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Contactless thin-film rheology unveiled by laser-induced 

nanoscale interface dynamics 

Gopal Verma,*a Hugo Chesneau,a Hamza Chraïbi,a Ulysse Delabre,a Régis Wunenburger b and Jean-
Pierre Delville,*a 

Abstract: One of the classical limitations for the investigation of the local rheology of small scale soft objects and/or 

confined fluids is related to the difficulty to control mechanical contact and its consequences. In order to overcome these 

issues, we implement a new local, active, fast and contactless optical strategy, called optorheology, which is based on both 

the optical radiation pressure of a laser wave to dynamically deform a fluid interface and interferometry to probe this 

deformation with nanometric resolution. This optical approach is first validated by measuring the surface tension and the 

viscosity of transparent Newtonian liquids. We also show how non-equilibrium situations, such as continuous evaporation, 

can be used to deduce the thickness dependence of the rheology of thin films and the concentration dependence of the 

viscosity of binary liquid mixtures and suspensions. We further extend the investigation to elasticity and viscoelasticity 

measurements of polymer solutions. Finally, since liquids may absorb light, we discuss the influence of a weak laser 

heating and the triggering of interface deformations by thermocapillary tangential stresses that could represent a 

complementary approach to probe the rheology at small scale. 

1 Introduction 

 
The last decades have seen a tremendous development of thin 
liquid film technologies for lubrication,1 advanced coating2 or 
micro-/nano-lithography.3 Due to their importance in many 
areas,4, 5, 6 these technologies started to integrate small scale 
complexity and functionalities for surface chemistry, biological 
transfer, sensing or photonics applications using spin or dip-
coated liquid mixtures,7 suspensions8 or buffer solutions 
embedding cells.9 The control of thin film and drop 
evaporation is also advanced for innovating painting, surface 
patterning10 or organic electronics 11 after drying. These new 
applications of thin films then require a perfect knowledge of 
the film or drop properties in real time as (i) the dynamics may 
vary with the height at small scale,12, 13 and (ii) the rheology 
and interfacial properties may nonlinearly depend on the 
solute concentration, particularly during evaporation where all 
these properties become time-dependent. However, the 
characterization of the rheology when at least one dimension 
(the height of a film or of a sessile radius) reaches the 
microscale becomes difficult because many methods, even 
miniaturized, utilize contacts (of a sphere or a tip for example) 
that make them invasive. They may also be hard to implement 
in situ due to confinement, and their dynamics is often too 
slow, a clear drawback for evolving systems such as 
evaporating liquid mixtures. 

 These requirements prompted the emergence of 
contactless micro-rheology techniques. Among all the various 
methods advanced, those based on the analysis of interface 
deformation have attracted attention for several important 
reasons: (i) most of the targeted properties of the liquid can be 
deduced from the analysis of both the dynamical and 
stationary deformations of the interface in different regimes 
(inertial, overdamped, …); (ii) Interfacial deformations can be 
triggered without any contact using several ways: from natural 
thermal fluctuations,14 by capillary levelling,13, 15 by applying an 
electrostatic stress,16, 17, 18 by triggering tangential thermal 
gradient and thermocapillary stresses,19, 20, 21 or by irradiating 
the interface using the radiation pressure of an acoustic 22, 23, 24 
or a laser beam.25, 26 The fluctuation method is based on the 
analysis of light scattering by broadband thermal fluctuations 
at the free surface and then it requires long signal acquisition 
durations. Electric actuation is much faster, but extremely 
sensitive to sample vibrations, which can easily produce 
irreversible contact between the sample and the tip-like 
electrodes due to the close distance separating them. 
Thermocapillary stresses require well-controlled thermal 
gradients that strongly depend on boundary conditions. The 
optical and acoustic deformation techniques thus appear as 
the most adapted ones for in situ contactless measurements 
since they do not require dedicated fabrication except the 
presence of a small optical/acoustic pathway for the wave 
interaction. Both techniques have drawbacks and advantages: 
(i) wave absorption and the associated heating may be an 
issue, (ii) since the sound velocity is much smaller than the 
light celerity, acoustic radiation pressure is intrinsically much 
more intense than the optical one; (iii) as optical wavelengths 
are much smaller than acoustic ones at usual ultrasonic 
frequencies, optical beams are much more focusable than 
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acoustic ones and allow to probe surfaces of much smaller 
extent. We thus choose the optical route to actuate liquid 
interfaces and measure rheological properties without any 
contact. 
 Since the seminal work of Ashkin & Dziedzic on the 
Abraham–Minkhowski controversy,27 the radiation pressure of 
laser waves has been used to deform liquid interfaces 28, 29, 30 
and these deformations were foreseen later on as a way to 
characterize the involved liquids. Nonetheless, the optical 
radiation pressure exerted on a free surface at normal 

