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1) Pulling free-standing films

Break-up mechanism: intermolecular forces (van der Waals)
à Important when the film thickness < 100 nm
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Side view Front view
(experimental)

Liquid bath



Pulling free-standing films

• pulling velocity: U
• fiber half-width: H

Liquid properties:

• density:  
• viscosity: 
• surface tension:  
• Hamaker constant: AH

Film pulling parameters:
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L* at rupture ?
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Lubrication model for an extensional flow

• pulling velocity: U
• fiber half-width: H

Liquid properties:

• density:  
• viscosity: 
• surface tension: 
• Hamaker constant: AH

Film pulling parameters:
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Lubrication model for an extensional flow

ū = 1

h = 1

@xh = h0
stat

@xxh = h00
stat

static



Time-dependent simulations 1D
COMSOL: PDE solver + Moving Mesh (ALE)

Thickness profiles Minimum thickness

→ L* = film height at break-up

L*

U = 1 mm/s

Static 
meniscus
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(Fixed liquid properties)

Results of the model: film height at break-up

Static limit
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Experiments with silicone oil films

• pulling velocity: U   
• fiber radius: H

• density:
• viscosity:
• surface tension: 
• Hamaker constant: AH

Experimental setup Pure liquid?

Liquid properties:

Film pulling parameters:

⌘ = 350 mPa.s
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Experimental results

Changing the liquid viscosity Changing the fiber diameter D

→ Hypothesis to explain the deviation at 
high capillary numbers: fiber coating

V10000

fractionated
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→ Small height: max 1 cm for Ca = 1
unless surfactants are added…



Break-up mechanism: Rayleigh-Plateau

2) Ligament
U

rod

Liquid bath

Static meniscus
Longitudinal curvature
à Stabilizing (as for film)

Radial curvature
à destabilizing

R2

R1
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R2

◆

(Laplace pressure)

à Always present during stretching

<latexit sha1_base64="v0jwLnsa12AVs5Py+obZanZOkLA=">AAAB/XicbVBNS8NAEJ3Ur1q/4sfNy2IRPJWNiHosevFYwdZCE8pmu2mX7iZhdyPUUPwrXjwo4tX/4c1/47bNQVsfDDzem2FmXpgKrg3G305paXllda28XtnY3NrecXf3WjrJFGVNmohEtUOimeAxaxpuBGunihEZCnYfDq8n/v0DU5on8Z0ZpSyQpB/ziFNirNR1D3zNJfIwRr7MUO4rieS461ZxDU+BFolXkCoUaHTdL7+X0Eyy2FBBtO54ODVBTpThVLBxxc80Swkdkj7rWBoTyXSQT68fo2Or9FCUKFuxQVP190ROpNYjGdpOScxAz3sT8T+vk5noMsh5nGaGxXS2KMoEMgmaRIF6XDFqxMgSQhW3tyI6IIpQYwOr2BC8+ZcXSeu05p3X8O1ZtX5VxFGGQziCE/DgAupwAw1oAoVHeIZXeHOenBfn3fmYtZacYmYf/sD5/AGdVJQM</latexit>⇠ 100µm



Ligament drawing
Hb at rupture ?

<< 1



Ligament drawing
Quasi-static approach

<latexit sha1_base64="i511pB1wEA+fbSFyqI1hTxp8Xj4=">AAACA3icbVBNS8NAEN3Ur1q/ot70sliEeimJiHosevFYwX5AE8pmO2mXbjZhd1MooeDFv+LFgyJe/RPe/Ddu2xy09cHA470ZZuYFCWdKO863VVhZXVvfKG6WtrZ3dvfs/YOmilNJoUFjHst2QBRwJqChmebQTiSQKODQCoa3U781AqlYLB70OAE/In3BQkaJNlLXPqp4IyIhUYzHAnsclFIswk7VPevaZafqzICXiZuTMspR79pfXi+maQRCU06U6rhOov2MSM0oh0nJSxUkhA5JHzqGChKB8rPZDxN8apQeDmNpSmg8U39PZCRSahwFpjMieqAWvan4n9dJdXjtZ0wkqQZB54vClGMd42kguMckUM3HhhAqmbkV0wGRhGoTW8mE4C6+vEya51X3surcX5RrN3kcRXSMTlAFuegK1dAdqqMGougRPaNX9GY9WS/Wu/Uxby1Y+cwh+gPr8weQe5bP</latexit>

(" . 0.1)

No analytical solution!



