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The role of responsive materials
LIQUID CRYSTALS
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The role of responsive materials
Shape-changing behavior

LIQUID CRYSTALLINE NETWORK
Reversible tunable birefringence
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Polymer dispersed and stabilized liquid crystals
PDLC
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Polymer dispersed and stabilized liquid crystals
PD&SLC
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Blue light illumination: tunable birefringence
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Physical Unclonable Functions (PUFs)
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Unclonable, unpredictable but deteministic

Cryptographic
Identification
Authentication

Challenge – Response Pair (CRPs) protocol

Challenge Response = f(C)Primitive : f

Ci Ri
PUF

hardware

Electronic PUFs Coating PUFs Silicon optical PUFs Optical PUFs (since 2002)

Gao, Y., et al. Nature Electronics, 3(2), 81-91 (2020).

device with inherent randomness introduced during manufacturing as a unique ‘fingerprint’



Optical Physical Unclonable Functions (OPUFs)

Optical PUFChallenge Ci Response R’i

Laser & 
DMD

….Ci
Probe

PUF

Ri = f (Ci)

Standard Optical PUF
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All-optical multilevel PUFs

Response

Challenge

Level 
Configuration

….

PUF (L1
Trans) PUF (Lk

Trans)

Responses

PUF (LN
Trans)

Ri1

Challenge

Ci
Probe

Ci
Probe Ci

Probe

Rik RiN

L1
Trans Lk

Trans LN
Trans

Rik = f (Ci,Lk)

8S. Nocentini, et al., “All-optical multilevel physical unclonable function.”, Nature Materials 23, 369–376 (2024).



All-optical multilevel PUFs

9S. Nocentini, et al., “All-optical multilevel physical unclonable function.”, Nature Materials 23, 369–376 (2024).
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All-optical multilevel PUFs
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N=  ௣∗(ଵି௣)

σ మ
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All-optical multilevel PUFs: Higher security

11S. Nocentini, et al., “All-optical multilevel physical unclonable function.”, Nature Materials 23, 369–376 (2024).

Number of Levels / Number of PUFs
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Trans
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Ri,10
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rans
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fHPUF : Cik=(Ci
Probe, Lk

Trans) → Rik

domain

1 level

k levels

10 levels

codomain

Extract all the information physically encoded in the hardware 
thanks to the reversible reconfiguration of the PD&SLC 



All-optical multilevel PUFs: Applications
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L1 , L2

α |𝐶⟩

β |𝐶⟩

α

β
|𝑅⟩

Nonlinear PUFs (OP>1)

Quantum data authentication (OP<1)

|𝐶⟩

𝑅 = 𝑉𝐶 + 𝑉ଶ𝐶 + 𝑉ଷ𝐶 + ⋯

V

R

|𝑅⟩ = α𝑅𝐿1|𝐶⟩ + β𝑅𝐿2|𝐶⟩

Opacity



The role of responsive materials
Shape-changing behavior

LIQUID CRYSTALLINE NETWORK
Reversible tunable birefringence

POLYMER-STABILIZED LIQUID CRYSTALS
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Information encoding in smart microtags

Our invisible physical ink
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LCN formulation and two-photon lithography

Two-photon absorption polymerization for 3D (or 4D) nano patterning
Single photon Two photons
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Two-photon absorption polymerization for 3D (or 4D) nano patterning
Single photon Two photons

Smart tags

S. Donato

15

LCN formulation and two-photon lithography



16S. Donato, S. Nocentini, et al., “Liquid Crystalline Network microstructures for multi-level responsive labels”, Small 2306802, 2023.

GOAL : Active elements with different deformations (under a constant stimulus)
using a single LCN formulation

Modulation of the shape-changing properties

Single pixel unit



16S. Donato, S. Nocentini, et al., “Liquid Crystalline Network microstructures for multi-level responsive labels”, Small 2306802, 2023.

GOAL : Active elements with different deformations (under a constant stimulus)
using a single LCN formulation

A. Chemical approach : changing the LC crosslinker substituent 
B.   Physical approach : tuning the lithographic parameters (laser power, scanning speed), “grey-scale” approach

Modulation of the shape-changing properties

Single pixel unit



Information encoding and decoding
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1° Level encryption/decryption
Encoded Decoded

S. Donato, S. Nocentini, et al., “Liquid Crystalline Network microstructures for multi-level responsive labels”, Small 2306802, 2023.



Information encoding and decoding
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Polarized light + temperature decoding

1° Level encryption/decryption
Encoded Decoded

2° Level encryption/decryption

S. Donato, S. Nocentini, et al., “Liquid Crystalline Network microstructures for multi-level responsive labels”, Small 2306802, 2023.

Encode and decode information in smart tags in response
to external stimuli thanks to shape-changing polymers



Twinning for excellence of the Serbian Research 
Center for quantum biophotonics
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Twinning for excellence of the Serbian Research 
Center for quantum biophotonics

3D polymeric grids
as mechanical filters or 
cell scaffolds

Integration of active and passive 3D microstructures in microfluidic circuits

30 µm
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