computational Physics 1995}

If (using bead-spring w FENE) {Kremer, Grest Macromolecules 1990}

If (using standard fix_bond_swap){Sides et al, J Polymer Science B 2004}

If you are interested to use/edit the codes from the tutorial, 
feel free to take them and use/edit them 

or get in touch as we may have cleaner/better solutions



Future events
Once a month 

(last Thursday and Friday) 

Atomistic simulations

Topological Analysis

Python/GROMACS

oxDNA

AFM tracing

…



eutopia.unitn.eu