incidence ( ) 01
rad

n I cΠ ≈ −  remains weak; n  is the refractive 

index of the liquid and ( )2
0 02I P πω=  is the beam-axis intensity 

of the incident laser beam, where P  and 0ω  are respectively 

the power and the waist of the Gaussian wave. For 

( )1 0.4n − ≃  typical of liquid-air interfaces and mean values 

1 WP =  and 0 100 µmω =  for continuous laser beams, the 

radiation pressure is on the order of a tenth of Pascals. The 

stationary height h  of the resulting interface deformation of a 
film is deduced from the balance between the radiation 

pressure Π
rad , and both the Laplace pressure Π γκ=Lap  and 

hydrostatic pressure ρgh ; γ  is the surface tension, 2
0hκ ω≈  

the interface curvature on beam axis and ρ  the liquid density. 

Note that the hydrostatic pressure effect is often neglected at 

small scale since the optical Bond number ( )2

0 cBo lω=  is 

small compared to unity, where cl gγ ρ=  is the capillary 

length. Considering typical values 10-100 mN/mγ = , the height 

h  of the interface deformation is then on the order of 
10-100 nm , illustrating why large beam powers are usually 

required to detect the induced interface deformation.27 The 
surface tension γ  can be deduced from the stationary 

amplitude of the interface deformation (here 2
0radh Π ω γ≈ ) 

and knowing the tension, the viscosity η  can be determined 

from the dynamics.26 
 Except for ultra-low interfacial tension systems where 
deformed interfaces can be observed with classical 
microscopy,28 interface deformations were usually measured 
by propagating a probe beam of different optical wavelength 
and power much smaller than the one of the pump beam. 
Indeed, the interface deformation induced by the pump beam 
acts as a partial spherical mirror in reflection (or as a soft lens 
in transmission) with a focus length proportional to the inverse 
of the hump curvature κ .31 Consequently, the induced 
deformation defocuses the reflected (or focuses the 
transmitted) probe beam and allows for the measurement of 
the time-dependent curvature of the hump.25 This method was 
used for the characterisation (i) of the surface tension of 
water,25, 32, 33 alcohols,32, 33 deposited monolayers,32, 33 and 
emulsions,34 (ii) of the tension of lipid bilayers,35 and (iii) of the 
viscosity of silicone oils.36 The technique has the great 
advantage of rapidity of measurements because the flow 
triggered by the optical deformation of the interface just 
extends over the microscopic volume excited by the focused 
pump beam. Finally, the viscoelastic properties of biological 
cells 37, 38 and natural gels 39 were also explored; the weak 
optical absorption of agarose led nonetheless to some thermal 
issues. This is the main difficulty encountered with this fast 
contactless optical method: on the one hand focused pump 

