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Active Polymeric Matter
Microswimmer locomotion

Cilia locomotion (Ciliate)

Flagella locomotion (Spermatozoa, C. Reinhardtii)

Plasmodium sporozites, 
Nat. Phys. 18, 586-594 (2022)



Active Polymeric Matter
Microswimmer locomotion

Cyanobacteria
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Active Polymeric Matter
Macroswimmers: Tubifex Tubifex & other worms
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Active Polymer Models
2-temperature model

Active Brownian Polymers
Active Polar (Tangential) Polymers

From: Nat. Comm. 11, 26 (2020)

From: J.Chem.Phys. 142, 124905 (2015) From: PRL 121, 217802 (2018)

Correlated noise

From: PNAS 120 e2221726120 (2023)



Polar Active Polymers

Multi-scale analysis of dense suspensions 

Towards modeling biophysical systems

Outline



Polar (tangential) self-propulsion

V. Bianco, E. Locatelli, P. Malgaretti, PRL, 121, 217802 (2018)

Polar Active Polymer

Decorrelation/relaxation time

Total active force



Coil-to-globule-like transition: the polymer becomes more compact 
(bundled) for higher values of  Pe

Due to follower-forces instability (akin to buckling instability)

Scaling exponent Radius of gyration

V. Bianco, E. Locatelli, P. Malgaretti, PRL, 121, 217802 (2018)

Polar Active Polymer



Polar Active Polymer

V. Bianco, E. Locatelli, P. Malgaretti, PRL, 121, 217802 (2018)



Minimal stochastic model for the dynamics of the center of mass 

As 𝐅𝐚𝐜𝐭 is almost parallel to the end-to-end vector, we model it as a 
random force with the same decorrelation properties as 𝐂(𝐭)

Polar Active Polymer

V. Bianco, E. Locatelli, P. Malgaretti, PRL, 121, 217802 (2018)



Even simpler approach: 

Polar Active Polymer

M. Fazelzadeh et al, Phys. Rev. E 108, 024606 (2023); J. Martin-Roca, et al, in preparation

Active Brownian 
Particle



Polar Active Polymer

Active

Passive

V. Bianco, E. Locatelli, P. Malgaretti, PRL, 121, 217802 (2018)



Polar Active Polymer

P. Malgaretti, E. Locatelli, C. Valeriani (submitted)

Active Rouse Model (with semi-flexibility)

Rg is the relevant 
length scale of the 
system

PeR=Pe Rg(N,Pe=0)



Active Diblock Copolymer

M. Vatin, S. Kundu, E. Locatelli, Soft Matter, 20, 1892-1904 (2024)



Active Diblock Copolymer

M. Vatin, S. Kundu, E. Locatelli, Soft Matter, 20, 1892-1904 (2024)



M. Foglino, et.al, Soft Matter, 2019

Freely diffusing motors bind to the substrate and propel themselves 
in the direction of the local bond vector, pushing the polymer in the 
opposite direction

•Average number of bound 
motors 〈𝑛〉

•Motor force 𝑓

•Binding energy 𝑲𝑴𝐎𝑻

•Substrate rigidity 𝑲𝐁𝐄𝐍𝐃

Motor-powered Polymer
Semi-flexible polymer substrate of length L
𝑁 Freely diffusing motors of size 𝛔



M. Foglino, et.al, Soft Matter, 2019

The scaling exponent decreases here too

Motor-powered Polymer

The buckling instability manifests by the 
formation of U-shaped tight turns (hairpins) 
and the “softening” of the substrate



M. Foglino, et.al, Soft Matter, 2019

The bending instability manifests here by the 
formation of U-shaped rather tight turns (hairpins)

bond autocorrelation function

Motor-powered Polymer



Ring Polymers

Why rings?

● Bacterial DNA is ring shaped; other unicellular parasites organize 
their DNA into a network of interlocked rings (kDNA)

● Ring polymers (solutions and melts) show distinctive properties, 
very different from their linear counterpart, despite there is a 
difference of a single bond

● The effects of circularization are of topological origin (topological 
repulsion) 

● Chromosomes can be modeled as ring polymers

Nature Chemistry 12.5, 433-444 (2020)



Swelling – collapse transition that becomes sharper at increasing Pe

E. Locatelli, V. Bianco , P. Malgaretti, PRL, 126, 097801 (2021)

Active Ring Polymers



Non-equilibrium route from passive 
conformation to steady state is 
independent of N

Kinetics Dynamics

In the steady state, collapsed rings show 
signs of dynamical arrest in many 
observables

Active Ring Polymers

E. Locatelli, V. Bianco , P. Malgaretti, PRL, 126, 097801 (2021)



Polar Active Polymers

Multi-scale analysis of 
dense suspensions 

Towards modeling biophysical systems

Outline



Melts of Active Linear Chains

M.A. Ubertini, E.Locatelli, A. Rosa, arXiv:2404.08425 (submitted)



Melts of Active Linear Chains

M.A. Ubertini, E.Locatelli, A. Rosa, arXiv:2404.08425 (submitted)



Melts of Active Linear Chains

                        is the length 
that marks the minimum 
of the tangent correlation 
function.

It is a characteristic length 
scale of the system both at 
infinite dilution and in the 
melt.

M.A. Ubertini, E.Locatelli, A. Rosa, arXiv:2404.08425 (submitted)



Melts of Active Linear Chains
Dynamics: two different length scales

M.A. Ubertini, E.Locatelli, A. Rosa, arXiv:2404.08425 (submitted)

 is the 
characteristic scale of the 
monomer dynamics

Instead, R2
ee  is the characteristic 

scale of the centre of mass dynamics, 
with a characteristic time scale 𝝉ee



Melts of Active Linear Chains

M.A. Ubertini, E.Locatelli, A. Rosa, arXiv:2404.08425 (submitted)



Active Rings under confinement

J.P. Miranda, E.Locatelli, C. Valeriani, JCTC, 2023



Active Rings under confinement

There is a rather large area of the 𝝆-𝒉 plane in which these bundles form; 
too high density suppresses organization

Fraction of clustered rings 𝑋 Number of clusters 𝑁c

J.P. Miranda, E.Locatelli, C. Valeriani, JCTC, 2023



Polar Active Polymers

Multi-scale analysis of dense suspensions 

Towards modeling biophysical systems

Outline



Cyanobacteria reversals

J. Rosko, K. Cremin, E.Locatelli, et al, bioRxiv, 2024.02. 06.579126

Can we come up with a (local) 
model for the mechanism of 
reversals? 



Cyanobacteria coordination model

J. Rosko, K. Cremin, E.Locatelli, et al, bioRxiv, 2024.02. 06.579126

Local (mechanical) sensing mechanism drives coordination



J. Rosko, K. Cremin, E.Locatelli, et al, bioRxiv, 2024.02. 06.579126

Cyanobacteria coordination model
N=10 N=50



Modeling worms under confinement
Science 380, 392–398 (2023)

Does a simpler (and more transferable) model exists?



Modeling worms under confinement
Bulk

Semi-flexible polymer 
Non-homogeneous activity 
profile
3D+gravity



Modeling worms under confinement
Confinement



Perspectives
● Linear polymers in cylindric and 

corrugated channels 
(Phys. Rev. Lett. 131, 048101 (2023) )

● Non-homogeneous activity 

● Knots & entanglements

● Multi-scale modeling micro/macro-organisms
○ 3D model of reversing bacteria (plectoneme formation)
○ assembly of bacteria (effect of external bias)
○ learning the worm model 
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