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It is a problem of fluid-structure interaction

Tacoma bridge collapse (1940)

Torsional modes became resonant due 
to fluttering instability



It is a problem of fluid-structure interaction

Resonance with aerodynamics loads

Fluttering



Sometimes fluttering is very welcome
Self-sustained vibrations can be 
induced by fluid flows

U



Self-sustained vibrations can be 
induced by fluid flows

U

Sometimes resonances are very welcome



Once oscillations are generated 
energy can be extracted via 
Faraday effect

magnet

coil

EH by fluid-structure interaction



Once oscillations are generated 
energy can be extracted via 
Faraday effect

magnet

coil

High frequency/amplitude are desirable

EH by fluid-structure interaction



Flapping in air is much more efficient

k

A bluff body is not the best idea 
to generate relevant lift: a wing 
is much better !



Resonance condition for flapping

<latexit sha1_base64="x/Ai6rOVK2ehQoxhrTL4ZiS3Kz8=">AAACCXicbVA9T8MwEHXKVylfAUYWiwqJqUqqChgrWBiLRNpKTagc12mt2nGwHaQqysrCX2FhACFW/gEb/wa3zQAtTzrp6b073d0LE0aVdpxvq7Syura+Ud6sbG3v7O7Z+wdtJVKJiYcFE7IbIkUYjYmnqWakm0iCeMhIJxxfTf3OA5GKivhWTxIScDSMaUQx0kbq2zDyFeXQV/dSZ74cCQj9SCKceXf1PON53rerTs2ZAS4TtyBVUKDVt7/8gcApJ7HGDCnVc51EBxmSmmJG8oqfKpIgPEZD0jM0RpyoIJt9ksMTowxgJKSpWMOZ+nsiQ1ypCQ9NJ0d6pBa9qfif10t1dBFkNE5STWI8XxSlDGoBp7HAAZUEazYxBGFJza0Qj5AJQpvwKiYEd/HlZdKu19yzWuOmUW1eFnGUwRE4BqfABeegCa5BC3gAg0fwDF7Bm/VkvVjv1se8tWQVM4fgD6zPH7SQmlw=</latexit>

f ⇠
r

⇢
U2

m

Two frequencies are playing:
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wind vane:

elastic oscillations:
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Numerical simulations 
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It works ….
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Energy can be really harvested!

The FLEHAP 
device 
(FLuttering Energy Harvester for 
Autonomous Powering) 
UNIGE patent



Back to fibers

Can a fiber of length c be used as a proxy     
of turbulence statistics at scales c 

in the inertial range
? ?

c

van Gogh (1889)



Back to  fibers …

governed by the Euler-Bernoulli equation
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fiber inextensibility:



Fiber dynamics in a nutshell
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Fiber dynamics in a nutshell
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Fiber dynamics in a nutshell
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Resonance condition and consequences

⇣ ⌧ 1 under-damped case c ⌧ �1/4⇢1/41 ⌘�1/2

For the most efficient 
flapping we assert: ⌧B ⇠ ⌧(c)

elastic time turbulence 
time at the 
scale of the 
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Fiber fully-coupled to turbulence

Stationary, homogeneous and 
isotropic turbulence ruled by 
the NS equations

@tu+ u · @u = �@p/⇢0 + ⌫@2u+ f ,

@ · u = 0,

⇢1Ẍ = @s(T@sX)� �@4
sX+ F

Rosti,  Banaei, Brandt, A.M., PRL (2018)
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Resonance condition and consequences
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Resonance condition and consequences

slaved
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Can the fiber be used to reveal turbulence statistics?
�/�crit = 1/2
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Can the fiber be used to reveal turbulence statistics?

�/�crit = 1/2 standard Eulerian
from the fiber  

Pdf of velocity increments

r = 0.14L



The non dilute case

N=1000 fibers of different lengths: c/L=0.016, 0.08, 0.32 

here fiber back-reaction is not negligible

Olivieri, A.M., Rosti, POF (2021)



The non dilute case

Fibers of small inertia

Larger inertia



The non dilute case
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for turbulence à la K41

filled: inertial fibers
empty: neutrally b.
circle: N=10
square: N=100
triangle: N=1000
colour: different lengths
brightness: different stiffness
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The non dilute case
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The non dilute case
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Rigid fibers for transverse statistics

Relevant observables:

�u? ⌘ [u(r, t)� u(0, t)] · n̂
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No theory for even moments (odd moments are zero)
Experimental measures do exist (e.g. Noullez et al 

JFM 1997) 

n̂
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The case of rigid fibers

Relevant questions:

�u? = �v?

