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There is a simple animating principle behind particle-based 
simulations… (“it’s classic!”)

“As long as you tell me the inter-particle forces, 
I’ll tell you the particle trajectories.”

(And there are a lot of places 
where you might get these forces from!)
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A Few Types of Forces between Particles

(1) CENTRAL FORCES:
– Act along the particles’ line-of-center
– Could get weaker or stronger as 
separation increases 
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(2) CONTACT FORCES:
– Can push in many possible directions, but 
only if…
– The particles are touching 
(zero otherwise)

A Few Types of Forces between Particles
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(3) CONTINUUM-MEDIATED FORCES:
– Particles interact indirectly through a 
continuous background medium
– Get weaker as separation increases

A Few Types of Forces between Particles
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Particle Simulations at Every Length Scale

(1) Atoms and molecules
(2) Colloids and polymers
(3) Billiard balls
(4) Pedestrians
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(1) Atoms and molecules
(2) Colloids and polymers
(3) Billiard balls
(4) Pedestrians

✓ Forces are... CENTRAL
✓ Origins include…

QUANTUM MECHANICS
and E&M

Particle Simulations at Every Length Scale
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(1) Atoms and molecules
(2) Colloids and polymers
(3) Billiard balls
(4) Pedestrians

✓ Forces are... CENTRAL and 
CONTINUUM-MEDIATED

✓ Origins include…
E&M, THERMODYNAMICS,
and HYDRODYNAMICS

Particle Simulations at Every Length Scale
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(1) Atoms and molecules
(2) Colloids and polymers
(3) Billiard balls
(4) Pedestrians

✓ Forces are... CONTACT
✓ Origins include…

ELASTICITY and
FRICTION

Particle Simulations at Every Length Scale
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(1) Atoms and molecules
(2) Colloids and polymers
(3) Billiard balls
(4) Pedestrians

✓ Forces are... CONTACT and 
CENTRAL (and INTERNALLY 
SUPPLIED!)

✓ Origins include…
FRICTION and
PSYCHOLOGY and CAKE

Particle Simulations at Every Length Scale



“P.S. Something old, something new,
something borrowed, something blue.” 



At the nanoscale, fluid slip is a big deal…

Pipe Flow

(Hagen-Poiseuille, no slip)

(additional flow due to slip)
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At the nanoscale, fluid slip is a big deal…

(Hagen-Poiseuille, no slip)

(additional flow due to slip)

Pipe Flow

(exciting and non-negligible slip 
phenomena appear)
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At the nanoscale, fluid slip is a big deal…

(Hagen-Poiseuille, no slip)

(additional flow due to slip)

Applications galore (“something blue”)…

Pipe Flow

[Heiranian and Aluru, 
ACS Nano 2020, 14, 1, 272–281]

(exciting and non-negligible slip 
phenomena appear)



Outline
• Assumption: Slip velocity is linear in 

the velocity gradient at the boundary.
• Slip length is the distance within the 

boundary at which the (extrapolated) 
velocity profile matches the boundary 
velocity.

• The Navier slip condition has been 
shown (rigorously) to hold for dilute 
fluids.

• Key question: What is the appropriate 
slip condition for dense fluids?

velocity profile (no slip)

velocity profile (with slip)

”Business as usual” is the Navier slip condition…
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To model slip, Molecular-Kinetic Theory 
(MKT) is a jump in the right direction.

graphene

graphene
(zoomed in)

periodic energy
landscape

Length scale for 
jumps

Time scale for jump attempts

Fluid-solid interaction energy

Surface 

density of 

interfacial 

fluid layer

Viscosity

Shear rate

In the appropriate limit, MKT recovers the Navier 
slip condition:

Slip length 
directly linked to 
microscopic 
parameters!

[Wang and Hadjiconstantinou, 
Phys. Rev. Fluids 2019, 4(6), 064201]

[Wang and Hadjiconstantinou, 
Phys. Rev. Fluids 2017, 2(9), 094201]

[Blake and Haynes, 

J. Colloid Interface Sci. 30 (1969)]



To model slip, Molecular-Kinetic Theory (MKT) 
is a jump in the right direction.

MKT has been validated against: 

MD simulations 
(in house and from literature)

[Thompson and Troian, Nature 1997, 389]

[Martini, Hsu, Patankar, and Lichter, Phys. Rev. Lett. 2008, 100]

and

experiments
[Craig, Neto, and Williams, Phys. Rev. Lett. 2001, 87]

[Zhu and Granick, Phys. Rev. Lett. 2001, 87]

[Léger, J. Phys.: Cond. Matt. 2003, 15]

[Wang, under review]

[Wang and Hadjiconstantinou, 
Phys. Rev. Fluids 2019, 4(6), 064201]

[Wang and Hadjiconstantinou, 
Phys. Rev. Fluids 2017, 2(9), 094201]
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Governing equations for pedestrian dynamics

The ”selfish” term: Each 
pedestrian has a desired 
velocity and tries to stick to 
that velocity (proportional 
control).

The ”social interaction” term: 
Pedestrians experience forces 

that depend on spatial 
configuration relative to other 

pedestrians.

The ”random” term: Each 
pedestrian is given a tiny

random (Gaussian) kick to 
reduce stalling events.

The ”collision avoidance” term: 
Pedestrians try to avoid each other in 

general, with a characteristic 
”personal space” set by d0. This is 

the focus of our work.
The ”brushing shoulders” term: In the event 

two pedestrians are near contact, they 
experience a frictional force.

[Helbing and Molnar, Phys. Rev. E 1995, 51(5), 4282–4286]
[Helbing, Farkas, and Vicsek, Nature 2000, 407, 487–490]
[Koyama et al., Artif. Life Robot. 2020, 25, 529–536]

For more on social force models, see, e.g.
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How does the need for 
increased social distancing 
affect pedestrian flows in 
confined environments?

Pedestrians in Piura, Peru

Himeji, Japan – April 06, 2020



21[Kramer and Wang, under review]
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More people, 
more problems…

[Kramer and Wang, under review]
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... and more preference for social distance, more 
“problems” too…

[Kramer and Wang, under review]



“P.S. A picture is worth a thousand words.”



Laboratory for Mechanics of Materials via Molecular 
and Multiscale Methods
(M5 Lab at CMU)

• Statistical physics and molecular-scale mechanics of fluids, 
polymers, soft matter, and active matter.

• Micro- and nanoscale transport phenomena.
• High-performance computational science and engineering 

(both theory- and data-driven).
• Molecular-scale design principles for sustainability.
• Physics of livable and equitable urban systems.

Sustainable 
polymers

Pedestrian flows

Nanoscale heat 
transfer

Hydrodynamics of 
suspensions

Nanoscale hydrodynamics
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“P.S. One good turn deserves another.”



Outline

M5 LAB

@GeraldJWang

gjwang@cmu.edu

P.S. Something old, something new,
something borrowed, something blue.

P.S. A picture is worth a thousand words.
(or at least 10 extra minutes of talk time :P)

P.S. One good turn deserves another.
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