Ligament drawing: dynamics

<latexit sha1_base64="XeC2CkaFkWJcsuv25EyI91Gh11s=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoY2ER0XxAcoS9zVyyZG/v2N0TwpGfYGOhiK2/yM5/4ya5QhMfDDzem2FmXpAIro3rfjuFldW19Y3iZmlre2d3r7x/0NRxqhg2WCxi1Q6oRsElNgw3AtuJQhoFAlvB6Gbqt55QaR7LRzNO0I/oQPKQM2qs9HDXC3rlilt1ZyDLxMtJBXLUe+Wvbj9maYTSMEG17nhuYvyMKsOZwEmpm2pMKBvRAXYslTRC7WezUyfkxCp9EsbKljRkpv6eyGik9TgKbGdEzVAvelPxP6+TmvDKz7hMUoOSzReFqSAmJtO/SZ8rZEaMLaFMcXsrYUOqKDM2nZINwVt8eZk0z6reRdW9P6/UrvM4inAEx3AKHlxCDW6hDg1gMIBneIU3RzgvzrvzMW8tOPnMIfyB8/kDFJKNqg==</latexit>

Lb

Static meniscus

<latexit sha1_base64="wYU/WrJ5C/+Bk/9rbPWNw8+6yWM=">AAACAnicbVDLSsNAFJ34rPEVdSVuBovgKiQq6kYoduOygn1AE8pkOmmHTmbCzKRQQnHjr7hxoYhbv8Kdf+O0zUJbD1w4nHMv994TpYwq7Xnf1tLyyuraemnD3tza3tl19vYbSmQSkzoWTMhWhBRhlJO6ppqRVioJSiJGmtGgOvGbQyIVFfxBj1ISJqjHaUwx0kbqOIdVdOO550FgB0MkSaooExwaye84Zc/1poCLxC9IGRSodZyvoCtwlhCuMUNKtX0v1WGOpKaYkbEdZIqkCA9Qj7QN5SghKsynL4zhiVG6MBbSFNdwqv6eyFGi1CiJTGeCdF/NexPxP6+d6fg6zClPM004ni2KMwa1gJM8YJdKgjUbGYKwpOZWiPtIIqxNarYJwZ9/eZE0zlz/0vXuL8qV2yKOEjgCx+AU+OAKVMAdqIE6wOARPINX8GY9WS/Wu/Uxa12yipkD8AfW5w89QJVp</latexit>

Ca = 0.3

" = 0.1

<latexit sha1_base64="DnLEwnEHsK4viukxUScbNdQpwXU=">AAAB73icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E1DJoYxnBxEASwt5mLlmyu3fu7gnhyJ+wsVDE1r9j579xk1yhiQ8GHu/NMDMvTAQ31ve/vcLK6tr6RnGztLW9s7tX3j9omjjVDBssFrFuhdSg4AoblluBrUQjlaHAh3B0M/UfnlAbHqt7O06wK+lA8Ygzap3UinpZR3I16ZUrftWfgSyTICcVyFHvlb86/ZilEpVlghrTDvzEdjOqLWcCJ6VOajChbEQH2HZUUYmmm83unZATp/RJFGtXypKZ+nsio9KYsQxdp6R2aBa9qfif105tdNXNuEpSi4rNF0WpIDYm0+dJn2tkVowdoUxzdythQ6opsy6ikgshWHx5mTTPqsFF1b87r9Su8ziKcATHcAoBXEINbqEODWAg4Ble4c179F68d+9j3lrw8plD+APv8wdZFZAs</latexit>

fmin

<latexit sha1_base64="esIijMSbLj137czYB05QvnDjuZs=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU90toh6LXnqsYD+kXUo2zbahSXZJskJZ+iu8eFDEqz/Hm//GbLsHbX0w8Hhvhpl5QcyZNq777RTW1jc2t4rbpZ3dvf2D8uFRW0eJIrRFIh6pboA15UzSlmGG026sKBYBp51gcpf5nSeqNIvkg5nG1Bd4JFnICDZWemwM0n7MLmqzQbniVt050CrxclKBHM1B+as/jEgiqDSEY617nhsbP8XKMMLprNRPNI0xmeAR7VkqsaDaT+cHz9CZVYYojJQtadBc/T2RYqH1VAS2U2Az1steJv7n9RIT3vgpk3FiqCSLRWHCkYlQ9j0aMkWJ4VNLMFHM3orIGCtMjM2oZEPwll9eJe1a1buquveXlfptHkcRTuAUzsGDa6hDA5rQAgICnuEV3hzlvDjvzseiteDkM8fwB87nD0MXkA4=</latexit>