<latexit sha1_base64="aC5abwnCLyIpr1wZak963xKVRho=">AAACC3icbZDLSsNAFIYn9VbrLerSzdAiuCqJFHQjFN24rGAv0IQwmZy0QycXZiaFErp346u4caGIW1/AnW/jtI2grT8M/HznHM6c3085k8qyvozS2vrG5lZ5u7Kzu7d/YB4edWSSCQptmvBE9HwigbMY2oopDr1UAIl8Dl1/dDOrd8cgJEviezVJwY3IIGYho0Rp5JlVJwCuCM683ElBpNMrXJDxD/HMmlW35sKrxi5MDRVqeeanEyQ0iyBWlBMp+7aVKjcnQjHKYVpxMgkpoSMygL62MYlAuvn8lik+1STAYSL0ixWe098TOYmknES+7oyIGsrl2gz+V+tnKrx0cxanmYKYLhaFGccqwbNgcMAEUMUn2hAqmP4rpkMiCFU6vooOwV4+edV0zut2o964a9Sa10UcZXSCqugM2egCNdEtaqE2ougBPaEX9Go8Gs/Gm/G+aC0Zxcwx+iPj4xs5xJsu</latexit>

?

fluid fiber
Of course: �uk = �vk

<latexit sha1_base64="G9SAIjHm/15UGq1Wf8llEhGDX7k=">AAACE3icbZDLSsNAFIYn9VbrLerSzWARxEVJpKAboejGZQV7gSaEyeSkHTq5MDMplNB3cOOruHGhiFs37nwbp20WtfWHgZ/vnMOZ8/spZ1JZ1o9RWlvf2Nwqb1d2dvf2D8zDo7ZMMkGhRROeiK5PJHAWQ0sxxaGbCiCRz6HjD++m9c4IhGRJ/KjGKbgR6ccsZJQojTzzwgmAK4IzL3dSIgjnwCc3uKCjReqZVatmzYRXjV2YKirU9MxvJ0hoFkGsKCdS9mwrVW5OhGKUw6TiZBJSQoekDz1tYxKBdPPZTRN8pkmAw0ToFys8o4sTOYmkHEe+7oyIGsjl2hT+V+tlKrx2cxanmYKYzheFGccqwdOAcMAEUMXH2hAqmP4rpgOdAVU6xooOwV4+edW0L2t2vVZ/qFcbt0UcZXSCTtE5stEVaqB71EQtRNETekFv6N14Nl6ND+Nz3loyiplj9EfG1y+n5J6q</latexit>

NO

⌧turb = ⌧tumbl

<latexit sha1_base64="uan7UY0hYbzQxOJt2cR38uUOUbg=">AAACG3icbVDLSsNAFJ3UV62vqks3g0VwVZJS0I1QdOOygn1AE8JkOm2HTiZh5kYsIf/hxl9x40IRV4IL/8Zpm4W2PXDhcM69M/eeIBZcg23/WIW19Y3NreJ2aWd3b/+gfHjU1lGiKGvRSESqGxDNBJesBRwE68aKkTAQrBOMb6Z+54EpzSN5D5OYeSEZSj7glICR/HLNBZL4qRsG0WPqApcTDIkKsuxqlWGezTK/XLGr9gx4mTg5qaAcTb/85fYjmoRMAhVE655jx+ClRAGngmUlN9EsJnRMhqxnqCQh0146uy3DZ0bp40GkTEnAM/XvREpCrSdhYDpDAiO96E3FVV4vgcGll3IZJ8AknX80SASGCE+Dwn2uGAUxMYRQxc2umI6IIhRMnCUTgrN48jJp16pOvVq/q1ca13kcRXSCTtE5ctAFaqBb1EQtRNETekFv6N16tl6tD+tz3lqw8plj9A/W9y8WnaNS</latexit>

?