beams are required to overcome the restoring Laplace 
pressure and reliably detect a lensing effect associated to 
interface deformation, and on the other hand the 
minimisation of heating effects demands weak beam focusing. 
 In order to solve this antagonism, we propose in this 
investigation to increase the waist sizes and to change the 
detection method by measuring nanometre-scale 
deformations, instead of interface curvature. Indeed, probing 
interface deformations by interferometry enables to have 
sensitivity with nanometric resolution which offers the great 
advantage of reducing the pump beam intensity and focusing. 
Using this new approach, we unambiguously determine 
surface tension and viscosity, including viscoelasticity when 
relevant, of non-evaporating and evaporating transparent 
films of pure liquids, liquid mixtures and suspensions. We also 
take advantage of evaporation to measure the liquid layer 
thickness dependence of the deformation time scale in the 
thin-film regime,40 and the viscosity changes related to solute 
concentration variations. In Section 2, we describe the 
experimental setup developed for such an investigation. The 
model for the dynamics of the induced deformations is briefly 
presented in Section 3 and results for Newtonian films are 
discussed in Section 4. Section 5 is devoted to the investigation 
of the rheology of evaporating Newtonian liquid mixtures and 
suspensions, and viscoelastic behaviours are analysed in 
Section 6. Finally, Section 7 discusses the influence of weak 
laser heating, the goal being to enlighten the versatility of 
optical methods, in terms of actuation and detection, for the 
investigation of the rheology at small scale when mechanical 
contact needs to be circumvented. 

2 Experimental setup & methods 

 

Our setup, built on a floating optical table, is presented in Fig. 
1. A sessile drop (of typical base radius 5.0 mmR ≈ ) large 
compared to the used laser beam waist (

0 =105, 175 µmω ) is 

deposited on a prism (see image on the right of Fig. 1a) and 
locally deformed by the radiation pressure of a green 
continuous laser (linearly polarised frequency-doubled c.w. 
Nd3+-YAG laser, Spectra-Physics MILENNIA EV5, wavelength in 

vacuum 0=532 nmλ ) focused on top of the drop. Experiments 

are performed at a temperature ( )20±1  °CT =  within an 

environment of relative humidity 50-60 %RH ≈ . Beam powers 

and waists can be varied using respectively laser control and 
different lenses; choosing a 1 mf =  focal length for the 

convergent lens L1 results in 0=175 µmω . Short time exposure 

is achieved using an electronic shutter (Thorlabs, SH05 & 
SC10). The nanoscale deformations induced by the radiation 
pressure of the pump beam are probed by interferometry 
using a second loosely-focused low-power continuous red 
laser (c.w. He-Ne laser, Thorlabs HNL210L-EC, wavelength in 
vacuum 633 nmpλ = ) from the interferences between the 

reflection at the top of the drop and some other reflection, 
chosen as a reference along the optical path (in the present 
investigation, mainly the glass-air reflection at the exit of the 
lens L2, and sometimes the liquid-glass reflection on the prism, 
see Fig. 1a). The key idea in order to achieve nanometric 
resolution in interface deformation is to obtain high-contrast 
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Figure 1: (a) Schematic of the experimental set-up. The radiation pressure of a 
continuous green pump laser beam is used to locally deform the free surface of a 
sessile droplet deposited on a prism (right image) and the dynamics of this 
induced-deformation is probed by interferometry with a loosely focused 
continuous red He-Ne laser. The photodiode PD measures the dynamics of the 
intensity at the centre of the fringe pattern produced by the interferences 
between the reflections of the probe beam at the top of the drop and at the exit 
face of the lens L2 (left image). The whole fringe pattern can be simultaneously 
recorded with a CMOS camera to get the dynamics of the drop when it 
evaporates; another photodiode, not shown, measures the shutter signal 
actuating the pump exposure. M: mirror, DM: dichroic mirror, BS: beam splitter, 
L1, L2: lenses. (b) Sine signal intensity of the central fringe induced by the piezo-
actuation of the lens L2 with the presence of a sudden change when the pump 
beam is turned on (lower green shutter signal). The temporal evolution of the 
interface deformation induced by the radiation pressure is deduced from the 
subtraction of the modulation; the two pictures show respectively the minimum 
and the maximum intensities at the centre of the fringe pattern. (c) Analogous 
sine intensity obtained when the optical path difference between the two 
interfering reflections changes due to the natural evaporation of a droplet of 
initial volume 30 µl (same colour code as in 1b); in the particular case of water, 
we choose instead the reflexion at the prism-water interface (n=1.33). 
 