H⇡/2

<latexit sha1_base64="i511pB1wEA+fbSFyqI1hTxp8Xj4=">AAACA3icbVBNS8NAEN3Ur1q/ot70sliEeimJiHosevFYwX5AE8pmO2mXbjZhd1MooeDFv+LFgyJe/RPe/Ddu2xy09cHA470ZZuYFCWdKO863VVhZXVvfKG6WtrZ3dvfs/YOmilNJoUFjHst2QBRwJqChmebQTiSQKODQCoa3U781AqlYLB70OAE/In3BQkaJNlLXPqp4IyIhUYzHAnsclFIswk7VPevaZafqzICXiZuTMspR79pfXi+maQRCU06U6rhOov2MSM0oh0nJSxUkhA5JHzqGChKB8rPZDxN8apQeDmNpSmg8U39PZCRSahwFpjMieqAWvan4n9dJdXjtZ0wkqQZB54vClGMd42kguMckUM3HhhAqmbkV0wGRhGoTW8mE4C6+vEya51X3surcX5RrN3kcRXSMTlAFuegK1dAdqqMGougRPaNX9GY9WS/Wu/Uxby1Y+cwh+gPr8weQe5bP</latexit>

(" . 0.1)



Ligament stretching dynamics
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<latexit sha1_base64="xmr8sqiEgXdS/DrtE798V1cnK2I=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqCBCMBcPHiKYByRLmJ1MkiGzs8tMrxCWfIQXD4p49Xu8+TdOkj1oYkFDUdVNd1cQS2HQdb+d3Mrq2vpGfrOwtb2zu1fcP2iYKNGM11kkI90KqOFSKF5HgZK3Ys1pGEjeDEbVqd984tqISD3iOOZ+SAdK9AWjaKXm/U2Vdq6xWyy5ZXcGsky8jJQgQ61b/Or0IpaEXCGT1Ji258bop1SjYJJPCp3E8JiyER3wtqWKhtz46ezcCTmxSo/0I21LIZmpvydSGhozDgPbGVIcmkVvKv7ntRPsX/mpUHGCXLH5on4iCUZk+jvpCc0ZyrEllGlhbyVsSDVlaBMq2BC8xZeXSeOs7F2U3YfzUuU2iyMPR3AMp+DBJVTgDmpQBwYjeIZXeHNi58V5dz7mrTknmzmEP3A+fwByrI79</latexit>

L = Ca t

<latexit sha1_base64="TuTzc1lSD8jZsTajJy97mAgP7YA=">AAACAnicbVDLSgNBEJz1GeNr1ZN4GQyCp7Aroh6DXjxGMA/ILmF20psMmZ1ZZmYjYQle/BUvHhTx6ld482+cPA6aWNBQVHXT3RWlnGnjed/O0vLK6tp6YaO4ubW9s+vu7de1zBSFGpVcqmZENHAmoGaY4dBMFZAk4tCI+jdjvzEApZkU92aYQpiQrmAxo8RYqe0eBgOiINWMS4EDxbo9Q5SSD9hruyWv7E2AF4k/IyU0Q7XtfgUdSbMEhKGcaN3yvdSEOVGGUQ6jYpBpSAntky60LBUkAR3mkxdG+MQqHRxLZUsYPFF/T+Qk0XqYRLYzIaan572x+J/Xykx8FeZMpJkBQaeL4oxjI/E4D9xhCqjhQ0sIVczeimmPKEKNTa1oQ/DnX14k9bOyf1H27s5LletZHAV0hI7RKfLRJaqgW1RFNUTRI3pGr+jNeXJenHfnY9q65MxmDtAfOJ8/UW+XXg==</latexit>

" ! 0



Ligament stretching: experiments



Ligament stretching: 
Experiments vs 1D modeling

Changing the liquid viscosity Changing the rod radius R

𝜺➚



Ligament stretching: 2D modeling

Comsol 2D axisymmetric + ALE for moving mesh with moving boundaries



Ligament stretching: comparison

2D 1D

Experiment

à Good prediction of the 1D model despite the 2D effects



Ligament stretching: 2D effects ?

,1D model

True 2D effects !



Ligament stretching: Volume entrained?

Liquid bath

R
,1D model

<latexit sha1_base64="lazH8KAmfyKY/1gnpv2datGwYzs=">AAAB/3icbZDLSsNAFIYnXmu9RQU3bgaLIC5KoqJuhKIbl1XsBdo0TKYn7dDJhZmJUGIWvoobF4q49TXc+TZO2yy09YeBj/+cwznzezFnUlnWtzE3v7C4tFxYKa6urW9smlvbdRklgkKNRjwSTY9I4CyEmmKKQzMWQAKPQ8MbXI/qjQcQkkXhvRrG4ASkFzKfUaK05Zq7dRfwZdsXhKYaO0dZetc5yVyzZJWtsfAs2DmUUK6qa361uxFNAggV5UTKlm3FykmJUIxyyIrtREJM6ID0oKUxJAFIJx3fn+ED7XSxHwn9QoXH7u+JlARSDgNPdwZE9eV0bWT+V2slyr9wUhbGiYKQThb5CccqwqMwcJcJoIoPNRAqmL4V0z7RWSgdWVGHYE9/eRbqx2X7rGzdnpYqV3kcBbSH9tEhstE5qqAbVEU1RNEjekav6M14Ml6Md+Nj0jpn5DM76I+Mzx/6F5Vw</latexit>