The case of rigid fibers (numerics)

fiber measures turbulence eddy-turnover time at small St

⌧turb = c2/3✏�1/3

<latexit sha1_base64="gnLOuOGVACue59mC/+LYGHmiliE=">AAACGHicbVDLSgMxFM34rPU16tJNsAhubGe0oBtBdOOygn1Ap5ZMmrahmWRI7ohlmM9w46+4caGI2+78G9PHQqsHLpyccy+594Sx4AY878tZWFxaXlnNreXXNza3tt2d3ZpRiaasSpVQuhESwwSXrAocBGvEmpEoFKweDq7Hfv2BacOVvINhzFoR6Une5ZSAldpuKQCStNMgCtVjGgCXQwyJDrPsgt6nJ6XTLGCx4ULJ+/TYt8+2W/CK3gT4L/FnpIBmqLTdUdBRNImYBCqIMU3fi6GVEg2cCpblg8SwmNAB6bGmpZJEzLTSyWEZPrRKB3eVtiUBT9SfEymJjBlGoe2MCPTNvDcW//OaCXTPWymXcQJM0ulH3URgUHicEu5wzSiIoSWEam53xbRPNKFgs8zbEPz5k/+S2knRLxfLt+XC5dUsjhzaRwfoCPnoDF2iG1RBVUTRE3pBb+jdeXZenQ/nc9q64Mxm9tAvOKNvSMaggg==</latexit>

u(r, t)

<latexit sha1_base64="lCsf477TncNUSGAUlnronj6GlVI=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEClISKeiy6MZlBfuANpTJdNIOnUzCzESoIfgrblwo4tb/cOffOG2z0NYDl3s4517mzvFjzpR2nG+rsLK6tr5R3Cxtbe/s7tn7By0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++Obqd9+oFKxSNzrSUy9EA8FCxjB2kh9+wilPT9ASVaZdZmd6zPUt8tO1ZkBLRM3J2XI0ejbX71BRJKQCk04VqrrOrH2Uiw1I5xmpV6iaIzJGA9p11CBQ6q8dHZ9hk6NMkBBJE0JjWbq740Uh0pNQt9MhliP1KI3Ff/zuokOrryUiTjRVJD5Q0HCkY7QNAo0YJISzSeGYCKZuRWREZaYaBNYyYTgLn55mbQuqm6tWrurlevXeRxFOIYTqIALl1CHW2hAEwg8wjO8wpv1ZL1Y79bHfLRg5TuH8AfW5w+dHJQK</latexit>

u(0, t)

<latexit sha1_base64="MGGvnmLxTMtfRYhvYi8zBXKlsS0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCBSmJFHRZdOOygn1AG8pkOmmHTiZh5kaoIfgrblwo4tb/cOffOG2z0NYDl3s4517mzvFjwTU4zrdVWFldW98obpa2tnd29+z9g5aOEkVZk0YiUh2faCa4ZE3gIFgnVoyEvmBtf3wz9dsPTGkeyXuYxMwLyVDygFMCRurbRzjt+QFOssqsO9k5nOG+XXaqzgx4mbg5KaMcjb791RtENAmZBCqI1l3XicFLiQJOBctKvUSzmNAxGbKuoZKETHvp7PoMnxplgINImZKAZ+rvjZSEWk9C30yGBEZ60ZuK/3ndBIIrL+UyToBJOn8oSASGCE+jwAOuGAUxMYRQxc2tmI6IIhRMYCUTgrv45WXSuqi6tWrtrlauX+dxFNExOkEV5KJLVEe3qIGaiKJH9Ixe0Zv1ZL1Y79bHfLRg5TuH6A+szx83ypPI</latexit>

p̂

<latexit sha1_base64="GFOX/IRSHUq7HP7xU7khHITHf8I=">AAAB83icdVBNS8NAEN3Ur1q/qh69LBbBU0hqaNNb0YvHCtYWmlA22027dLNZdjdCCf0bXjwo4tU/481/4zatoKIPBh7vzTAzLxKMKu04H1ZpbX1jc6u8XdnZ3ds/qB4e3ak0k5h0ccpS2Y+QIoxy0tVUM9IXkqAkYqQXTa8Wfu+eSEVTfqtngoQJGnMaU4y0kQIYTJDOgyiGYj6s1hy75btNvw4d26m7XuuiIH6z0YCu7RSogRU6w+p7MEpxlhCuMUNKDVxH6DBHUlPMyLwSZIoIhKdoTAaGcpQQFebFzXN4ZpQRjFNpimtYqN8ncpQoNUsi05kgPVG/vYX4lzfIdOyHOeUi04Tj5aI4Y1CncBEAHFFJsGYzQxCW1NwK8QRJhLWJqWJC+PoU/k/u6rbr2d6NV2tfruIogxNwCs6BC5qgDa5BB3QBBgI8gCfwbGXWo/VivS5bS9Zq5hj8gPX2CQGckbE=</latexit>

