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◆ Combined effects:
- Mode II shear stress failure at interface 

between cup and land.
- Entrapped air.

Lamination 

Klinzing and Troup., 2019

◆ Primarily observed in bi-
convex tablets: splitting of 
one or both cups.

◆ Type I: Multiple fracture 
caused by air entrapment.
- Caused by high-speed compression and 

high relative density.
- More common in ductile materials.
- Fracture pattern is random.

◆ Type II: Shear stresses 
combined with radial 
expansion during ejection.
- Occurs more often with less lubrication.
- Reproducible fracture at bottom of tablet.
- Less common in ductile materials.

Capping 

Meynard et al., 2022

cup

land



Continuum methods

✚ arbitrarily large system sizes

− no accepted cohesive powder 
constitutive model

− no particle-level details

Homogenize powder into 
continuous media

MPFEM

Discretely represent powders 
as meshed continuum bodies

✚ complex shapes and multi-
material interactions

✚ particle-level details

− computational expense

Discrete element method

Discretely represent powders 
as primitive spheres 

✚ computational efficiency 
between continuum & MPFEM

✚ particle-level details

✚ pore-level gas phase coupling 
possible



Powders are complex:

• Elastic

• Plastic

• Viscoelastic

• Adhesion

• Liquid bridging

• Friction

• Fracture

• Triboelectric charging

• Sintering

• Segregation

• Multi-component blends

• Elastic

• Plastic

• Viscoelastic

• Adhesion

• Liquid bridging

• Friction

• Fracture

• Triboelectric charging

• Sintering

• Segregation

• Multi-component blends

Method of dimensionality reduction 
(MDR) contact model

• Analytical mechanics-based formulation

• Physical model inputs: 
<latexit sha1_base64="Edh/z6t4Rcdkd79CQVgmERwoXGw=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5CRbBRSlJ8bUsqOCygm2VJpSb6aQdOjMJMxOhhuKvuHGhiFv/w51/4/Sx0NYDFw7n3Mu994QJo0q77reVW1hcWl7JrxbW1jc2t+ztnYaKU4lJHccslnchKMKoIHVNNSN3iSTAQ0aaYf9i5DcfiFQ0Frd6kJCAQ1fQiGLQRmrbe1clX6Sl+5J/SZgGvwucQ9suumV3DGeeeFNSRFPU2vaX34lxyonQmIFSLc9NdJCB1BQzMiz4qSIJ4D50SctQAZyoIBtfP3QOjdJxoliaEtoZq78nMuBKDXhoOjnonpr1RuJ/XivV0XmQUZGkmgg8WRSlzNGxM4rC6VBJsGYDQwBLam51cA8kYG0CK5gQvNmX50mjUvZOyyc3x8VqZRpHHu2jA3SEPHSGquga1VAdYfSIntErerOerBfr3fqYtOas6cwu+gPr8wdJHZRz</latexit>

E, ⌫, Y,��

• Models elasto-plastic behavior into high 
confinement and during unloading

• Includes JKR type (fracture) adhesion 

• Formally implemented into main LAMMPS 
repository: 



undeformed deformed

MPFEM



monodisperse

tridisperse



Particle Reconstruction

finite element MDR contact model

triaxial compaction

monodisperse MPFEM
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Experimental Compaction Simulator

<latexit sha1_base64="ux24Rhrvhoa5mX0sxTLr3lPA2tA=">AAAB/HicdVDJSgNBEO2JW4xbNEcvjUHIaZgJxgUvAS8eI5gFMkPo6fQkTbpnhu4aMQzxV7x4UMSrH+LNv7GzIK4PCh7vVVFVL0gE1+A471ZuaXlldS2/XtjY3NreKe7utXScKsqaNBax6gREM8Ej1gQOgnUSxYgMBGsHo4up375hSvM4uoZxwnxJBhEPOSVgpF6xVK1h7xx7MvWA3YKSmZz0imXHPpuihl3bmeE3KaMFGr3im9ePaSpZBFQQrbuuk4CfEQWcCjYpeKlmCaEjMmBdQyMimfaz2fETfGiUPg5jZSoCPFO/TmREaj2WgemUBIb6pzcV//K6KYSnfsajJAUW0fmiMBUYYjxNAve5YhTE2BBCFTe3YjokilAweRVMCP///klaVds9tmtXR+V6ZRFHHu2jA1RBLjpBdXSJGqiJKBqje/SInqw768F6tl7mrTlrMVNC32C9fgAsE5Ru</latexit>

25 µm

Avicel PH102

Calibrated DEM Parameters



RDmax = 0.85 RDmax = 0.99





Beyond Tableting…

Pieter’s Pelleting Process



◆ Zunker, W., & Kamrin, K. (2024). A mechanically-derived 
contact model for adhesive elastic-perfectly plastic particles, Part 
I: Utilizing the method of dimensionality reduction. Journal of the 
Mechanics and Physics of Solids, 183, 105492.

◆ Zunker, W., & Kamrin, K. (2024). A mechanically-derived 
contact model for adhesive elastic-perfectly plastic particles, Part 
II: Contact under high compaction—modeling a bulk elastic 
response. Journal of the Mechanics and Physics of Solids, 183, 
105493.

◆ Zunker, W., Dunatunga, S., Thakur, S., Tang, P., & Kamrin, K. 
(2025). Experimentally validated DEM for large deformation 
powder compaction: Mechanically-derived contact model and 
screening of non-physical contacts. Powder Technology, 459, 
120972.

Publications and Code 
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Github MDR Contact Model 
Documentation

Published in April!



Adding in air…



= DEM = MPCD

Models a compressible fluid as a collection 
of point-like particles that follow simplified 
dynamics in three steps:

Multi-particle collision dynamics 
(MPCD or SRD)

1. Streaming – propagates momentum
<latexit sha1_base64="4UZAtz2uh1OGTt6tvpkfxLKNOsE=">AAACLXicbVBbSwJBGJ21m9nN6rGXIQkUQXbDLi+BkA89GuQFVGR2nNXB2Qsz30qy+Id66a9E0IMRvfY3mlWL1A4MHM45H/N9xw4EV2CaEyOxtr6xuZXcTu3s7u0fpA+PasoPJWVV6gtfNmyimOAeqwIHwRqBZMS1Bavbg9vYrw+ZVNz3HmAUsLZLeh53OCWgpU663HIJ9G0nehx3eBbyrTITQDDk8A1etHI4/6sMZ8pPuJPOmAVzCrxKrDnJoDkqnfRrq+vT0GUeUEGUalpmAO2ISOBUsHGqFSoWEDogPdbU1CMuU+1oeu0Yn2mlix1f6ucBnqp/JyLiKjVybZ2M11XLXiz+5zVDcK7bEfeCEJhHZx85ocDg47g63OWSURAjTQiVXO+KaZ9IQkEXnNIlWMsnr5LaecG6LFzcFzOl4ryOJDpBpyiLLHSFSugOVVAVUfSEXtAEvRvPxpvxYXzOogljPnOMFmB8fQM14Kd1</latexit>

xi(t+�t) = xi(t) + vi(t)�t

3. Collision – momentum exchange per cell
<latexit sha1_base64="4oxqlTtYyyGPiSteq0pmpCKJ8Po="></latexit>

vcm =
1

Nc

NcX

i=1

vi

<latexit sha1_base64="oUW8vNHXTyZmsLbopnNmqVMUjoY=">AAACQ3icdVDLSgMxFM34tr6qLt0Ei1ARy4z42ggFNy6rWFtshyGTZtpgMjMkd8QyzL+58Qfc+QNuXCjiVjCtRdqqBwIn59xDbo4fC67Btp+sicmp6ZnZufncwuLS8kp+de1KR4mirEojEam6TzQTPGRV4CBYPVaMSF+wmn9z2vNrt0xpHoWX0I2ZK0k75AGnBIzk5a+bkkDHD9LbzOP4BA9dm8DuQMmUygzv/BgXGS6OZHb/yWx7+YJdsvvAv4kzIAU0QMXLPzZbEU0kC4EKonXDsWNwU6KAU8GyXDPRLCb0hrRZw9CQSKbdtN9BhreM0sJBpMwJAffV4URKpNZd6ZvJ3rp63OuJf3mNBIJjN+VhnAAL6fdDQSIwRLhXKG5xxSiIriGEKm52xbRDFKFgas+ZEpzxL/8mV3sl57B0cL5fKO8P6phDG2gTFZGDjlAZnaEKqiKK7tEzekVv1oP1Yr1bH9+jE9Ygs45GYH1+ATO9stc=</latexit>

vi = vcm +R(vi � vcm)

✚ Recovers compressibility and viscosity
✚ Existing LAMMPS MPCD-DEM coupling

2. Bounce-Back – MPCD particles reflect off 
DEM particles and momentum is exchanged.



no air with air with air (DEM hidden)

Air-Induced Defect Study
reference simulations



no air with air with air (DEM hidden)

Air-Induced Defect Study
10x increased air viscosity 



no air with air with air (DEM hidden)

Air-Induced Defect Study
10x increased air viscosity and reduce maximum relative density (0.98 ! 0.9)



reference 10x increased air 
viscosity

10x increased air viscosity and 
reduce maximum relative 
density from (0.98 ! 0.9)

Final Formed Tablets with Air

laminar defects observed laminar defects observed no defects observed



Curious follow-up… Sticking

<latexit sha1_base64="5zJCSUNEMvJCqdqVxE42VpcpMkY=">AAACFnicbVDLSgNBEJz1bXxFPXoZDIIX467viyDowaOCUSEbQu+kE4fM7C4zvWpY8hVe/BUvHhTxKt78GycxB18FDUVVN91dUaqkJd//8IaGR0bHxicmC1PTM7NzxfmFc5tkRmBFJCoxlxFYVDLGCklSeJkaBB0pvIjahz3/4hqNlUl8Rp0UaxpasWxKAeSkenEtPEJFELZAa6iHhLdkdH4DSnXXv1t8nwfrm/ViyS/7ffC/JBiQEhvgpF58DxuJyDTGJBRYWw38lGo5GJJCYbcQZhZTEG1oYdXRGDTaWt5/q8tXnNLgzcS4ion31e8TOWhrOzpynRroyv72euJ/XjWj5l4tl3GaEcbia1EzU5wS3suIN6RBQarjCAgj3a1cXIEBQS7Jggsh+P3yX3K+UQ52ytunW6WDrUEcE2yJLbNVFrBddsCO2QmrMMHu2AN7Ys/evffovXivX61D3mBmkf2A9/YJqtGe+Q==</latexit>

��wall/�� = 1/3= 1/3
no air with air



<latexit sha1_base64="5zJCSUNEMvJCqdqVxE42VpcpMkY=">AAACFnicbVDLSgNBEJz1bXxFPXoZDIIX467viyDowaOCUSEbQu+kE4fM7C4zvWpY8hVe/BUvHhTxKt78GycxB18FDUVVN91dUaqkJd//8IaGR0bHxicmC1PTM7NzxfmFc5tkRmBFJCoxlxFYVDLGCklSeJkaBB0pvIjahz3/4hqNlUl8Rp0UaxpasWxKAeSkenEtPEJFELZAa6iHhLdkdH4DSnXXv1t8nwfrm/ViyS/7ffC/JBiQEhvgpF58DxuJyDTGJBRYWw38lGo5GJJCYbcQZhZTEG1oYdXRGDTaWt5/q8tXnNLgzcS4ion31e8TOWhrOzpynRroyv72euJ/XjWj5l4tl3GaEcbia1EzU5wS3suIN6RBQarjCAgj3a1cXIEBQS7Jggsh+P3yX3K+UQ52ytunW6WDrUEcE2yJLbNVFrBddsCO2QmrMMHu2AN7Ys/evffovXivX61D3mBmkf2A9/YJqtGe+Q==</latexit>

��wall/�� = 1/30 1/3 2/3 1

no air

with air

air worsens sticking



Overall Summary of Project Progress

◆ Developed a novel mechanically-
derived contact model for adhesive 
elastic-perfectly plastic particles.