Ve =
V ⇤
e

R3

<latexit sha1_base64="clNij+Ia8TVzmI+MFolOY/U1z1I=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBZBPJRERD0WvXisYNpCG8tmO22XbjZhdyOU0N/gxYMiXv1B3vw3btsctPXBwOO9GWbmhYng2rjut1NYWV1b3yhulra2d3b3yvsHDR2niqHPYhGrVkg1Ci7RN9wIbCUKaRQKbIaj26nffEKleSwfzDjBIKIDyfucUWMlv9HFx7NuueJW3RnIMvFyUoEc9W75q9OLWRqhNExQrduem5ggo8pwJnBS6qQaE8pGdIBtSyWNUAfZ7NgJObFKj/RjZUsaMlN/T2Q00nochbYzomaoF72p+J/XTk3/Osi4TFKDks0X9VNBTEymn5MeV8iMGFtCmeL2VsKGVFFmbD4lG4K3+PIyaZxXvcuqe39Rqd3kcRThCI7hFDy4ghrcQR18YMDhGV7hzZHOi/PufMxbC04+cwh/4Hz+AELtjlM=</latexit>

V ⇤
e

<latexit sha1_base64="+6WRpMK0l3OHxIAatbBuZ4rixD8=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cWTFtoQ9lsJ+3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8MBVcG9f9dgpr6xubW8Xt0s7u3v5B+fCoqZNMMfRZIhLVDqlGwSX6hhuB7VQhjUOBrXB0N/NbT6g0T+SDGacYxHQgecQZNVZq+L1yxa26c5BV4uWkAjnqvfJXt5+wLEZpmKBadzw3NcGEKsOZwGmpm2lMKRvRAXYslTRGHUzmh07JmVX6JEqULWnIXP09MaGx1uM4tJ0xNUO97M3E/7xOZqKbYMJlmhmUbLEoygQxCZl9TfpcITNibAllittbCRtSRZmx2ZRsCN7yy6ukeVH1rqpu47JSu83jKMIJnMI5eHANNbiHOvjAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHstOM3g==</latexit>

U

Small variation of the entrained volume !!!



Conclusions

¢ Unsteady dynamics for vertical stretching of liquid films and ligaments

� Strong influence of the break-up mechanism: van der Waals vs.
capillarity

¢ Good prediction of the 1D, provided Ca < 1 and 𝜀 ≪ 1
¢ Small deviation at Ca > 0.1 due to fiber coating effect

¢ Prediction of break-up heights: quantitative agreement with experiments

� Always small and maximum for Ca ~ 1 :

¢ For films: about 10 times ℓc
¢ For ligaments: about 10 times R

¢ How can we pull stable films or ligaments?



Pulling stable liquid films

soap film

t

u0 u0

liquid

air

t

hot

cold

Film of  pure material

s

Surface
stress

Surfactant-induced rigidity of interfaces: a unified 
approach to free and dip-coated films, Champougny
L., Scheid B., Restagno F., Vermant J. & Rio E., 
Soft Matter 11, 2758 (2015)

Thermocapillary-assisted pulling of contact-free 
liquid films, Scheid B., van Nierop E. & Stone H. A., 
Physics of Fluids 24, 032107 (2012)

<latexit sha1_base64="7eF2UMI5/OyWMyMcEpw74V7qOTE=">AAACEnicbVDLSsNAFJ34rPUVdelmsAi6KYmIuhGKblxWsA9oQrmZTtqhM0mYmQgl9Bvc+CtuXCji1pU7/8ZJG1BbD1w4nHPvzL0nSDhT2nG+rIXFpeWV1dJaeX1jc2vb3tltqjiVhDZIzGPZDkBRziLa0Exz2k4kBRFw2gqG17nfuqdSsTi606OE+gL6EQsZAW2krn3saUjxJfZCCSTzEpCaAcdeH4SA8Y+gxl274lSdCfA8cQtSQQXqXfvT68UkFTTShINSHddJtJ/lDxJOx2UvVTQBMoQ+7RgagaDKzyYnjfGhUXo4jKWpSOOJ+nsiA6HUSASmU4AeqFkvF//zOqkOL/yMRUmqaUSmH4UpxzrGeT64xyQlmo8MASKZ2RWTAZhwtEmxbEJwZ0+eJ82TqntWdW5PK7WrIo4S2kcH6Ai56BzV0A2qowYi6AE9oRf0aj1az9ab9T5tXbCKmT30B9bHN22wnfk=</latexit>

⌧ =
@�

@s