⌧ t
a
m

b
l/
⌧ t

u
r
b

<latexit sha1_base64="QrYnbbFjjpGNvexEmbBFukKWtjE=">AAACG3icbVDLSsNAFJ3UV62vqEs3g0VwVZNS0GXRjcsK9gFNCJPptB06mYSZG7GE/Icbf8WNC0VcCS78G6ePhbY9MHA45x7u3BMmgmtwnB+rsLa+sblV3C7t7O7tH9iHRy0dp4qyJo1FrDoh0UxwyZrAQbBOohiJQsHa4ehm4rcfmNI8lvcwTpgfkYHkfU4JGCmwqx6QNMi8KIwfMw+4HGOYpPP8YoWTqjDPA7vsVJwp8DJx56SM5mgE9pfXi2kaMQlUEK27rpOAnxEFnAqWl7xUs4TQERmwrqGSREz72fS2HJ8ZpYf7sTJPAp6qfxMZibQeR6GZjAgM9aI3EVd53RT6V37GZZICk3S2qJ8KDDGeFIV7XDEKYmwIoYqbv2I6JIpQMHWWTAnu4snLpFWtuLVK7a5Wrl/P6yiiE3SKzpGLLlEd3aIGaiKKntALekPv1rP1an1Yn7PRgjXPHKN/sL5/Ad8sozA=</latexit>

Fiber tumbling time

<latexit sha1_base64="yB08a3JlsRumYn7lwLUjXaMBIq8="></latexit> � ⌧ t
u
m
b
l/
⌧ t
u
rb
� �

1

<latexit sha1_base64="J4+nSFiaPozryB84PIJlz/nEu7g=">AAACPnicbVBNSwMxEM36WetX1aOXYBG8WHeLqBdB9OKxglWhW8tsmm2D2eySzAol7C/z4m/w5tGLB0W8ejStPfg1kPB4b94k86JMCoO+/+hNTE5Nz8yW5srzC4tLy5WV1QuT5prxJktlqq8iMFwKxZsoUPKrTHNIIskvo5uToX55y7URqTrHQcbbCfSUiAUDdFSn0gwR8o7F3DmKw1CC6klObdhN0YZ9cFcU06woChoyx1FqKf 1HpKEeOa/tdrBTLzqVql/zR0X/gmAMqmRcjU7lwQ1lecIVMgnGtAI/w7YFjYJJXpTD3PAM2A30eMtBBQk3bTtav6CbjunSONXuKKQj9rvDQmLMIIlcZwLYN7+1Ifmf1soxPmhbobIcuWJfD8W5pJjSYZa0KzRnKAcOANPC/ZWyPmhg6BIvuxCC3yv/BRf1WrBX2z3brR4dj+MokXWyQbZIQPbJETklDdIkjNyRJ/JCXr1779l7896/Wie8sWeN/Cjv4xOHaK/T</latexit>

⌧tumbl = h ˙̂p · ˙̂pi�1/2



The case of rigid fibers (numerics)

fiber measures transverse fluctuations at small St

⌧turb = c2/3✏�1/3

<latexit sha1_base64="gnLOuOGVACue59mC/+LYGHmiliE=">AAACGHicbVDLSgMxFM34rPU16tJNsAhubGe0oBtBdOOygn1Ap5ZMmrahmWRI7ohlmM9w46+4caGI2+78G9PHQqsHLpyccy+594Sx4AY878tZWFxaXlnNreXXNza3tt2d3ZpRiaasSpVQuhESwwSXrAocBGvEmpEoFKweDq7Hfv2BacOVvINhzFoR6Une5ZSAldpuKQCStNMgCtVjGgCXQwyJDrPsgt6nJ6XTLGCx4ULJ+/TYt8+2W/CK3gT4L/FnpIBmqLTdUdBRNImYBCqIMU3fi6GVEg2cCpblg8SwmNAB6bGmpZJEzLTSyWEZPrRKB3eVtiUBT9SfEymJjBlGoe2MCPTNvDcW//OaCXTPWymXcQJM0ulH3URgUHicEu5wzSiIoSWEam53xbRPNKFgs8zbEPz5k/+S2knRLxfLt+XC5dUsjhzaRwfoCPnoDF2iG1RBVUTRE3pBb+jdeXZenQ/nc9q64Mxm9tAvOKNvSMaggg==</latexit>

u(r, t)