Newton's interference fringes as illustrated on the left image 
of Fig. 1a. At normal incidence (or at quasi-normal incidence, 

incidence angle 5°iθ < ) of the probe beam, the variation from 

a maximum to a minimum intensity of the central fringe of the 
interference ring pattern corresponds, in the general case, to a 

variation of the optical probe path difference of ( )4p nλ . To 

use this variation between the consecutive maximum and 
minimum intensities as a self-calibrating length, (i) the lens L2 
that loosely focuses the probe beam is linearly displaced with a 
piezo-stage (Thorlabs, NFL5DP20S & BPC301) along its 
propagation axis using a saw-teeth signal and, (ii) we measure 
the dynamics of the central fringe of the pattern formed by the 
interference between the reflection at the top of the drop and 
that at the moving exit surface of the piezo-actuated lens L2; 
note that the lens L2 does not have any anti-reflection coating 
to increase the fringe contrast (see Fig. 1a). Then, the intensity 

( )I t  measured at the centre of the fringe pattern displays a 

temporal sine modulation of amplitude 4pλ  ( 1n =  in air) and 

temporal variation dictated by the chosen displacement 
velocity of the lens L2. Any actuation of the drop interface by 
the radiation pressure changes the optical path, modifies the 
intensity of the central fringe which, as such, contains the 
temporal signature of the induced deformation. This general 

method is particularly suitable for non-evaporating (such as 
glycerol) or turbid liquids or when substrates are opaque or 
rough. An example of temporal variation of the central 
intensity of the fringe pattern in the absence and presence of 
radiation pressure is illustrated in Fig. 1b for a pure glycerol 
drop. In the absence of pump beam, a sine variation is 
observed resulting from the piezo-actuated displacement of 
the lens L2. When the pump beam is turned on with the 
shutter (lower green signal in Fig. 1b), the optical path 
difference between the probe reflection at lens L2 and the one 
on top of the drop suddenly changes and modifies the central 
intensity. The subtraction of the sine modulation eventually 
gives the temporal evolution of the interface deformation 
driven by the radiation pressure of the pump beam (lower blue 
curve in Fig. 1b called ‘signal’); an enlarged view is presented 
in Fig. 2 dedicated to the quantitative investigation of the 
rheology of glycerol. Note that a laser exposure of a few 
hundreds of milliseconds is sufficient to capture the whole 
dynamics (including the steady state), due to the smallness of 
the excited area, offering in situ and fast characterization.  
 When liquids evaporate (Fig. 1c), the piezo-actuation of the 
lens L2 is no more required because natural evaporation 
decreases the droplet thickness and then continuously 
increases the optical path between the probe beam reflection 
at lens L2 and the one at the drop interface. Then the intensity 

( )I t  at the centre of the central fringe naturally oscillates and 

these oscillations serve for determining the direction and 
magnitude of the induced interface deformation;41 this case is 
described in details in Fig. 3 dedicated to the rheological 
investigation of water thin-films. Note that in the particular 
case of water, we can choose the reflexion at the prism-water 
interface, instead at L2, as a reference since water is highly 
transparent at the probe beam wavelength and its index of 
refraction remains constant during evaporation; this 
corresponds to what we did in Fig. 1b. Finally, we are also able 
to capture the entire Newton ring pattern with a CMOS 
camera (Thorlabs DCC1645C, 25 fps) in order to measure the 
dynamics of the local topography of the free surface of the 
drop over long time. According to the classical Newton ring 
method,42 the dynamics of the radii of the successive rings 
(illustrated in Fig. 1a, left image, and Fig. 1b) indeed provides 
access to the time variation of the curvature of a sessile drop 
during its evaporation and then to its dynamical height and 
evaporation rate if the contact line remains fixed;41 note that 
replacing the photodiode by a fast camera with the same 
temporal resolution would allow getting the dynamics of the 
entire interface deformation, beyond its maximum amplitude 
measured at the centre of the fringe pattern. 