◆ Published two papers in JMPS on the 
theory of the model.

◆ Formally implemented the contact 
model and a new topological algorithm 
into the main repository of the open-
source software LAMMPS.

◆ Validated the code against FEM and 
experimental results in collaboration with 
Vertex Pharmaceuticals.

◆ Published a paper in Powder 
Technology highlighting the LAMMPS 
code and its practical application in 
modeling powder compaction.

upper 
punch

lower 
punch

die

die fill max compaction upper punch release ejection

◆ IFPRI members (Pieter and Amir) and 
others are using the model to simulate a 
wide array of powder compaction 
applications from pelleting to battery 
calendaring.

◆ Worked to achieve coupling with a 
compressible gas phase in LAMMPS.

◆ Demonstrated the sticking defect and 
the role of air in worsening the effect.

◆ Produced air-induced lamination 
defects with simulation using the DEM 
representation of Avicel under reasonable 
operating conditions.

◆ Showed that the lamination defects are 
sensitive to air viscosity (i.e. loading 
rates) and maximum relative density, 
consistent with literature findings.



Appendix



Lamination 

Mazel and Tchoreloff, 2021 Klinzing and Troup, 2019

◆ MCC lamination defects observed under the 
following conditions:

- 80 mm/s punch velocity
- 230 MPa maximum axial stress
- Straight and tapered die
- Precompressions less than 20 MPa and greater than 130 

MPa

◆ MCC lamination defects observed under the 
following conditions:

- 200 mm/s punch velocity
- 285 MPa maximum axial stress
- Straight die
- Dwell times less than 100s



SRD Settings and Physical Consequences 

Keyword Value Description

lamda <not set> Mean free path of SRD particles is automatically calculated through TSRD.

collision <noslip> Collisions impart force and torque on big particles.

overlap <yes> Big particles are allowed to overlap.

inside <ignore> Do not flag an error when an SRD particle ends up in a big particle.

exact <not set> Automatically set to yes since overlap is yes, for time-accurate collisions.

radius <0 to 1> Scales down collision radius to avoid SRD particles colliding with multiple big particles.

bounce <integer> Maximum number of collisions an SRD particle can undergo in one timestep.

search <not set> Grid spacing for collision partner searching is set to hgrid.

cubic <warn 0.0001> Warning if bin size is non-cubic beyond specified tolerance.

shift <yes 49829> Bin shifting occurs each time SRD velocities are rescaled.

tstat <yes> SRD particles are thermostated to the specified temperature post-collision.

rescale <yes> SRD velocities are rescaled if particles travel more than four mean-free paths in one timestep.



Terminal Settling Velocity

<latexit sha1_base64="gtJ8ruqkPu5DR3Nyn+KEUOqT+Qc=">AAAB83icbVDJSgNBEK2JW4xb1KOXxiB4CjPidhECgniMYBbIDKGn05M06e4ZehFCyG948aCIV3/Gm39jJ5mDJj4oeLxXRVW9OONMG9//9gorq2vrG8XN0tb2zu5eef+gqVOrCG2QlKeqHWNNOZO0YZjhtJ0pikXMaSse3k791hNVmqXy0YwyGgnclyxhBBsnhaG2At2hGyQQ7pYrftWfAS2TICcVyFHvlr/CXkqsoNIQjrXuBH5mojFWhhFOJ6XQapphMsR92nFUYkF1NJ7dPEEnTumhJFWupEEz9ffEGAutRyJ2nQKbgV70puJ/Xsea5DoaM5lZQyWZL0osRyZF0wBQjylKDB85goli7lZEBlhhYlxMJRdCsPjyMmmeVYPL6sXDeaV2nsdRhCM4hlMI4ApqcA91aACBDJ7hFd486714797HvLXg5TOH8Afe5w8sd5Bw</latexit>X
F = ma

<latexit sha1_base64="A79JwEyeayc8HwLFa1ZBKpfTFP0=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NAEI8RzQOSJcxOZjdDZmeXmV4hhHyCFw+KePWLvPk3TpI9aGJBQ1HVTXdXkEph0HW/ncLK6tr6RnGztLW9s7tX3j9omiTTjDdYIhPdDqjhUijeQIGSt1PNaRxI3gqGN1O/9cS1EYl6xFHK/ZhGSoSCUbTSw20v6pUrbtWdgSwTLycVyFHvlb+6/YRlMVfIJDWm47kp+mOqUTDJJ6VuZnhK2ZBGvGOpojE3/nh26oScWKVPwkTbUkhm6u+JMY2NGcWB7YwpDsyiNxX/8zoZhtf+WKg0Q67YfFGYSYIJmf5N+kJzhnJkCWVa2FsJG1BNGdp0SjYEb/HlZdI8q3qX1Yv780rtPI+jCEdwDKfgwRXU4A7q0AAGETzDK7w50nlx3p2PeWvByWcO4Q+czx8QZo2g</latexit>

Fg
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<latexit sha1_base64="fLYEPwSUpcta0BPQrHXKRBrzy1M=">AAAB73icbVDLSsNAFL2pr1pfVZduBovgQkoi9bEsCMVlBfuANoTJZNIOnUzSmYlQQn/CjQtF3Po77vwbp20W2nrgwuGce7n3Hj/hTGnb/rYKa+sbm1vF7dLO7t7+QfnwqK3iVBLaIjGPZdfHinImaEszzWk3kRRHPqcdf3Q38ztPVCoWi0c9Sagb4YFgISNYG6nb8IIL1PB8r1yxq/YcaJU4OalAjqZX/uoHMUkjKjThWKmeYyfazbDUjHA6LfVTRRNMRnhAe4YKHFHlZvN7p+jMKAEKY2lKaDRXf09kOFJqEvmmM8J6qJa9mfif10t1eOtmTCSppoIsFoUpRzpGs+dRwCQlmk8MwUQycysiQywx0SaikgnBWX55lbQvq8519eqhVqnX8jiKcAKncA4O3EAd7qEJLSDA4Rle4c0aWy/Wu/WxaC1Y+cwx/IH1+QPNiI8i</latexit>

Fd, Fb

<latexit sha1_base64="NaIcl53pqrKecL1MSlUo12BmXAM=">AAAB/XicbVDLSgMxFM3UV62v8bFzEyyCIJQZqY+NUBCKywr2Ae0wZDJpG5pkhiQj1KH4K25cKOLW/3Dn35hOZ6GtB+7lcM695OYEMaNKO863VVhaXlldK66XNja3tnfs3b2WihKJSRNHLJKdACnCqCBNTTUjnVgSxANG2sHoZuq3H4hUNBL3ehwTj6OBoH2KkTaSbx/U/RCewrofZH0AryFHvl12Kk4GuEjcnJRBjoZvf/XCCCecCI0ZUqrrOrH2UiQ1xYxMSr1EkRjhERqQrqECcaK8NLt+Ao+NEsJ+JE0JDTP190aKuFJjHphJjvRQzXtT8T+vm+j+lZdSESeaCDx7qJ8wqCM4jQKGVBKs2dgQhCU1t0I8RBJhbQIrmRDc+S8vktZZxb2onN9Vy7VqHkcRHIIjcAJccAlq4BY0QBNg8AiewSt4s56sF+vd+piNFqx8Zx/8gfX5A4fdkqw=</latexit>

Fd + Fb + Fg = ma

<latexit sha1_base64="EqBWchbeSYilE4Rnn24KWkrHkJk="></latexit>

�6⇡⌫a⇢aRv +
4

3
⇡R3⇢ag �

4

3
⇡R3⇢sg =

4

3
⇡R3⇢sv̇

<latexit sha1_base64="DNuD0e97TiZDrOiLkf+j6Oql56o="></latexit>

v̇ = c1v � c2, c1 = �9

2

⌫a⇢a
R2⇢s

, c2 =
⇢a � ⇢s

⇢s
g

<latexit sha1_base64="lyME8Rhdui4fdADId7k0wfd/Mrg=">AAACHnicbVDLSgMxFM34rPVVdekmWIR2YZkprboRCm5cVrAP6NSSSTNtaOZBcqdShvkSN/6KGxeKCK70b8y0XWjrgeQezrmX5B4nFFyBaX4bK6tr6xubma3s9s7u3n7u4LCpgkhS1qCBCGTbIYoJ7rMGcBCsHUpGPEewljO6Tv3WmEnFA/8OJiHremTgc5dTAlrq5arjglnEV9jEtuSDIRApgwc81ortSkJj2isn+rKSArtPK4bkzCr2cnmzZE6Bl4k1J3k0R72X+7T7AY085gMVRKmOZYbQjYkETgVLsnakWEjoiAxYR1OfeEx14+l6CT7VSh+7gdTHBzxVf0/ExFNq4jm60yMwVIteKv7ndSJwL7sx98MImE9nD7mRwBDgNCvc55JREBNNCJVc/xXTIdGxgE40q0OwFldeJs1yyTovVW8r+VplHkcGHaMTVEAWukA1dIPqqIEoekTP6BW9GU/Gi/FufMxaV4z5zBH6A+PrBwoAn/U=</latexit>

v(0) = 0 ! v =
c2
c1

(ec1t � 1)

<latexit sha1_base64="6917EybmJDR+vGcCUx1AAtx27ww="></latexit>

vt =
2

9

(⇢s � ⇢a)gR2

⌫a⇢a

Drag, buoyant, and gravitational forces act 
on a spherical body as it falls through air.