<latexit sha1_base64="lCsf477TncNUSGAUlnronj6GlVI=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1iEClISKeiy6MZlBfuANpTJdNIOnUzCzESoIfgrblwo4tb/cOffOG2z0NYDl3s4517mzvFjzpR2nG+rsLK6tr5R3Cxtbe/s7tn7By0VJZLQJol4JDs+VpQzQZuaaU47saQ49Dlt++Obqd9+oFKxSNzrSUy9EA8FCxjB2kh9+wilPT9ASVaZdZmd6zPUt8tO1ZkBLRM3J2XI0ejbX71BRJKQCk04VqrrOrH2Uiw1I5xmpV6iaIzJGA9p11CBQ6q8dHZ9hk6NMkBBJE0JjWbq740Uh0pNQt9MhliP1KI3Ff/zuokOrryUiTjRVJD5Q0HCkY7QNAo0YJISzSeGYCKZuRWREZaYaBNYyYTgLn55mbQuqm6tWrurlevXeRxFOIYTqIALl1CHW2hAEwg8wjO8wpv1ZL1Y79bHfLRg5TuH8AfW5w+dHJQK</latexit>

u(0, t)

<latexit sha1_base64="MGGvnmLxTMtfRYhvYi8zBXKlsS0=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCBSmJFHRZdOOygn1AG8pkOmmHTiZh5kaoIfgrblwo4tb/cOffOG2z0NYDl3s4517mzvFjwTU4zrdVWFldW98obpa2tnd29+z9g5aOEkVZk0YiUh2faCa4ZE3gIFgnVoyEvmBtf3wz9dsPTGkeyXuYxMwLyVDygFMCRurbRzjt+QFOssqsO9k5nOG+XXaqzgx4mbg5KaMcjb791RtENAmZBCqI1l3XicFLiQJOBctKvUSzmNAxGbKuoZKETHvp7PoMnxplgINImZKAZ+rvjZSEWk9C30yGBEZ60ZuK/3ndBIIrL+UyToBJOn8oSASGCE+jwAOuGAUxMYRQxc2tmI6IIhRMYCUTgrv45WXSuqi6tWrtrlauX+dxFNExOkEV5KJLVEe3qIGaiKJH9Ixe0Zv1ZL1Y79bHfLRg5TuH6A+szx83ypPI</latexit>

p̂

<latexit sha1_base64="GFOX/IRSHUq7HP7xU7khHITHf8I=">AAAB83icdVBNS8NAEN3Ur1q/qh69LBbBU0hqaNNb0YvHCtYWmlA22027dLNZdjdCCf0bXjwo4tU/481/4zatoKIPBh7vzTAzLxKMKu04H1ZpbX1jc6u8XdnZ3ds/qB4e3ak0k5h0ccpS2Y+QIoxy0tVUM9IXkqAkYqQXTa8Wfu+eSEVTfqtngoQJGnMaU4y0kQIYTJDOgyiGYj6s1hy75btNvw4d26m7XuuiIH6z0YCu7RSogRU6w+p7MEpxlhCuMUNKDVxH6DBHUlPMyLwSZIoIhKdoTAaGcpQQFebFzXN4ZpQRjFNpimtYqN8ncpQoNUsi05kgPVG/vYX4lzfIdOyHOeUi04Tj5aI4Y1CncBEAHFFJsGYzQxCW1NwK8QRJhLWJqWJC+PoU/k/u6rbr2d6NV2tfruIogxNwCs6BC5qgDa5BB3QBBgI8gCfwbGXWo/VivS5bS9Zq5hj8gPX2CQGckbE=</latexit>

⌧ t
a
m

b
l/
⌧ t

u
r
b

<latexit sha1_base64="QrYnbbFjjpGNvexEmbBFukKWtjE=">AAACG3icbVDLSsNAFJ3UV62vqEs3g0VwVZNS0GXRjcsK9gFNCJPptB06mYSZG7GE/Icbf8WNC0VcCS78G6ePhbY9MHA45x7u3BMmgmtwnB+rsLa+sblV3C7t7O7tH9iHRy0dp4qyJo1FrDoh0UxwyZrAQbBOohiJQsHa4ehm4rcfmNI8lvcwTpgfkYHkfU4JGCmwqx6QNMi8KIwfMw+4HGOYpPP8YoWTqjDPA7vsVJwp8DJx56SM5mgE9pfXi2kaMQlUEK27rpOAnxEFnAqWl7xUs4TQERmwrqGSREz72fS2HJ8ZpYf7sTJPAp6qfxMZibQeR6GZjAgM9aI3EVd53RT6V37GZZICk3S2qJ8KDDGeFIV7XDEKYmwIoYqbv2I6JIpQMHWWTAnu4snLpFWtuLVK7a5Wrl/P6yiiE3SKzpGLLlEd3aIGaiKKntALekPv1rP1an1Yn7PRgjXPHKN/sL5/Ad8sozA=</latexit>