3 Dynamics of interface deformations in the 

viscous regime 

 

The dynamics of small-amplitude deformations of free surfaces 
by the radiation pressure has been already described 
theoretically for semi-infinite transparent liquid layers 24, 43 and 
experimentally tested with acoustic waves.24 In brief, it is 
deduced from the linearised unsteady Stokes equations, mass 
conservation and stress balance at the free-surface. For small-

amplitude deformations, characterized by 0 1h ω << , the 
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curvature can be approximated by a Laplacian form and the 
radiation pressure can be estimated at normal incidence. The 
stress balance at the interface is then described by: 

( ) ( ) ( ) ( )2 zv
gh r ,t rh r ,t r ,t r ,t

r r z
ρ γ η Π∂ ∂− − =  ∂ ∂

1
,   (1) 

where ( )zv r ,t  is the vertical velocity of the liquid and: 

( ) ( )
2

0 2
0

2
r

r ,t exp H tΠ Π
ω

 
= − 

 
        (2) 

is the space-dependent radiation pressure acting on the 
interface at normal incidence from time 0t =  (H is the 

Heaviside distribution). The amplitude of the radiation 
pressure on the beam axis when the pump beam is incident 
from the air is given by: 

0 0

2 1

1

n
I .

c n
Π − =  + 

            (3) 

Finally, for small-amplitude deformations, the height variation 

is obtained from mass conservation, ( ) ( )
0

0
t

zh r ,t v r ,z ,t' dt'=≃ . 

 The present investigation is devoted to the rheology of 
viscous fluids, expected when gravito-capillary waves are 
damped by the viscous dissipation, i.e. when: 

3 2

2
1

g
k k .

k

γ ρ η
ρ γ ρ

   + <<   
   

         (4) 

 Since the beam waist 0ω  is the characteristic radial 

extension of the Gaussian distribution of the radiation 

pressure, we define a characteristic wavenumber as 0ck ω= 1 ; 

the corresponding optical Bond number is 

( ) ( )0c c cBo k l lω−= = 22

. With these notations, and for a time 

( )t kη ρ
−

>>
1

2 , we finally find the expected viscous dynamics 

of the interface deformation and of its relaxation after an 

exposure time 0t :24 

( ) ( ) ( )( )

( ) ( ) ( )( )
( )( )

2

0
0 2 20

2

0
0 02 20

8
0 1

4

8
0 1

4

                                                                            

c

c

exp k
h r ,t t exp k t kdk ,

k Bo k

exp k
h r ,t t exp k t

k Bo k

exp k t kdk ,

Π Ω
γ

Π Ω
γ

Ω

∞

∞

 −
  = ≤ = − −
 +

 −  = ≥ = − −
 +

× −





ɶ
ɶ ɶ ɶ

ɶ

ɶ
ɶ

ɶ

ɶ ɶ ɶ






(5) 

where 
c

k k k=ɶ  is the dimensionless wavenumber and ( )kΩ ɶ  is 

the rate of evolution of the overdamped mode ɶk . In the thick- 

layer case considered above ( 0 0 0 1ch k h ω= >> ), one has: 

( ) ( )2

3 2

2

11
1 2

1Thick
Thick

Bo kg
k k k k

k Bo

γ ρ ηΩ
ρ γ ρ τ

+      = + =       +      

ɶ
ɶ ɶ ,(6) 

which allows to define a characteristic damping time 

associated to the mode c
k : 

( ) ( )1 102 2
1 1

-

Thick

c

Bo Bo .
k

η ηωτ
γ γ

−= + = +       (7) 