Contact Area Scaling
(not dependent on radius)

vs

<latexit sha1_base64="deLHrwIRKF4X1jDZ6Gc6aLCWtvQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXjx4SMA8IFnC7KQ3GTM7u8zMCiHkC7x4UMSrn+TNv3GS7EETCxqKqm66u4JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfp9r1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8MafcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL2r8mW9UqpWsjjycAKncA4eXEMV7qAGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOik4zM</latexit>

L

<latexit sha1_base64="deLHrwIRKF4X1jDZ6Gc6aLCWtvQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXjx4SMA8IFnC7KQ3GTM7u8zMCiHkC7x4UMSrn+TNv3GS7EETCxqKqm66u4JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfp9r1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8MafcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL2r8mW9UqpWsjjycAKncA4eXEMV7qAGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOik4zM</latexit>

L

<latexit sha1_base64="deLHrwIRKF4X1jDZ6Gc6aLCWtvQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXjx4SMA8IFnC7KQ3GTM7u8zMCiHkC7x4UMSrn+TNv3GS7EETCxqKqm66u4JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfp9r1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8MafcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL2r8mW9UqpWsjjycAKncA4eXEMV7qAGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOik4zM</latexit>

L

<latexit sha1_base64="deLHrwIRKF4X1jDZ6Gc6aLCWtvQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXjx4SMA8IFnC7KQ3GTM7u8zMCiHkC7x4UMSrn+TNv3GS7EETCxqKqm66u4JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfp9r1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8MafcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL2r8mW9UqpWsjjycAKncA4eXEMV7qAGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOik4zM</latexit>

L

<latexit sha1_base64="PPUXZ1TCKZGcfUr2K9QyeTCDl6s=">AAAB/HicbVDLSsNAFJ34rPUV7dLNYBFclaTUx7LFjSup0Be0MUymk3boJDPMTIQQ6q+4caGIWz/EnX/jtM1CWw9cOJxzL/feEwhGlXacb2ttfWNza7uwU9zd2z84tI+OO4onEpM25ozLXoAUYTQmbU01Iz0hCYoCRrrB5Gbmdx+JVJTHLZ0K4kVoFNOQYqSN5Nulht+CAyG50BzePVRhw6e+XXYqzhxwlbg5KYMcTd/+Ggw5TiISa8yQUn3XEdrLkNQUMzItDhJFBMITNCJ9Q2MUEeVl8+On8MwoQxhyaSrWcK7+nshQpFQaBaYzQnqslr2Z+J/XT3R47WU0FokmMV4sChMGzaOzJOCQSoI1Sw1BWFJzK8RjJBHWJq+iCcFdfnmVdKoV97JycV8r12t5HAVwAk7BOXDBFaiDW9AEbYBBCp7BK3iznqwX6936WLSuWflMCfyB9fkD7EOToA==</latexit>

AT / N2Ai

<latexit sha1_base64="WPLKJOlVan/eaU0YwwVyIlr1BvM=">AAAB+HicbVDLSgMxFM34rPXRUZdugkVwVWZKfSwrblxWsQ9oxyGTZtrQTBKSjFCHfokbF4q49VPc+Tem7Sy09cCFwzn3cu89kWRUG8/7dlZW19Y3Ngtbxe2d3b2Su3/Q0iJVmDSxYEJ1IqQJo5w0DTWMdKQiKIkYaUej66nffiRKU8HvzViSIEEDTmOKkbFS6JauQgp7UglpBLx7qIZu2at4M8Bl4uekDHI0Qver1xc4TQg3mCGtu74nTZAhZShmZFLspZpIhEdoQLqWcpQQHWSzwyfwxCp9GAtlixs4U39PZCjRepxEtjNBZqgXvan4n9dNTXwZZJTL1BCO54vilEH75DQF2KeKYMPGliCsqL0V4iFSCBubVdGG4C++vExa1Yp/Xjm7rZXrtTyOAjgCx+AU+OAC1MENaIAmwCAFz+AVvDlPzovz7nzMW1ecfOYQ/IHz+QOm2JJo</latexit>

Ai / R2

<latexit sha1_base64="WZpWOdcOmSAj9lPNFZV4C2ITdUY=">AAAB/nicbVDLSgMxFM3UV62vUXHlJlgEV2VG6mNZcONCpIp9QKeUTJppQzNJSDJCGQb8FTcuFHHrd7jzb0zbWWjrgQuHc+7l3ntCyag2nvftFJaWV1bXiuuljc2t7R13d6+pRaIwaWDBhGqHSBNGOWkYahhpS0VQHDLSCkdXE7/1SJSmgj+YsSTdGA04jShGxko99+AeBlIJaQQMIoVwepOlt1nPLXsVbwq4SPyclEGOes/9CvoCJzHhBjOkdcf3pOmmSBmKGclKQaKJRHiEBqRjKUcx0d10en4Gj63Sh5FQtriBU/X3RIpircdxaDtjZIZ63puI/3mdxESX3ZRymRjC8WxRlDBon51kAftUEWzY2BKEFbW3QjxENgVjEyvZEPz5lxdJ87Tin1fO7qrlWjWPowgOwRE4AT64ADVwDeqgATBIwTN4BW/Ok/PivDsfs9aCk8/sgz9wPn8AF1CVjQ==</latexit>

R / L

N

<latexit sha1_base64="isZPYMmmByRiA5obIWa4tF+Gfug=">AAAB+HicbVDLTgIxFO3gC/HBqEs3jcTEFZkh+Fhi3LhwgQmvBMZJp3SgodM2bccECV/ixoXGuPVT3Pk3FpiFgie5yck59+beeyLJqDae9+3k1tY3Nrfy24Wd3b39ontw2NIiVZg0sWBCdSKkCaOcNA01jHSkIiiJGGlHo5uZ334kSlPBG2YsSZCgAacxxchYKXSL12ED9qQS0gh491AJ3ZJX9uaAq8TPSAlkqIfuV68vcJoQbjBDWnd9T5pggpShmJFpoZdqIhEeoQHpWspRQnQwmR8+hadW6cNYKFvcwLn6e2KCEq3HSWQ7E2SGetmbif953dTEV8GEcpkawvFiUZwyaJ+cpQD7VBFs2NgShBW1t0I8RAphY7Mq2BD85ZdXSatS9i/K5/fVUq2axZEHx+AEnAEfXIIauAV10AQYpOAZvII358l5cd6dj0VrzslmjsAfOJ8/fOSSTQ==</latexit>

AT / L2

<latexit sha1_base64="hg21USVNtIbhankp+prZXEHJV9M=">AAACD3icbVC7SgNBFJ31GeNr1dJmMCixCbshPsqIjYVIBPOA7BpmJ7PJkNkHM3eFsOwf2PgrNhaK2Nra+TdOHoUmHhg4nHMvd87xYsEVWNa3sbC4tLyymlvLr29sbm2bO7sNFSWSsjqNRCRbHlFM8JDVgYNgrVgyEniCNb3B5chvPjCpeBTewTBmbkB6Ifc5JaCljnl00eHYiWUUQ4QdwXwoOr4kNL3O0pvMkbzXh+P7cscsWCVrDDxP7CkpoClqHfPL6UY0CVgIVBCl2rYVg5sSCZwKluWdRLGY0AHpsbamIQmYctNxngwfaqWL/UjqFwIeq783UhIoNQw8PRkQ6KtZbyT+57UT8M/dlIdxAiykk0N+IrDOPioHd7lkFMRQE0Il13/FtE90HaArzOsS7NnI86RRLtmnpZPbSqFamdaRQ/voABWRjc5QFV2hGqojih7RM3pFb8aT8WK8Gx+T0QVjurOH/sD4/AGGk5xQ</latexit>

Ai /
✓
L

N

◆2

<latexit sha1_base64="95nSyZMJ90ZbLHVGLt+7vK2kXsk=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjyCkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj25nfekKleSwfzDhBP6IDyUPOqLFS/b5XLLlldw6ySryMlCBDrVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NApObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU1440+4TFKDki0WhakgJiazr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfnmVNC/K3lX5sl4pVStZHHk4gVM4Bw+uoQp3UIMGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AaurjNI=</latexit>

R



<latexit sha1_base64="n+0F2m1UXoFlXk9xmCJt0D72G+U=">AAAB8nicbVBNSwMxEJ2tX7V+VT16CRbBU9kt9eMiFLx4rMXawnZZsmm2Dc0mS5IVSunP8OJBEa/+Gm/+G9N2D9r6YODx3gwz86KUM21c99sprK1vbG4Vt0s7u3v7B+XDo0ctM0Vom0guVTfCmnImaNsww2k3VRQnEaedaHQ78ztPVGkmxYMZpzRI8ECwmBFsrOS3Qg/doBpqhbWwXHGr7hxolXg5qUCOZlj+6vUlyRIqDOFYa99zUxNMsDKMcDot9TJNU0xGeEB9SwVOqA4m85On6MwqfRRLZUsYNFd/T0xwovU4iWxngs1QL3sz8T/Pz0x8HUyYSDNDBVksijOOjESz/1GfKUoMH1uCiWL2VkSGWGFibEolG4K3/PIqeaxVvcvqxX290qjncRThBE7hHDy4ggbcQRPaQEDCM7zCm2OcF+fd+Vi0Fpx85hj+wPn8AZZsj3g=</latexit>

R1 = 2R2

<latexit sha1_base64="jbBoqPSREpSAHsN22XoOpbTn3PE=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx48RiXLJAMoafTkzTp6Rm6a4Qw5BO8eFDEq1/kzb+xk8xBEx8UPN6roqpekEhh0HW/ncLK6tr6RnGztLW9s7tX3j9omjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGN1O/9cS1EbF6xHHC/YgOlAgFo2ilh/ue1ytX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5l9eLuvFI7z+MowhEcwyl4cAU1uIU6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w/Qx412</latexit>

R1

<latexit sha1_base64="ib/DOgOSRAglpEQgKD5h69JR7jo=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjMhLseAF49xyQLJEHo6NUmTnp6hu0cIIZ/gxYMiXv0ib/6NnWQOmvig4PFeFVX1gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGNzO/9YRK81g+mnGCfkQHkoecUWOlh/tepVcsuWV3DrJKvIyUIEO9V/zq9mOWRigNE1Trjucmxp9QZTgTOC10U40JZSM6wI6lkkao/cn81Ck5s0qfhLGyJQ2Zq78nJjTSehwFtjOiZqiXvZn4n9dJTXjtT7hMUoOSLRaFqSAmJrO/SZ8rZEaMLaFMcXsrYUOqKDM2nYINwVt+eZU0K2XvsnxxVy3VqlkceTiBUzgHD66gBrdQhwYwGMAzvMKbI5wX5935WLTmnGzmGP7A+fwB0kuNdw==</latexit>

R2

<latexit sha1_base64="xW9Dx6pzVxdHCvfWxtP7gEGLtBM=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXjxGMA9IljA7O5sMmZ1dZ3qFEPITXjwo4tXf8ebfOEn2oIkFDUVVN91dQSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZZJMM95kiUx0J6CGS6F4EwVK3kk1p3EgeTsY3c789hPXRiTqAccp92M6UCISjKKVOr2QS6R9r1+uuFV3DrJKvJxUIEejX/7qhQnLYq6QSWpM13NT9CdUo2CST0u9zPCUshEd8K6lisbc+JP5vVNyZpWQRIm2pZDM1d8TExobM44D2xlTHJplbyb+53UzjG78iVBphlyxxaIokwQTMnuehEJzhnJsCWVa2FsJG1JNGdqISjYEb/nlVdK6qHpX1cv7WqVey+Mowgmcwjl4cA11uIMGNIGBhGd4hTfn0Xlx3p2PRWvByWeO4Q+czx+57o+8</latexit>

�1
<latexit sha1_base64="OZnAp87JiO4bJBxEMP8+4zv/3xk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0QH8eAF48RzAOSJczO9iZDZmfXmVkhhPyEFw+KePV3vPk3TpI9aGJBQ1HVTXdXkAqujet+O2vrG5tb24Wd4u7e/sFh6ei4pZNMMWyyRCSqE1CNgktsGm4EdlKFNA4EtoPR7cxvP6HSPJEPZpyiH9OB5BFn1Fip0wtRGNqv9ktlt+LOQVaJl5My5Gj0S1+9MGFZjNIwQbXuem5q/AlVhjOB02Iv05hSNqID7FoqaYzan8zvnZJzq4QkSpQtachc/T0xobHW4ziwnTE1Q73szcT/vG5moht/wmWaGZRssSjKBDEJmT1PQq6QGTG2hDLF7a2EDamizNiIijYEb/nlVdKqVryryuV9rVyv5XEU4BTO4AI8uIY63EEDmsBAwDO8wpvz6Lw4787HonXNyWdO4A+czx+7co+9</latexit>