Pdf of transverse velocity increments

<latexit sha1_base64="J4+nSFiaPozryB84PIJlz/nEu7g=">AAACPnicbVBNSwMxEM36WetX1aOXYBG8WHeLqBdB9OKxglWhW8tsmm2D2eySzAol7C/z4m/w5tGLB0W8ejStPfg1kPB4b94k86JMCoO+/+hNTE5Nz8yW5srzC4tLy5WV1QuT5prxJktlqq8iMFwKxZsoUPKrTHNIIskvo5uToX55y7URqTrHQcbbCfSUiAUDdFSn0gwR8o7F3DmKw1CC6klObdhN0YZ9cFcU06woChoyx1FqKf 1HpKEeOa/tdrBTLzqVql/zR0X/gmAMqmRcjU7lwQ1lecIVMgnGtAI/w7YFjYJJXpTD3PAM2A30eMtBBQk3bTtav6CbjunSONXuKKQj9rvDQmLMIIlcZwLYN7+1Ifmf1soxPmhbobIcuWJfD8W5pJjSYZa0KzRnKAcOANPC/ZWyPmhg6BIvuxCC3yv/BRf1WrBX2z3brR4dj+MokXWyQbZIQPbJETklDdIkjNyRJ/JCXr1779l7896/Wie8sWeN/Cjv4xOHaK/T</latexit>

⌧tumbl = h ˙̂p · ˙̂pi�1/2



From the world of simulations to real life

The ETHZ aquarium Fibers: hand-crafted with 
Polydimethylsiloxane 
(neutrally buoyant and 
fluorescent)

Re� ⇠ 145

<latexit sha1_base64="44snG3HWRbqJzc3KyBC1ZNXSAyM=">AAAB/nicdVDLSsNAFJ3UV62vqLhyM1gEVyFp0sey6MZlFdsKTQiTyaQdOnkwMxFKKPgrblwo4tbvcOffOH0IKnpg4HDOPdw7J8gYFdI0P7TSyura+kZ5s7K1vbO7p+8f9ESac0y6OGUpvw2QIIwmpCupZOQ24wTFASP9YHwx8/t3hAuaJjdykhEvRsOERhQjqSRfP7omfuEyFQjRFLqCxtBy6r5eNQ2raTuNGjQNs2Wbdl2Rmm23nAa0DHOOKlii4+vvbpjiPCaJxAwJMbDMTHoF4pJiRqYVNxckQ3iMhmSgaIJiIrxifv4UniolhFHK1UsknKvfEwWKhZjEgZqMkRyJ395M/Msb5DJqeQVNslySBC8WRTmDMoWzLmBIOcGSTRRBmFN1K8QjxBGWqrGKKuHrp/B/0qsZlmM4V061fb6sowyOwQk4AxZogja4BB3QBRgU4AE8gWftXnvUXrTXxWhJW2YOwQ9ob59NSpUS</latexit>

Fiber tracking to assess 
positions/velocity of fiber end 
points 

Brizzolara, Rosti,  Olivieri, Brandt, Holzner, A.M., PRX (2021)



The case of rigid fibers (experiments): IR statistics

Pdf of transverse velocity increments

<latexit sha1_base64="p+tnzPs7Blr6hNnalOiwl9byWfI=">AAAB73icbVDLSsNAFL2pr1pfVZduBovgKiYSHxuh6MaFiwr2AW0ok+mkHTqZxJmJUEJ/wo0LRdz6O+78G6dtFtp64MLhnHu5954g4Uxpx/m2CkvLK6trxfXSxubW9k55d6+h4lQSWicxj2UrwIpyJmhdM81pK5EURwGnzWB4M/GbT1QqFosHPUqoH+G+YCEjWBupRU7urhzbO+uWK47tTIEWiZuTCuSodctfnV5M0ogKTThWqu06ifYzLDUjnI5LnVTRBJMh7tO2oQJHVPnZ9N4xOjJKD4WxNCU0mqq/JzIcKTWKAtMZYT1Q895E/M9rpzq89DMmklRTQWaLwpQjHaPJ86jHJCWajwzBRDJzKyIDLDHRJqKSCcGdf3mRNE5t99z27r1K9TqPowgHcAjH4MIFVOEWalAHAhye4RXerEfrxXq3PmatBSuf2Yc/sD5/ABfQjrU=</latexit>