 In the opposite thin-layer case ( 0 0 0 1ch k h ω= << ), and 

more generally whatever the height 0h  is, a full theory of 

radiation pressure effects in presence of finite-distance 
boundaries is still missing. Nonetheless, at scales below the 
capillary length 

cl , the overdamped dynamics of purely viscous 

Newtonian films in the linear regime of small deformation is 
now well-established and shows that:44 

( ) ( )
( ) ( )

0 0

22
0 0

2 2

4

sinh kh kh
k k

cosh kh kh

γΩ
η

 −
=  

+  
,       (8) 

in the absence of slip at the substrate. Then, the thickness 0h  

emerges as an axial length scale for the ‘thin’ liquid layer case (

0 1ch k << ), leading to: 

( )
3

40

3Thin

h
k k .

γΩ
η

∼             (9) 

 Consequently, assuming the same weak corrections in Bo  

number, we write: 

( ) ( )23 4
4 40

2

11
1

3 1
c

Thin
Thin

Bo kh k Bo
k k k

k Bo

γΩ
η τ

+ = + =  + 

ɶ
ɶ ɶ ɶ

ɶ
,   (10) 

and deduce a new characteristic time scale: 

( ) ( )
4

1 10
3 4 3

0 0

3 3
1 1Thin

c

Bo Bo
h k h

η ηωτ
γ γ

− −= + = + ,      (11) 

which shows the cross-dependence in both 0ω  and 0h . 

 Finally, as illustrated by Eq. 5, the same time scales τ Thick
 

and τ
Thin  are expected to describe both the interface 

deformation ant its relaxation after shutting down the laser. 
These predicted dynamics are confronted to various 
experimental situations in the following sections. 

4 Optorheology of transparent liquid films 

 
As a first example we investigate the rheology of a non-
evaporating ‘thick’ viscous film. We consider a sessile drop of 
pure glycerol (ACROS 99.8% ), 1 mL  drop volume and 1 mm  

height, and use the piezo-actuated lens scheme to modulate 

temporally the intensity ( )I t  measured at the centre of the 

fringe pattern. As glycerol is highly hygroscopic, the 
experiment is performed just after drop deposition and 
stabilisation. The extraction of the temporal evolution of the 
nanometric interface deformation induced by the radiation 
pressure of the pump beam (Fig. 1b) is presented in Fig. 2 for 
an exposure time of 200 ms , 3 WP =  and the two beam waists 

values 0=105, 175 µmω . As expected from Eq. 5 for a given 

power P , the highest deformation is obtained for the smallest 
beam-waist corresponding as well to the smallest Bond 
number Bo . This can easily be retrieved analytically when 

looking at steady-state deformations for which 

( ) ( )
1

0 8
Bo

h ,t P.ln .Boδ<<→ ∞   ∼ , where 1.781δ =  is the Euler 

constant.28 Moreover, according to Eqs. 5-7, the fit of the 

growing deformation gives the amplitude 2
0 0 4Π ω γ , the time 

scale Thick
τ  and the Bo  number value. From the amplitude we 

get γ  when n  is known, from the measured time scale τ Exp  

(here corresponding to τ
Thick ) we determine the viscous 

velocity γ η  and then η , and from Bo  we can deduce ρ γ , 

and thus ρ . Using 1.474n =  and 31.261 g/cmρ =  for glycerol at 

20 °C  and taking into account the height resolution of 1 nm±  

on the one hand and the relative error 1%Exp Expdτ τ =  deduced 
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Figure 2: Time-resolved interface deformation induced by the radiation pressure 
on a glycerol drop in the thick-film regime, for P=3 W and two values of the 
beam waist ω0. The green signal represents the laser exposure window. As 
glycerol does not evaporate, the piezo-actuation of the lens L2 is used to get the 
reference fringe pattern signal (Fig. 1b). The continuous red lines are data fits 
according to Eqs. 5-6 that gives the values of the amplitude Π0ω0

2/4γ, the time 

scale τThick and the optical Bond number Bo as a tiny correction. 