�2

<latexit sha1_base64="pCZQFHrsAs9V8gOYPi7gg5fZMVk=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiSlPjZCwY3LCvYBbQiTyaQdOpmEmRuhhIK/4saFIm79Dnf+jdM2C209cOHMOfcy954gFVyD43xbK6tr6xubpa3y9s7u3r59cNjWSaYoa9FEJKobEM0El6wFHATrpoqROBCsE4xup37nkSnNE/kA45R5MRlIHnFKwEi+fdwPmQDiu/gG13DxqPl2xak6M+Bl4hakggo0ffurHyY0i5kEKojWPddJwcuJAk4Fm5T7mWYpoSMyYD1DJYmZ9vLZ+hN8ZpQQR4kyJQHP1N8TOYm1HseB6YwJDPWiNxX/83oZRNdezmWaAZN0/lGUCQwJnmaBQ64YBTE2hFDFza6YDokiFExiZROCu3jyMmnXqu5l9eK+XmnUizhK6ASdonPkoivUQHeoiVqIohw9o1f0Zj1ZL9a79TFvXbGKmSP0B9bnDwWDlDU=</latexit>

�1 = 2�2

<latexit sha1_base64="TrpugiPYhpUiqijKQsIA3S03A9Y=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtSy4cVnFPqAJZTKZtkMnk2HmplBC/8SNC0Xc+ifu/BunbRbaeuDC4Zx7ufeeSAluwPO+ndLa+sbmVnm7srO7t3/gHh61TJppypo0FanuRMQwwSVrAgfBOkozkkSCtaPR3cxvj5k2PJVPMFEsTMhA8j6nBKzUc90gZgIIDpROFaT4sedWvZo3B14lfkGqqECj534FcUqzhEmgghjT9T0FYU40cCrYtBJkhilCR2TAupZKkjAT5vPLp/jMKjHup9qWBDxXf0/kJDFmkkS2MyEwNMveTPzP62bQvw1zLlUGTNLFon4msH1xFgOOuWYUxMQSQjW3t2I6JJpQsGFVbAj+8surpHVR869rVw+X1fplEUcZnaBTdI58dIPq6B41UBNRNEbP6BW9Obnz4rw7H4vWklPMHKM/cD5/AAvNkz8=</latexit>

� / R



Hertz Peel-Off Stress and Energy
<latexit sha1_base64="FNT/f4//vhOycdx6+VPzQNUjYtk=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgqiRSH8uCIC4r2Ae0oUymk3bozCTMTIQS+gtuXCji1h9y5984SbPQ1gMXDufcy733BDFn2rjut1NaW9/Y3CpvV3Z29/YPqodHHR0litA2iXikegHWlDNJ24YZTnuxolgEnHaD6W3md5+o0iySj2YWU1/gsWQhI9hk0t2QoGG15tbdHGiVeAWpQYHWsPo1GEUkEVQawrHWfc+NjZ9iZRjhdF4ZJJrGmEzxmPYtlVhQ7af5rXN0ZpURCiNlSxqUq78nUiy0nonAdgpsJnrZy8T/vH5iwhs/ZTJODJVksShMODIRyh5HI6YoMXxmCSaK2VsRmWCFibHxVGwI3vLLq6RzUfeu6pcPjVqzUcRRhhM4hXPw4BqacA8taAOBCTzDK7w5wnlx3p2PRWvJKWaO4Q+czx9gxo3G</latexit>

Fc

<latexit sha1_base64="d2kTAY32HdhvRGZoWJoL4OMCLug=">AAACBHicbVDLSsNAFJ3UV62vqMtuBovgqiTia1lQxGUV+4AmhJvppB06k4SZiVBKF278FTcuFHHrR7jzb5y2WWjrgYHDOfdy55ww5Uxpx/m2CkvLK6trxfXSxubW9o69u9dUSSYJbZCEJ7IdgqKcxbShmea0nUoKIuS0FQ4uJ37rgUrFkvheD1PqC+jFLGIEtJECu3wdEOylMkl1gr0ryjVgrwdCAL4L7IpTdabAi8TNSQXlqAf2l9dNSCZorAkHpTquk2p/BFIzwum45GWKpkAG0KMdQ2MQVPmjaYgxPjRKF0eJNC/WeKr+3hiBUGooQjMpQPfVvDcR//M6mY4u/BGL00zTmMwORRnHJvCkEdxlkhLNh4YAkcz8FZM+SCDa9FYyJbjzkRdJ87jqnlVPb08qtZO8jiIqowN0hFx0jmroBtVRAxH0iJ7RK3qznqwX6936mI0WrHxnH/2B9fkDTICXNA==</latexit>

Fc / ��R

<latexit sha1_base64="FNT/f4//vhOycdx6+VPzQNUjYtk=">AAAB63icbVDLSsNAFL2pr1pfVZduBovgqiRSH8uCIC4r2Ae0oUymk3bozCTMTIQS+gtuXCji1h9y5984SbPQ1gMXDufcy733BDFn2rjut1NaW9/Y3CpvV3Z29/YPqodHHR0litA2iXikegHWlDNJ24YZTnuxolgEnHaD6W3md5+o0iySj2YWU1/gsWQhI9hk0t2QoGG15tbdHGiVeAWpQYHWsPo1GEUkEVQawrHWfc+NjZ9iZRjhdF4ZJJrGmEzxmPYtlVhQ7af5rXN0ZpURCiNlSxqUq78nUiy0nonAdgpsJnrZy8T/vH5iwhs/ZTJODJVksShMODIRyh5HI6YoMXxmCSaK2VsRmWCFibHxVGwI3vLLq6RzUfeu6pcPjVqzUcRRhhM4hXPw4BqacA8taAOBCTzDK7w5wnlx3p2PRWvJKWaO4Q+czx9gxo3G</latexit>

Fc

<latexit sha1_base64="xiFR786HUH1uzy3tuaZPMBH1BEo="></latexit>

�c /
✓
��2R

E⇤
c

◆1/3

<latexit sha1_base64="LcrgrrkLmQXTPP3xFUEJqu2qapo=">AAACDHicbVDJSgNBFOyJW4xb1KOXxiB4CjPidgwI4jGCWSAThp6el6RJz0L3GzEM+QAv/ooXD4p49QO8+Td2kjloYkFDUVWP16/8RAqNtv1tFZaWV1bXiuuljc2t7Z3y7l5Tx6ni0OCxjFXbZxqkiKCBAiW0EwUs9CW0/OHVxG/dg9Iiju5wlEA3ZP1I9ARnaCSvXGl4LsIDqjBjwWBM3UTFCcb02uPUDUAi87hJ2VV7CrpInJxUSI66V/5yg5inIUTIJdO649gJdjOmUHAJ45KbakgYH7I+dAyNWAi6m02PGdMjowS0FyvzIqRT9fdExkKtR6FvkiHDgZ73JuJ/XifF3mU3E1GSIkR8tqiXSmqunTRDA6GAoxwZwrgS5q+UD5hiHE1/JVOCM3/yImmeVJ3z6tntaaV2mtdRJAfkkBwTh1yQGrkhddIgnDySZ/JK3qwn68V6tz5m0YKVz+yTP7A+fwDSYZtu</latexit>

Uadh / Fc�c

<latexit sha1_base64="RK8mC2zZWHN++NYi9RLpInteGi0="></latexit>

Uadh / ��5/3R4/3

(E⇤
c )

2/3

<latexit sha1_base64="P70iA4SEhs1vmEnNq/UENJ7ZDxw="></latexit>

Uadh

A
/ ��5/3

(E⇤
cR)2/3

<latexit sha1_base64="OayD+uujm9TIviLGxECvfG3BL5Q=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0XoqiRSH8uCLlxWsQ9oQrmZTtqhM0mYmQgl9Bfc+CtuXCji1p07/8Zpm4W2Hhg4nHMvd84JEs6Udpxvq7Cyura+UdwsbW3v7O7Z+wctFaeS0CaJeSw7ASjKWUSbmmlOO4mkIAJO28Hoauq3H6hULI7u9TihvoBBxEJGQBupZ1c8xQYCegR7iYwTHWMvlEAy75pyDdgbgBAwye4mPbvsVJ0Z8DJxc1JGORo9+8vrxyQVNNKEg1Jd10m0n4HUjHA6KXmpogmQEQxo19AIBFV+Nks0wSdG6eMwluZFGs/U3xsZCKXGIjCTAvRQLXpT8T+vm+rw0s9YlKSaRmR+KEw5NsGn9eA+k5RoPjYEiGTmr5gMwTSiTYklU4K7GHmZtE6r7nn17LZWrtfyOoroCB2jCnLRBaqjG9RATUTQI3pGr+jNerJerHfrYz5asPKdQ/QH1ucP3O+dpQ==</latexit>

�c /
��

R



Force in adhesive bond

<latexit sha1_base64="8UMKT5VUA4UAmVC6hFm9y7cZ6F0=">AAACAnicbVDLSsNAFL2pr1pfUVfiZrAIglASqY+NUBCKywr2AW0Ik+mkHTp5MDMRSihu/BU3LhRx61e482+cpllo64G5HM65lzv3eDFnUlnWt1FYWl5ZXSuulzY2t7Z3zN29lowSQWiTRDwSHQ9LyllIm4opTjuxoDjwOG17o5up336gQrIovFfjmDoBHoTMZwQrLbnmQd0doFNUd+Os+lmV6BpZrlm2KlYGtEjsnJQhR8M1v3r9iCQBDRXhWMqubcXKSbFQjHA6KfUSSWNMRnhAu5qGOKDSSbMTJuhYK33kR0K/UKFM/T2R4kDKceDpzgCroZz3puJ/XjdR/pWTsjBOFA3JbJGfcKQiNM0D9ZmgRPGxJpgIpv+KyBALTJROraRDsOdPXiSts4p9UTm/q5Zr1TyOIhzCEZyADZdQg1toQBMIPMIzvMKb8WS8GO/Gx6y1YOQz+/AHxucP0buT0w==</latexit>

Fg + Fp + Ff + Fs = 0

<latexit sha1_base64="G2o1pK1woM07QxDkQ6RhoHzpWcA=">AAACHXicbVDLSgMxFM34rPU16tJNsAhuLDOlPpYFQbpwUcE+oDMOmTTThiaTIckIpfRH3Pgrblwo4sKN+Ddm2llo64HAuefcy809YcKo0o7zbS0tr6yurRc2iptb2zu79t5+S4lUYtLEggnZCZEijMakqalmpJNIgnjISDscXmV++4FIRUV8p0cJ8TnqxzSiGGkjBXb1OlDQS6RItICNm/sKPIWeHAij1rOqn9U8DSLoKdrnKJBGD+ySU3amgIvEzUkJ5GgE9qfXEzjlJNaYIaW6rpNof4ykppiRSdFLFUkQHqI+6RoaI06UP55eN4HHRunBSEjzYg2n6u+JMeJKjXhoOjnSAzXvZeJ/XjfV0aU/pnGSahLj2aIoZdAkkUUFe1QSrNnIEIQlNX+FeIAkwtoEWjQhuPMnL5JWpeyel89uq6VaNY+jAA7BETgBLrgANVAHDdAEGDyCZ/AK3qwn68V6tz5mrUtWPnMA/sD6+gEPSZ9k</latexit>