c/L = 0.45

<latexit sha1_base64="gumNLFY7cJLyL94AM2qN7YodkYI=">AAAB73icbVBNS8NAEJ3Ur1q/oh69LBbBU0ykWC9C0YsHDxXsB7ShbLabdulmE3c3Qgn9E148KOLVv+PNf+O2zUFbHww83pthZl6QcKa0635bhZXVtfWN4mZpa3tnd8/eP2iqOJWENkjMY9kOsKKcCdrQTHPaTiTFUcBpKxjdTP3WE5WKxeJBjxPqR3ggWMgI1kZqk7O7K9epej277DruDGiZeDkpQ456z/7q9mOSRlRowrFSHc9NtJ9hqRnhdFLqpoommIzwgHYMFTiiys9m907QiVH6KIylKaHRTP09keFIqXEUmM4I66Fa9Kbif14n1eGlnzGRpJoKMl8UphzpGE2fR30mKdF8bAgmkplbERliiYk2EZVMCN7iy8ukee54F07lvlKuXedxFOEIjuEUPKhCDW6hDg0gwOEZXuHNerRerHfrY95asPKZQ/gD6/MHFk+OtA==</latexit>

c/L = 0.71

<latexit sha1_base64="d11bIxg+jb/oIE3ND4e968OVjAs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0yktV6EohcPHirYD2hD2Ww37dLNJu5uhBL6J7x4UMSrf8eb/8Ztm4O2Phh4vDfDzDw/5kxpx/m2ciura+sb+c3C1vbO7l5x/6CpokQS2iARj2Tbx4pyJmhDM81pO5YUhz6nLX90M/VbT1QqFokHPY6pF+KBYAEjWBupTc7urhy7Uu0VS47tzICWiZuREmSo94pf3X5EkpAKTThWquM6sfZSLDUjnE4K3UTRGJMRHtCOoQKHVHnp7N4JOjFKHwWRNCU0mqm/J1IcKjUOfdMZYj1Ui95U/M/rJDq49FIm4kRTQeaLgoQjHaHp86jPJCWajw3BRDJzKyJDLDHRJqKCCcFdfHmZNM9t98Iu35dLtessjjwcwTGcggtVqMEt1KEBBDg8wyu8WY/Wi/Vufcxbc1Y2cwh/YH3+ABxdjrg=</latexit>

c/L = 0.57

from ‘standard' PTV____

bullets: from DNS

triangles: from 
FTV

St from: Bounoua, Bouchet, Verhille, PRL 
(2018)

c
c



Rigid fibers are a proxy of two-point transverse 
statistics of turbulence 

Fiber Tracking Velocimetry
Brizzolara, Rosti,  Olivieri, Brandt, Holzner, A.M. PRX (2021)

Measuring gradients

energy dissipation rate
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r/L

from the fiber

from PTV

with smart particles: Hejazi, Krellenstein, Voth, APS Meeting (2017)
Hejazi, Krellenstein, Voth, Exp. in Fluids (2019)



Back to numerics: assembly of fibers for the full 
gradient tensor

In 2D: three (hinged) fibers to measure the full 
gradient tensor

for the fiber

for the flow velocity

c

c

c



relative error 
smaller than 

1% for St~0.1

It does not 
work if the 
three fibers 
are clamped 
instead of 

hinged

timeCavaiola, Olivieri, A.M., JFM (2020)



Self-propelled fibres: may they measure flow 
properties net of self motion?

At least for weak propulsions the conclusion is 
expected to hold also for `swimmers’

Cavaiola, A.M., POF (2021)

NS are forced by:

where



Conclusions

Both fully-resolved numerical simulations and 
experiments show the ability of fibers (rigid or elastic) 

to measure flow properties

Fiber Tracking Velocimetry
Brizzolara, Rosti,  Olivieri, Brandt, Holzner, A.M. PRX (2021)

To do: non ideal turbulence