 
from the standard deviation on the other hand, we finally find 

( )65 2  mN/mγ = ±  and ( )1.1 0.05  Pa.sη = ± , in very good 

agreement with literature ( 63.4 mN/mγ =  and 1.07 Pa.sη =  at 

20 °C ).45 The dynamics of deformation predicted for the ‘thick’ 

layer case ( 0 0 1h ω >> ) is thus quantitatively retrieved 

experimentally. 
 As a second example, we investigated the rheology of an 

evaporating deionised (DI) water drop. Inasmuch water is 

transparent and its properties do not evolve with evaporation, we 

choose as a reference the reflexion of the probe beam at the drop-

prism interface, instead of the reflexion at L2, in order to show the 

versatility of the method. Since a single measurement spans a few 

hundreds of milliseconds, a unique advantage of our optorheology 

approach is the possibility to perform a series of measurements in a 

row in non-equilibrium conditions, such as evaporation which takes 

place over a much larger time scale than the characteristic time of 

interface deformation τThick ,Thin . Note also that the rheology of 

water, normally considered as an inertial liquid, can be analysed 

using a low-Reynolds-number point of view because viscous 

dissipation increases drastically in the thin-layer case due to 

( ) ( )33

0 0 0 0h k h ω →∼ . Then it becomes possible to investigate the 

‘thin’ layer rheology ( 0 0 1h ω << ) of a water droplet in order to 

observe the expected increase of Thin
τ  related to the 3

01 h  

dependence (see Eq. 11). To do so, we first need to keep constant 

the ambient humidity, here 50 %RH ≈ , and then to calibrate the 

rate of natural evaporation of a first drop in these environmental 

conditions. Then, we use the Newton ring pattern produced by the 

probe beam reflections to measure the curvature ( )0r ,t=ℂ  on 

top of the drop deposited on the prism. In presence of evaporation, 

this Newton ring pattern evolves with time and the measurement 

of its evolution gives access to the dynamics of the drop height 

( )0h t  if the contact line of the deposited drop, of radius R , 

remains fixed at all times; this last condition is always verified in our 

experiments. The shape of the drop deposited on the prism 

depends nonetheless on the relative importance of gravity on 

surface tension effects measured by the hydrodynamic Bond 

number ( )2

H cBo R l= . When 1HBo << , the drop shape coincides 

exactly with a spherical cap and ( ) ( ) ( )( )22
0 00 4,t h t R h t= +ℂ . 

Unfortunately, the optical coating of the prism prevented us from 

confidently depositing regular sessile drops with 1HBo << . We thus 

choose an initial volume 0 30 µlV =  and 4.5 µmR =  for the 

investigation of the rheology of aqueous solutions. For DI water 

2.76HBo ≈  ( 2.71 mmcl ≈ ) and the shape of the drop is slightly 

distorted by gravity. With our drop size, the contact angle θ  on 

glass remains weak so that the drop height ( )h r ,t , the curvature 

( )r ,tℂ  and its volume ( )V t  can be described by the following 

expressions:46 

( ) ( ) ( )
( ) ( )
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where ( )0
I x  and ( )1

I x  are zeroth- and first-order modified Bessel 

functions. Then, by measuring the curvature ( )0,tℂ  on top of the 

drop with the Newton ring pattern evolution, we easily deduce the 

drop height variation due to evaporation from the ratio 

( ) ( )0
0h t ,tℂ  and the corresponding variation of the drop volume 

( ) ( )0
V t h t . Note that HBo  numbers of the order of a few unities 

allow expanding these ratios in Taylor series: 

( )
( ) ( )
( )
( ) ( )

2 2

40

2 2
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0

1
0 4 16 576

1
2 48 2304

h t R Bo Bo
O Bo ,

,t

V t R Bo Bo
O Bo ,

h t

π

  
≈ + + +  

 


  ≈ + + + 
 

ℂ
      (13) 

which show that the drop shape can be described in terms of 
corrections to the spherical cap case at small wetting angle 

(i.e. ( ) ( ) 2

0
0 4h t ,t R≈ℂ  and ( ) ( ) 2

0
2V t h t Rπ≈  when 

( )( )2

10h t R << ). For a water drop of initial volume 0 30 µlV =  

and radius 4.5 µmR = , we find 0 895 µmh =  and the Inset of Fig. 