Fs / PL
2 � ⇢sHL

2
g � µf�rHL

<latexit sha1_base64="9XMWA+sSHUWeWlICqBT9bgchKSQ=">AAACA3icbVDLSgMxFM34rPU16k43wSK4KjOlPpYFQbpwUcE+oDMOmTTThmYmIckIZSi48VfcuFDErT/hzr8xbWehrQcCh3Pu5eacUDCqtON8W0vLK6tr64WN4ubW9s6uvbffUjyVmDQxZ1x2QqQIowlpaqoZ6QhJUBwy0g6HVxO//UCkojy50yNB/Bj1ExpRjLSRAvvwOuhDT0guNIeeHPBAwTq8ua/AfmCXnLIzBVwkbk5KIEcjsL+8HsdpTBKNGVKq6zpC+xmSmmJGxkUvVUQgPER90jU0QTFRfjbNMIYnRunBiEvzEg2n6u+NDMVKjeLQTMZID9S8NxH/87qpji79jCYi1STBs0NRyqDJOykE9qgkWLORIQhLav4K8QBJhLWprWhKcOcjL5JWpeyel89uq6VaNa+jAI7AMTgFLrgANVAHDdAEGDyCZ/AK3qwn68V6tz5mo0tWvnMA/sD6/AHgv5ZZ</latexit>

Fg / ⇢sHL
2
g

<latexit sha1_base64="IglOhupn+YPyb6dIDlvRNjKX1bg=">AAAB+nicbVDLSgMxFM3UV62vqS7dBIvgqsyU+lgWBHHhooJ9QDsOmTTThmaSkGSUUvspblwo4tYvceffmLaz0NYDFw7n3Mu990SSUW0879vJrayurW/kNwtb2zu7e25xv6lFqjBpYMGEakdIE0Y5aRhqGGlLRVASMdKKhpdTv/VAlKaC35mRJEGC+pzGFCNjpdAtXoUSdqUS0ghYhzf3ldAteWVvBrhM/IyUQIZ66H51ewKnCeEGM6R1x/ekCcZIGYoZmRS6qSYS4SHqk46lHCVEB+PZ6RN4bJUejIWyxQ2cqb8nxijRepREtjNBZqAXvan4n9dJTXwRjCmXqSEczxfFKYP2zWkOsEcVwYaNLEFYUXsrxAOkEDY2rYINwV98eZk0K2X/rHx6Wy3VqlkceXAIjsAJ8ME5qIFrUAcNgMEjeAav4M15cl6cd+dj3ppzspkD8AfO5w+u15Ly</latexit>

Fp / PL2

<latexit sha1_base64="/4qCgcdLtpuzGoTMZq9N+OJgOyY=">AAACBnicbVBLSwMxGMz6rPW16lGEYBE8lV2pj2NBkB48VLAP6C5LNs22oclmSbJCWXry4l/x4kERr/4Gb/4bs+0etHUgMJn5PpKZMGFUacf5tpaWV1bX1ksb5c2t7Z1de2+/rUQqMWlhwYTshkgRRmPS0lQz0k0kQTxkpBOOrnO/80CkoiK+1+OE+BwNYhpRjLSRAvvoJoigl0iRaAE9nuY3RQccBRI2bgO74lSdKeAicQtSAQWagf3l9QVOOYk1Zkipnusk2s+Q1BQzMil7qSIJwiM0ID1DY8SJ8rNpjAk8MUofRkKaE2s4VX9vZIgrNeahmeRID9W8l4v/eb1UR1d+RuMk1STGs4eilEETOe8E9qkkWLOxIQhLav4K8RBJhLVprmxKcOcjL5L2WdW9qJ7f1Sr1WlFHCRyCY3AKXHAJ6qABmqAFMHgEz+AVvFlP1ov1bn3MRpesYucA/IH1+QMCgJgp</latexit>

Ff / µf�rHL

<latexit sha1_base64="+WACqRJcd2hRzEUL8q7FMHYo9h8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNPo4kXjhCIo8ENmR26IWR2dnNzKwJIXyBFw8a49VP8ubfOMAeFKykk0pVd7q7gkRwbVz328ltbG5t7+R3C3v7B4dHxeOTlo5TxbDJYhGrTkA1Ci6xabgR2EkU0igQ2A7G93O//YRK81g+mEmCfkSHkoecUWOlRq1fLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1450+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3k35ulEpVStZHHk4g3O4BA9uoQo1qEMTGCA8wyu8OY/Oi/PufCxbc042cwp/4Hz+AJyDjMg=</latexit>

H

<latexit sha1_base64="deLHrwIRKF4X1jDZ6Gc6aLCWtvQ=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXjx4SMA8IFnC7KQ3GTM7u8zMCiHkC7x4UMSrn+TNv3GS7EETCxqKqm66u4JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRrczv/WESvNYPphxgn5EB5KHnFFjpfp9r1hyy+4cZJV4GSlBhlqv+NXtxyyNUBomqNYdz02MP6HKcCZwWuimGhPKRnSAHUsljVD7k/mhU3JmlT4JY2VLGjJXf09MaKT1OApsZ0TNUC97M/E/r5Oa8MafcJmkBiVbLApTQUxMZl+TPlfIjBhbQpni9lbChlRRZmw2BRuCt/zyKmlelL2r8mW9UqpWsjjycAKncA4eXEMV7qAGDWCA8Ayv8OY8Oi/Ou/OxaM052cwx/IHz+QOik4zM</latexit>

L

<latexit sha1_base64="YPvM31WWLAJFhMMIoYSHNePDGgA=">AAAB6HicbVDLSgMxFL1TX7W+qi7dBIvgqsxIfSwLbly2YB/QDpJJ77SxmcyQZIQy9AvcuFDErZ/kzr8xbWehrQcCh3POJfeeIBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLx7czvPKHSPJb3ZpKgH9Gh5CFn1Fip2XgoV9yqOwdZJV5OKpDD5r/6g5ilEUrDBNW657mJ8TOqDGcCp6V+qjGhbEyH2LNU0gi1n80XnZIzqwxIGCv7pCFz9fdERiOtJ1FgkxE1I73szcT/vF5qwhs/4zJJDUq2+ChMBTExmV1NBlwhM2JiCWWK210JG1FFmbHdlGwJ3vLJq6R9UfWuqpfNWqVey+sowgmcwjl4cA11uIMGtIABwjO8wpvz6Lw4787HIlpw8plj+APn8weoo4zQ</latexit>

P <latexit sha1_base64="4M0TaMhwzIS9pkTBKqzLU33mIZ8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkfhwLXjy2YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2f+wxMqzWN5byYJ+hEdSh5yRo2VmqN+ueJW3TnIKvFyUoEcjX75qzeIWRqhNExQrbuemxg/o8pwJnBa6qUaE8rGdIhdSyWNUPvZ/NApObPKgISxsiUNmau/JzIaaT2JAtsZUTPSy95M/M/rpia88TMuk9SgZItFYSqIicnsazLgCpkRE0soU9zeStiIKsqMzaZkQ/CWX14l7Yuqd1W9bNYq9VoeRxFO4BTOwYNrqMMdNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AM0DjOg=</latexit>

h

<latexit sha1_base64="ziPJca3CL14T/xal52tFg4FCpKk=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXnKMYB6QLGF2MpsMmZ1dZnqFsOQjvHhQxKvf482/cZLsQRMLGoqqbrq7gkQKg6777RQ2Nre2d4q7pb39g8Oj8vFJ28SpZrzFYhnrbkANl0LxFgqUvJtoTqNA8k4wuZ/7nSeujYjVI04T7kd0pEQoGEUrdcakLyVpDMoVt+ouQNaJl5MK5GgOyl/9YczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOyMXVhmSMNa2FJKF+nsio5Ex0yiwnRHFsVn15uJ/Xi/F8M7PhEpS5IotF4WpJBiT+e9kKDRnKKeWUKaFvZWwMdWUoU2oZEPwVl9eJ+2rqndTvX6oVeq1PI4inME5XIIHt1CHBjShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gBSYY7g</latexit>

h ⌧ H

<latexit sha1_base64="X+LI39bGKvlEW/ANq6Yb4fTTzNo=">AAAB+HicbVDJSgNBEO2JW4xLRj16aQyCpzAT4nIMePEkEcwCyRB6OpWkSc9Cd40Yh3yJFw+KePVTvPk3dpI5aOKDgsd7VVTV82MpNDrOt5VbW9/Y3MpvF3Z29/aL9sFhU0eJ4tDgkYxU22capAihgQIltGMFLPAltPzx9cxvPYDSIgrvcRKDF7BhKAaCMzRSzy66UKFdhEdUQUpvpz275JSdOegqcTNSIhnqPfur2494EkCIXDKtO64To5cyhYJLmBa6iYaY8TEbQsfQkAWgvXR++JSeGqVPB5EyFSKdq78nUhZoPQl80xkwHOllbyb+53USHFx5qQjjBCHki0WDRFKM6CwF2hcKOMqJIYwrYW6lfMQU42iyKpgQ3OWXV0mzUnYvyud31VKtmsWRJ8fkhJwRl1ySGrkhddIgnCTkmbySN+vJerHerY9Fa87KZo7IH1ifP9lckos=</latexit>

1e2 N
<latexit sha1_base64="wubB/hP50wqkK4YtD3tJu6x904Y=">AAAB+XicbVDJSgNBEO2JW4zbqEcvjUHwYpgJcTkGvHiSCGaBZAg9nUrSpGehuyYYhvyJFw+KePVPvPk3dpI5aOKDgsd7VVTV82MpNDrOt5VbW9/Y3MpvF3Z29/YP7MOjho4SxaHOIxmpls80SBFCHQVKaMUKWOBLaPqj25nfHIPSIgofcRKDF7BBKPqCMzRS17ZduCjTDsITqiCl99OuXXRKzhx0lbgZKZIMta791elFPAkgRC6Z1m3XidFLmULBJUwLnURDzPiIDaBtaMgC0F46v3xKz4zSo/1ImQqRztXfEykLtJ4EvukMGA71sjcT//PaCfZvvFSEcYIQ8sWifiIpRnQWA+0JBRzlxBDGlTC3Uj5kinE0YRVMCO7yy6ukUS65V6XLh0qxWsniyJMTckrOiUuuSZXckRqpE07G5Jm8kjcrtV6sd+tj0Zqzsplj8gfW5w9FnZLC</latexit>

1e� 2 N
<latexit sha1_base64="X+LI39bGKvlEW/ANq6Yb4fTTzNo=">AAAB+HicbVDJSgNBEO2JW4xLRj16aQyCpzAT4nIMePEkEcwCyRB6OpWkSc9Cd40Yh3yJFw+KePVTvPk3dpI5aOKDgsd7VVTV82MpNDrOt5VbW9/Y3MpvF3Z29/aL9sFhU0eJ4tDgkYxU22capAihgQIltGMFLPAltPzx9cxvPYDSIgrvcRKDF7BhKAaCMzRSzy66UKFdhEdUQUpvpz275JSdOegqcTNSIhnqPfur2494EkCIXDKtO64To5cyhYJLmBa6iYaY8TEbQsfQkAWgvXR++JSeGqVPB5EyFSKdq78nUhZoPQl80xkwHOllbyb+53USHFx5qQjjBCHki0WDRFKM6CwF2hcKOMqJIYwrYW6lfMQU42iyKpgQ3OWXV0mzUnYvyud31VKtmsWRJ8fkhJwRl1ySGrkhddIgnCTkmbySN+vJerHerY9Fa87KZo7IH1ifP9lckos=</latexit>

1e2 N



Terminal Settling 
Velocity

<latexit sha1_base64="yeOqB5uf7iwMqFk3v4rNoOQmO/U="></latexit>

vt /
⇢sgR2

⌫a⇢a
, ⇢s � ⇢a

<latexit sha1_base64="PJ/YlThcPnhEyKAaasPVgsesQq4="></latexit>

tdecay / ⇢sR2

⌫a⇢a

Kozeny-Carman
Equation

Gap flow-rate 
per unit length

Critical pull-off
<latexit sha1_base64="EgM0Ex5R/DDQmBNUOwq/mlJHzc8=">AAACCnicbVDLSgMxFM34rPU16tJNtAiuyozUx7LgxmUV+4BOKXfSzDQ0mQlJRihD1278FTcuFHHrF7jzb0wfC209EDiccy8354SSM20879tZWl5ZXVsvbBQ3t7Z3dt29/YZOM0VonaQ8Va0QNOUsoXXDDKctqSiIkNNmOLge+80HqjRLk3szlLQjIE5YxAgYK3Xdo0CzWECX4ECqVJoUB5ECkgcxCAGj/G7UdUte2ZsALxJ/RkpohlrX/Qp6KckETQzhoHXb96Tp5KAMI5yOikGmqQQygJi2LU1AUN3JJ1FG+MQqPRylyr7E4In6eyMHofVQhHZSgOnreW8s/ue1MxNddXKWyMzQhEwPRRnHNvG4F9xjihLDh5YAUcz+FZM+2CqMba9oS/DnIy+SxlnZvyif31ZK1cqsjgI6RMfoFPnoElXRDaqhOiLoET2jV/TmPDkvzrvzMR1dcmY7B+gPnM8f10aa+Q==</latexit>

�c /
�

R

<latexit sha1_base64="P70iA4SEhs1vmEnNq/UENJ7ZDxw="></latexit>

Uadh

A
/ ��5/3

(E⇤
cR)2/3

<latexit sha1_base64="NmSN6nrlTX5qNznA8WJ/2PYF8Xw="></latexit>

�P

L
/ ⌫a⇢a

R2

(1� ✏2)

✏

<latexit sha1_base64="q2orDyPeObMjuaZ/eh499zjkh70=">AAACH3icbZC7TsMwFIadci+3AiOLRYXEVCXcRyQYGBiKRFukpkQnrkOtOnawHVAV5U1YeBUWBhBCbH0b3DYDtyNZ+vX/5+j4fGHCmTauO3RKU9Mzs3PzC+XFpeWV1craelPLVBHaIJJLdR2CppwJ2jDMcHqdKApxyGkr7J+O8tY9VZpJcWUGCe3EcCtYxAgYawWVwzvsJ0omRmI/UkCyh5u9PPNFGgD2VU8GkBeBf0a5AVzPs4scB5WqW3PHhf8KrxBVVFQ9qHz6XUnSmApDOGjd9tzEdDJQhhFO87KfapoA6cMtbVspIKa6k43vy/G2dbo4kso+YfDY/T6RQaz1IA5tZwymp39nI/O/rJ2a6LiTMZGkhgoyWRSlHFsaI1i4yxQlhg+sAKKY/SsmPbA0jEVathC83yf/Fc3dmndYO7jcr57sFzjm0SbaQjvIQ0foBJ2jOmoggh7RM3pFb86T8+K8Ox+T1pJTzGygH+UMvwBFWqMS</latexit>

q / w3

⌫a⇢a

�P

L

Force in 
adhesive bond

<latexit sha1_base64="G2o1pK1woM07QxDkQ6RhoHzpWcA=">AAACHXicbVDLSgMxFM34rPU16tJNsAhuLDOlPpYFQbpwUcE+oDMOmTTThiaTIckIpfRH3Pgrblwo4sKN+Ddm2llo64HAuefcy809YcKo0o7zbS0tr6yurRc2iptb2zu79t5+S4lUYtLEggnZCZEijMakqalmpJNIgnjISDscXmV++4FIRUV8p0cJ8TnqxzSiGGkjBXb1OlDQS6RItICNm/sKPIWeHAij1rOqn9U8DSLoKdrnKJBGD+ySU3amgIvEzUkJ5GgE9qfXEzjlJNaYIaW6rpNof4ykppiRSdFLFUkQHqI+6RoaI06UP55eN4HHRunBSEjzYg2n6u+JMeJKjXhoOjnSAzXvZeJ/XjfV0aU/pnGSahLj2aIoZdAkkUUFe1QSrNnIEIQlNX+FeIAkwtoEWjQhuPMnL5JWpeyel89uq6VaNY+jAA7BETgBLrgANVAHDdAEGDyCZ/AK3qwn68V6tz5mrUtWPnMA/sD6+gEPSZ9k</latexit>

Fs / PL
2 � ⇢sHL

2
g � µf�rHL



<latexit sha1_base64="6V/W2GyZz/NfcsECEm5BqZAXv30="></latexit>

⌫srd(asrd,�tsrd,M,�) =
a2srd

18�tsrd


1� 1� e�M

M

�
+

�2

4�tsrd

M + 2

M � 1

<latexit sha1_base64="LtWoq2i150r40n7EK3pd2Beq1wM=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKexKfBwDXjxGMA9I1jA7O5sMmZldZnrVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7gkRwA6777RRWVtfWN4qbpa3tnd298v5By8SppqxJYxHrTkAME1yxJnAQrJNoRmQgWDsYXU/99gPThsfqDsYJ8yUZKB5xSsBK96TfA/YEWmZGh5N+ueJW3RnwMvFyUkE5Gv3yVy+MaSqZAiqIMV3PTcDPiAZOBZuUeqlhCaEjMmBdSxWRzPjZ7OoJPrFKiKNY21KAZ+rviYxIY8YysJ2SwNAselPxP6+bQnTlZ1wlKTBF54uiVGCI8TQCHHLNKIixJYRqbm/FdEg0oWCDKtkQvMWXl0nrrOpdVM9va5V6LY+jiI7QMTpFHrpEdXSDGqiJKNLoGb2iN+fReXHenY95a8HJZw7RHzifP09skwM=</latexit>asrd
free parameter but selecting a smaller value requires 
many more particles for 

<latexit sha1_base64="atDbQkvQL1/GL7vS6zhRuZpkaQ4=">AAACEnicbVC7SgNBFJ2Nrxhfq5Y2g0FImrCr8VFJwMYmEME8IBvD7OwkGTL7yMxdMSz5Bht/xcZCEVsrO//GyaPQxAMDh3Pu5c45biS4Asv6NlJLyyura+n1zMbm1vaOubtXU2EsKavSUISy4RLFBA9YFTgI1ogkI74rWN3tX439+j2TiofBLQwj1vJJN+AdTgloqW3my/gS29gZDGLi4VwZO5EMIwgxuTtpO8AeQPqJkt4o3zazVsGaAC8Se0ayaIZK2/xyvJDGPguACqJU07YiaCVEAqeCjTJOrFhEaJ90WVPTgPhMtZJJpBE+0oqHO6HULwA8UX9vJMRXaui7etIn0FPz3lj8z2vG0LloJTyIYmABnR7qxALryON+sMcloyCGmhAquf4rpj0iCQXdYkaXYM9HXiS144J9Vji9KWZLxVkdaXSADlEO2egcldA1qqAqougRPaNX9GY8GS/Gu/ExHU0Zs5199AfG5w/kOpxl</latexit>

M > 1 (M / a3srd)

<latexit sha1_base64="XbfeM9YoMUgoClLjZ7RTb+Ok3wM=">AAACGHicbVDJSgNBEO1xjXGLevTSGARPcUbicgzowWMEs0AmhJ6eStLYPTN014hhyGd48Ve8eFDEa27+jZ3loIkPCh7vVVFVL0ikMOi6387S8srq2npuI7+5tb2zW9jbr5s41RxqPJaxbgbMgBQR1FCghGaigalAQiN4uB77jUfQRsTRPQ4SaCvWi0RXcIZW6hRO/RuQyCh2fIQn1CozOhxSvwd0wQlBDTuFoltyJ6CLxJuRIpmh2imM/DDmqYIIuWTGtDw3wXbGNAouYZj3UwMJ4w+sBy1LI6bAtLPJY0N6bJWQdmNtK0I6UX9PZEwZM1CB7VQM+2beG4v/ea0Uu1ftTERJihDx6aJuKinGdJwSDYUGjnJgCeNa2Fsp7zPNONos8zYEb/7lRVI/K3kXpfO7crFSnsWRI4fkiJwQj1ySCrklVVIjnDyTV/JOPpwX5835dL6mrUvObOaA/IEz+gGo66DG</latexit>

�tsrd � �tdem

<latexit sha1_base64="HnjuPqM1Z6cV1nTYBa/gWfWXf1I=">AAACInicbVDLSgMxFM3UV62vqks3wSK4KjNaXwuh4MaNUsE+oDMOmTTThmYeJHfEMvRb3Pgrblwo6krwY0zbWdjqgcC559zLzT1eLLgC0/wycnPzC4tL+eXCyura+kZxc6uhokRSVqeRiGTLI4oJHrI6cBCsFUtGAk+wpte/GPnNeyYVj8JbGMTMCUg35D6nBLTkFs+u8Dm2fUloeu3awB5ABqmSnSG5O5yqh2ljunaLJbNsjoH/EisjJZSh5hY/7E5Ek4CFQAVRqm2ZMTgpkcCpYMOCnSgWE9onXdbWNCQBU046PnGI97TSwX4k9QsBj9XfEykJlBoEnu4MCPTUrDcS//PaCfinTsrDOAEW0skiPxEYIjzKC3e4ZBTEQBNCJdd/xbRHdF6gUy3oEKzZk/+SxkHZOi4f3VRK1UoWRx7toF20jyx0gqroEtVQHVH0iJ7RK3oznowX4934nLTmjGxmG03B+P4BSfymCQ==</latexit>

M =
Nsrda3srd
Vsrd

<latexit sha1_base64="QKFBI0VFeCUYRqYzlNr6zPEgMAc=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXrwICZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5N06SPWhiQUNR1U13V5AIro3rfju5tfWNza38dmFnd2//oHh41NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Hbmt55QaR7LBzNO0I/oQPKQM2qsVL/vFUtu2Z2DrBIvIyXIUOsVv7r9mKURSsME1brjuYnxJ1QZzgROC91UY0LZiA6wY6mkEWp/Mj90Ss6s0idhrGxJQ+bq74kJjbQeR4HtjKgZ6mVvJv7ndVIT3vgTLpPUoGSLRWEqiInJ7GvS5wqZEWNLKFPc3krYkCrKjM2mYEPwll9eJc2LsndVvqxXStVKFkceTuAUzsGDa6jCHdSgAQwQnuEV3pxH58V5dz4WrTknmzmGP3A+fwCkF4zN</latexit>

M

<latexit sha1_base64="72tqa4Sig96qrkn0DpcrtyB1QSU=">AAAB/nicbVDLSgNBEJz1GeMrKp68DAbBU9iV+DgG9OAxgnlAEsLspDcZMju7zPSKYQn4K148KOLV7/Dm3zhJ9qCJBQ1FVTfdXX4shUHX/XaWlldW19ZzG/nNre2d3cLeft1EieZQ45GMdNNnBqRQUEOBEpqxBhb6Ehr+8HriNx5AGxGpexzF0AlZX4lAcIZW6hYO2zcgkVHsthEeUYep0b1xt1B0S+4UdJF4GSmSDNVu4avdi3gSgkIumTEtz42xkzKNgksY59uJgZjxIetDy1LFQjCddHr+mJ5YpUeDSNtSSKfq74mUhcaMQt92hgwHZt6biP95rQSDq04qVJwgKD5bFCSSYkQnWdCe0MBRjixhXAt7K+UDphlHm1jehuDNv7xI6mcl76J0flcuVspZHDlyRI7JKfHIJamQW1IlNcJJSp7JK3lznpwX5935mLUuOdnMAfkD5/MHtM6V8w==</latexit>

�tsrd

Bin size

Timestep between 
collisions 

Average number of 
SRD particles per bin

<latexit sha1_base64="Xu94mpKHmHoiltqH8JKgEjF8Bgw=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiTia1lw47KCfUAbymQyaYdOJmHmRiihH+HGhSJu/R53/o3TNgttPTBwOOdc5t4TpFIYdN1vp7S2vrG5Vd6u7Ozu7R9UD4/aJsk04y2WyER3A2q4FIq3UKDk3VRzGgeSd4Lx3czvPHFtRKIecZJyP6ZDJSLBKFqp05c2GtJBtebW3TnIKvEKUoMCzUH1qx8mLIu5QiapMT3PTdHPqUbBJJ9W+pnhKWVjOuQ9SxWNufHz+bpTcmaVkESJtk8hmau/J3IaGzOJA5uMKY7MsjcT//N6GUa3fi5UmiFXbPFRlEmCCZndTkKhOUM5sYQyLeyuhI2opgxtQxVbgrd88ippX9S96/rVw2WtcVnUUYYTOIVz8OAGGnAPTWgBgzE8wyu8Oanz4rw7H4toySlmjuEPnM8fO8+PeQ==</latexit>

�

<latexit sha1_base64="6FReJ3AOiRu2WE4v5STI3u3pLtw=">AAAB+nicbVDLTsMwEHTKq5RXCkcuFhUSpypBvI6VuHAsEn1ITRQ5rtNadZzI3gBV6Kdw4QBCXPkSbvwNbpsDtIy00mhm196dMBVcg+N8W6WV1bX1jfJmZWt7Z3fPru63dZIpylo0EYnqhkQzwSVrAQfBuqliJA4F64Sj66nfuWdK80TewThlfkwGkkecEjBSYFc9mQUesEdQcW6eE5PArjl1Zwa8TNyC1FCBZmB/ef2EZjGTQAXRuuc6Kfg5UcCpYJOKl2mWEjoiA9YzVJKYaT+frT7Bx0bp4yhRpiTgmfp7Iiex1uM4NJ0xgaFe9Kbif14vg+jKz7lMM2CSzj+KMoEhwdMccJ8rRkGMDSFUcbMrpkOiCAWTVsWE4C6evEzap3X3on5+e1ZrnBVxlNEhOkInyEWXqIFuUBO1EEUP6Bm9ojfryXqx3q2PeWvJKmYO0B9Ynz8tCZSR</latexit>⌫coll
<latexit sha1_base64="CmVSLb3TyHLByKFtWRPE8l6eirk=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtSy4cVnBPqAJYTKdtkNnJmHmplhC/8SNC0Xc+ifu/BunbRbaeuDC4Zx7ufeeOBXcgOd9O6W19Y3NrfJ2ZWd3b//APTxqmSTTlDVpIhLdiYlhgivWBA6CdVLNiIwFa8eju5nfHjNteKIeYZKyUJKB4n1OCVgpct1AZVEA7Am0zEdcTSO36tW8OfAq8QtSRQUakfsV9BKaSaaACmJM1/dSCHOigVPBppUgMywldEQGrGupIpKZMJ9fPsVnVunhfqJtKcBz9fdETqQxExnbTklgaJa9mfif182gfxvmXKUZMEUXi/qZwJDgWQy4xzWjICaWEKq5vRXTIdGEgg2rYkPwl19eJa2Lmn9du3q4rNYvizjK6ASdonPkoxtUR/eogZqIojF6Rq/ozcmdF+fd+Vi0lpxi5hj9gfP5A2OElB8=</latexit>⌫kin

Mean free path
<latexit sha1_base64="F8ZVKGwiGOkMNbFba7A0vyjvoRA="></latexit>

� = �tsrd

r
kbTsrd

msrd

<latexit sha1_base64="y1jzdmW6Cs6yPf/IxyM7q/+K9SI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKexKfBwDXjxGNA9IljA7mU2GzM4uM71CWPIJXjwo4tUv8ubfOEn2oIkFDUVVN91dQSKFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38789hPXRsTqEScJ9yM6VCIUjKKVHsb9oF+uuFV3DrJKvJxUIEejX/7qDWKWRlwhk9SYrucm6GdUo2CST0u91PCEsjEd8q6likbc+Nn81Ck5s8qAhLG2pZDM1d8TGY2MmUSB7YwojsyyNxP/87ophjd+JlSSIldssShMJcGYzP4mA6E5QzmxhDIt7K2EjaimDG06JRuCt/zyKmldVL2r6uV9rVKv5XEU4QRO4Rw8uIY63EEDmsBgCM/wCm+OdF6cd+dj0Vpw8plj+APn8wdBMI3A</latexit>

kb
<latexit sha1_base64="rI84ZKV9xKSfgTmVusiul1NrLlo=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PAi8cIeUGyhtnZ2WTIzOwy06uGJf/hxYMiXv0Xb/6Nk2QPmljQUFR1090VJIIbcN1vp7Cyura+UdwsbW3v7O6V9w9aJk41ZU0ai1h3AmKY4Io1gYNgnUQzIgPB2sHoZuq3H5g2PFYNGCfMl2SgeMQpASvdN/o9YE+gZWZ0OOmXK27VnQEvEy8nFZSj3i9/9cKYppIpoIIY0/XcBPyMaOBUsEmplxqWEDoiA9a1VBHJjJ/Nrp7gE6uEOIq1LQV4pv6eyIg0ZiwD2ykJDM2iNxX/87opRNd+xlWSAlN0vihKBYYYTyPAIdeMghhbQqjm9lZMh0QTCjaokg3BW3x5mbTOqt5l9eLuvFI7z+MooiN0jE6Rh65QDd2iOmoiijR6Rq/ozXl0Xpx352PeWnDymUP0B87nDzsPkvY=</latexit>

Tsrd
<latexit sha1_base64="VYv2T6QHEiDM4mfExBMZPZ6UFP0=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKexKfBwDXjxGMA9I1jA7O5sMmZldZnrVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7gkRwA6777RRWVtfWN4qbpa3tnd298v5By8SppqxJYxHrTkAME1yxJnAQrJNoRmQgWDsYXU/99gPThsfqDsYJ8yUZKB5xSsBK97LfA/YEWmZGh5N+ueJW3RnwMvFyUkE5Gv3yVy+MaSqZAiqIMV3PTcDPiAZOBZuUeqlhCaEjMmBdSxWRzPjZ7OoJPrFKiKNY21KAZ+rviYxIY8YysJ2SwNAselPxP6+bQnTlZ1wlKTBF54uiVGCI8TQCHHLNKIixJYRqbm/FdEg0oWCDKtkQvMWXl0nrrOpdVM9va5V6LY+jiI7QMTpFHrpEdXSDGqiJKNLoGb2iN+fReXHenY95a8HJZw7RHzifP2I4kw8=</latexit>msrd

- Boltzmann constant
- Temperature
- Mass

<latexit sha1_base64="AmI4JltoFpGibkQ3VhbFoRsFPH0=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKexKfBwDXjxGMA9I1jA7O5sMmZldZnrVsOQ/vHhQxKv/4s2/cZLsQRMLGoqqbrq7gkRwA6777RRWVtfWN4qbpa3tnd298v5By8SppqxJYxHrTkAME1yxJnAQrJNoRmQgWDsYXU/99gPThsfqDsYJ8yUZKB5xSsBK961+D9gTaJkZHU765YpbdWfAy8TLSQXlaPTLX70wpqlkCqggxnQ9NwE/Ixo4FWxS6qWGJYSOyIB1LVVEMuNns6sn+MQqIY5ibUsBnqm/JzIijRnLwHZKAkOz6E3F/7xuCtGVn3GVpMAUnS+KUoEhxtMIcMg1oyDGlhCqub0V0yHRhIINqmRD8BZfXiats6p3UT2/rVXqtTyOIjpCx+gUeegS1dENaqAmokijZ/SK3pxH58V5dz7mrQUnnzlEf+B8/gA+MZL4</latexit>

Vsrd

<latexit sha1_base64="O5MnpDRq12kFYMziuyvg8rk8KRs=">AAAB9XicbVDLSgNBEJyNrxhfUY9eBoPgKeyKr2PAiyeJYB6QrGF2djYZMjO7zPSqYcl/ePGgiFf/xZt/4yTZgyYWNBRV3XR3BYngBlz32yksLa+srhXXSxubW9s75d29polTTVmDxiLW7YAYJrhiDeAgWDvRjMhAsFYwvJr4rQemDY/VHYwS5kvSVzzilICV7m96XWBPoGVmdDjulStu1Z0CLxIvJxWUo94rf3XDmKaSKaCCGNPx3AT8jGjgVLBxqZsalhA6JH3WsVQRyYyfTa8e4yOrhDiKtS0FeKr+nsiINGYkA9spCQzMvDcR//M6KUSXfsZVkgJTdLYoSgWGGE8iwCHXjIIYWUKo5vZWTAdEEwo2qJINwZt/eZE0T6reefXs9rRSO83jKKIDdIiOkYcuUA1dozpqIIo0ekav6M15dF6cd+dj1lpw8pl99AfO5w8xqZLw</latexit>

Nsrd - Number of particles
- Total volume



<latexit sha1_base64="i0dzw6HWeEenWrFLeq4XiKapQAM=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0QH8eAFy9CBPOAZAmzk95kyOzsMjMrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFSSCa+O6387a+sbm1nZhp7i7t39wWDo6buk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfDvz20+oNI/lo5kk6Ed0KHnIGTVWat+T3hBJtV8quxV3DrJKvJyUIUejX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/d0rOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/8jMskNSjZYlGYCmJiMvudDLhCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mrWvGuKpcPtXK9lsdRgFM4gwvw4BrqcAcNaAKDMTzDK7w5ifPivDsfi9Y1J585gT9wPn8A9R+Oow==</latexit>

M � 2

<latexit sha1_base64="lv7BG8OggaaALzrvr0McgYbmEgE=">AAACDHicbVDLSsNAFJ3UV62vqks3g0Vw05JIW10W3LgpVLAPaGqZTG/aoZMHMxOhhHyAG3/FjQtF3PoB7vwbp2kW2npg4HDOudy5xwk5k8o0v43c2vrG5lZ+u7Czu7d/UDw86sggEhTaNOCB6DlEAmc+tBVTHHqhAOI5HLrO9Hrudx9ASBb4d2oWwsAjY5+5jBKlpWGxZFZqdWxzwFbZdgWhsVWG+7jcTJK4mSyMNGWmwKvEykgJZWgNi1/2KKCRB76inEjZt8xQDWIiFKMckoIdSQgJnZIx9DX1iQdyEKfHJPhMKyPsBkI/X+FU/T0RE0/KmefopEfURC57c/E/rx8p92oQMz+MFPh0sciNOFYBnjeDR0wAVXymCaGC6b9iOiG6EqX7K+gSrOWTV0nnomLVK7XbaqlRzerIoxN0is6RhS5RA92gFmojih7RM3pFb8aT8WK8Gx+LaM7IZo7RHxifP+fhmP8=</latexit>

0.56  1� 1� e�M

M
 1

<latexit sha1_base64="S54ETKk/lnlpNUfeDDevRt2Jw/0=">AAACB3icbVDLSsNAFJ3UV62vqEtBBosgiCEprXVZcOOmUME+oAllMp20QyeTMDMRSsjOjb/ixoUibv0Fd/6N07QLrR64cDjnXu69x48Zlcq2v4zCyura+kZxs7S1vbO7Z+4fdGSUCEzaOGKR6PlIEkY5aSuqGOnFgqDQZ6TrT65nfveeCEkjfqemMfFCNOI0oBgpLQ3MY8eq16DLCHQDgXDaPK9kafPCyXKtOjDLtmXngH+JsyBlsEBrYH66wwgnIeEKMyRl37Fj5aVIKIoZyUpuIkmM8ASNSF9TjkIivTT/I4OnWhnCIBK6uIK5+nMiRaGU09DXnSFSY7nszcT/vH6igisvpTxOFOF4vihIGFQRnIUCh1QQrNhUE4QF1bdCPEY6D6WjK+kQnOWX/5JOxXIurdpttdyoLuIogiNwAs6AA+qgAW5AC7QBBg/gCbyAV+PReDbejPd5a8FYzByCXzA+vgEhCpbp</latexit>

1.75  M + 2

M � 1
 4

<latexit sha1_base64="zTJYquw4yrTe3Uhpz1VUT5NMb0c=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGRD0GvHgRIpgHJEuYnfQmQ2YfzswGQsh3ePGgiFc/xpt/42SzB00s6Kao6mZ6yosFV9q2v63cxubW9k5+t7C3f3B4VDw+aakokQybLBKR7HhUoeAhNjXXAjuxRBp4Atve+HbhtycoFY/CRz2N0Q3oMOQ+Z1Qbya2QnkByn/Zav1iyy3YKsk6cjJQgQ6Nf/OoNIpYEGGomqFJdx461O6NScyZwXuglCmPKxnSIXUNDGqByZ+nRc3JhlAHxI2kq1CRVf2/MaKDUNPDMZED1SK16C/E/r5to/8ad8TBONIZs+ZCfCKIjskiADLhEpsXUEMokN7cSNqKSMm1yKpgQnNUvr5NWpexclWsP1VK9msWRhzM4h0tw4BrqcAcNaAKDJ3iGV3izJtaL9W59LEdzVrZzCn9gff4AY2iQhg==</latexit>

2  M  5

<latexit sha1_base64="zTJYquw4yrTe3Uhpz1VUT5NMb0c=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGRD0GvHgRIpgHJEuYnfQmQ2YfzswGQsh3ePGgiFc/xpt/42SzB00s6Kao6mZ6yosFV9q2v63cxubW9k5+t7C3f3B4VDw+aakokQybLBKR7HhUoeAhNjXXAjuxRBp4Atve+HbhtycoFY/CRz2N0Q3oMOQ+Z1Qbya2QnkByn/Zav1iyy3YKsk6cjJQgQ6Nf/OoNIpYEGGomqFJdx461O6NScyZwXuglCmPKxnSIXUNDGqByZ+nRc3JhlAHxI2kq1CRVf2/MaKDUNPDMZED1SK16C/E/r5to/8ad8TBONIZs+ZCfCKIjskiADLhEpsXUEMokN7cSNqKSMm1yKpgQnNUvr5NWpexclWsP1VK9msWRhzM4h0tw4BrqcAcNaAKDJ3iGV3izJtaL9W59LEdzVrZzCn9gff4AY2iQhg==</latexit>

2  M  5

<latexit sha1_base64="i0dzw6HWeEenWrFLeq4XiKapQAM=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0QH8eAFy9CBPOAZAmzk95kyOzsMjMrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFSSCa+O6387a+sbm1nZhp7i7t39wWDo6buk4VQybLBax6gRUo+ASm4YbgZ1EIY0Cge1gfDvz20+oNI/lo5kk6Ed0KHnIGTVWat+T3hBJtV8quxV3DrJKvJyUIUejX/rqDWKWRigNE1Trrucmxs+oMpwJnBZ7qcaEsjEdYtdSSSPUfjY/d0rOrTIgYaxsSUPm6u+JjEZaT6LAdkbUjPSyNxP/87qpCW/8jMskNSjZYlGYCmJiMvudDLhCZsTEEsoUt7cSNqKKMmMTKtoQvOWXV0mrWvGuKpcPtXK9lsdRgFM4gwvw4BrqcAcNaAKDMTzDK7w5ifPivDsfi9Y1J585gT9wPn8A9R+Oow==</latexit>

M � 2

<latexit sha1_base64="3eWfzLqXmNilRd7bw3x888tvft8=">AAACC3icbVDLSsNAFJ34rPUVdelmaBEEMSSlr2XBjZtCBfuAJpTJdNIOnTyYmQglZO/GX3HjQhG3/oA7/8ZpmoW2HrhwOOde7r3HjRgV0jS/tY3Nre2d3cJecf/g8OhYPzntiTDmmHRxyEI+cJEgjAakK6lkZBBxgnyXkb47u1n4/QfCBQ2DezmPiOOjSUA9ipFU0kgvNYxqHdqMwLbtcYST9lUlTdrXVpqJTaNRG+ll0zAzwHVi5aQMcnRG+pc9DnHsk0BihoQYWmYknQRxSTEjadGOBYkQnqEJGSoaIJ8IJ8l+SeGFUsbQC7mqQMJM/T2RIF+Iue+qTh/JqVj1FuJ/3jCWXtNJaBDFkgR4uciLGZQhXAQDx5QTLNlcEYQ5VbdCPEUqEqniK6oQrNWX10mvYlh1o3ZXLbeqeRwFcA5K4BJYoAFa4BZ0QBdg8AiewSt40560F+1d+1i2bmj5zBn4A+3zB0Y8mAA=</latexit>

7.46  M
M + 2

M � 1
 8.75

<latexit sha1_base64="zTJYquw4yrTe3Uhpz1VUT5NMb0c=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGRD0GvHgRIpgHJEuYnfQmQ2YfzswGQsh3ePGgiFc/xpt/42SzB00s6Kao6mZ6yosFV9q2v63cxubW9k5+t7C3f3B4VDw+aakokQybLBKR7HhUoeAhNjXXAjuxRBp4Atve+HbhtycoFY/CRz2N0Q3oMOQ+Z1Qbya2QnkByn/Zav1iyy3YKsk6cjJQgQ6Nf/OoNIpYEGGomqFJdx461O6NScyZwXuglCmPKxnSIXUNDGqByZ+nRc3JhlAHxI2kq1CRVf2/MaKDUNPDMZED1SK16C/E/r5to/8ad8TBONIZs+ZCfCKIjskiADLhEpsXUEMokN7cSNqKSMm1yKpgQnNUvr5NWpexclWsP1VK9msWRhzM4h0tw4BrqcAcNaAKDJ3iGV3izJtaL9W59LEdzVrZzCn9gff4AY2iQhg==</latexit>

2  M  5

<latexit sha1_base64="lv7BG8OggaaALzrvr0McgYbmEgE=">AAACDHicbVDLSsNAFJ3UV62vqks3g0Vw05JIW10W3LgpVLAPaGqZTG/aoZMHMxOhhHyAG3/FjQtF3PoB7vwbp2kW2npg4HDOudy5xwk5k8o0v43c2vrG5lZ+u7Czu7d/UDw86sggEhTaNOCB6DlEAmc+tBVTHHqhAOI5HLrO9Hrudx9ASBb4d2oWwsAjY5+5jBKlpWGxZFZqdWxzwFbZdgWhsVWG+7jcTJK4mSyMNGWmwKvEykgJZWgNi1/2KKCRB76inEjZt8xQDWIiFKMckoIdSQgJnZIx9DX1iQdyEKfHJPhMKyPsBkI/X+FU/T0RE0/KmefopEfURC57c/E/rx8p92oQMz+MFPh0sciNOFYBnjeDR0wAVXymCaGC6b9iOiG6EqX7K+gSrOWTV0nnomLVK7XbaqlRzerIoxN0is6RhS5RA92gFmojih7RM3pFb8aT8WK8Gx+LaM7IZo7RHxifP+fhmP8=</latexit>

0.56  1� 1� e�M

M
 1

<latexit sha1_base64="zTJYquw4yrTe3Uhpz1VUT5NMb0c=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyGRD0GvHgRIpgHJEuYnfQmQ2YfzswGQsh3ePGgiFc/xpt/42SzB00s6Kao6mZ6yosFV9q2v63cxubW9k5+t7C3f3B4VDw+aakokQybLBKR7HhUoeAhNjXXAjuxRBp4Atve+HbhtycoFY/CRz2N0Q3oMOQ+Z1Qbya2QnkByn/Zav1iyy3YKsk6cjJQgQ6Nf/OoNIpYEGGomqFJdx461O6NScyZwXuglCmPKxnSIXUNDGqByZ+nRc3JhlAHxI2kq1CRVf2/MaKDUNPDMZED1SK16C/E/r5to/8ad8TBONIZs+ZCfCKIjskiADLhEpsXUEMokN7cSNqKSMm1yKpgQnNUvr5NWpexclWsP1VK9msWRhzM4h0tw4BrqcAcNaAKDJ3iGV3izJtaL9W59LEdzVrZzCn9gff4AY2iQhg==</latexit>

2  M  5

<latexit sha1_base64="FOgue5J3vnOWk/XiA99jnJYZCK8="></latexit>

⌫srd =
a2srd

18�tsrd


1� 1� e�M

M

�
+

�tsrdkbTsrdM

4a3srd⇢srd

M + 2

M � 1

<latexit sha1_base64="HRtabG3sJ2uy24SMmoso+8ujurc="></latexit>

⌫srd =
a2srd

18�tsrd


1� 1� e�M

M

�
+

�2

4�tsrd

M + 2

M � 1

<latexit sha1_base64="46fyyLyN+D84yalEvE287z9Q9TM="></latexit>

⌫srd / a2srd
�tsrd

+
�tsrdkbTsrd

a3srd⇢srd

<latexit sha1_base64="H1DfaVeXY0zdnTgf1i/VI8sJA5Y="></latexit>

⌫srd / a2srd
�tsrd

+
�2

�tsrd



Modeling Air Pressure 

Zavalingos et al., 2017 Klinzing and Troup, 2019

◆ Obtained 1D-approximate solution by 
combining gas phase mass continuity with 
D’Arcy’s law.

◆ Important parameters for air pressure
- Permeability
- Compaction speed
- Tablet size
- Punch-die tolerance

◆ 2D model with coupled air pressure and 
plasticity model for powder.

◆ Also observed similar 10-15x increased air 
pressure above 1 atm.