3a, shows that ( )0h t  decreases linearly with time during 

natural evaporation according to ( )0 149±1  nm sdh dt = − ; the 

measured uncertainty on 0h , extracted from both Newton 
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Figure 3: (a) Time-resolved interface deformation of an evaporating DI water 
drop in the thin-film regime obtained for heights h0 decreasing from 50 to 10 µm 
(± 1 µm uncertainty on h0 from the measured evaporation rate, shown in the 
Inset for the range of investigated heights); P=3 W, ω0=175 µm and 150 ms 
exposure time; the continuous red lines are data fits according to Eqs. 5, 10. (b) 
Collapse of the dynamic deformation data obtained for different heights h0 onto 
a thin-film master behaviour when time is rescaled with τexp. Inset: experimental 
illustration of the h0

-3 dependence of the measured time scale τExp, supposed to 
represent τThin, and confirmation by an analytic calculation and numerical BEM 
simulations; the analytic solution is obtained by solving Eqs 5, 8 to show the 
‘thin-thick’ layer crossover in h0/ω0. 
 
ring tracking analysis and the measured base radius R  of the 
deposited drop, is 1 µm± . Fig. 3 illustrates the use of this 

strategy on a single DI water droplet with optical actuation 
performed at evaporation times corresponding to the 

expected drop heights for 3 WP =  and 0 175 µmω = . While the 

stationary amplitude of the deformation should not be 

affected (it solely depends on P , 0ω , n , ρ  and γ  that do not 

vary during the experiment), one can observe in Fig. 3a a 
significant slowing down of the dynamics of deformation when 

decreasing 0h . Measurements of the time scale τ Exp  as a 

function of 0h  are presented in the Inset of Fig.3b; the error 

from the standard deviation is again 1%Exp Expdτ τ = . They 

clearly provide evidence for the -3
0h  behaviour expected from 

the expression of τ
Thin . This behaviour is quantitatively 

confirmed analytically by solving Eqs. 5, 8 and numerically by 
using the Boundary Element Method 47 with reference data (

72 mN/mγ =  and -31.03 10  Pa.sη =  at 20 °C ).45 Moreover, Fig. 

3b illustrates the expected ‘thin’ layer scaling by the 
quantitative collapse of the whole set of dynamic 

deformations, obtained for different heights 0h , onto a single 

master behaviour predicted analytically by Eqs. 5, 10, 11 and 
retrieved numerically when time is rescaled by τ τ=Exp Thin . 

5 Optorheology of a transparent Newtonian 

liquid mixture & suspension films 

 
Since radiation pressure effects offer the opportunity to catch 
‘instantaneous' properties of out-of-equilibrium processes 
characterized by much longer time scales, we first extend the 
use of evaporation to investigate the dependence in solute 
concentration of the viscosity of evaporating liquid mixtures. 
 As a first example, we choose a DI water-glycerol mixture 

of initial glycerol concentration 0 3% wtC = ; the initial volume 

is 0 30 µlV = , the drop radius at contact on the prism is 

4.5 mmR =  and the chosen exposure time to radiation 

pressure is 150 ms . As water evaporates, the glycerol mass 

fraction C  continuously increases leading to variations in 
density, viscosity, index of refraction and surface tension of 
the mixture. We choose low humidity environment conditions 

to keep a linear decrease of 0h  with time and reach large 

glycerol concentrations; beyond 90% wtC ≃ , the evaporation 
of water is expected to asymptotically stop as glycerol is highly 
hygroscopic. Due to the continuous variation of the index of 
refraction n  of the mixture related to its evaporation, we 
performed measurements using interferences between the 
reflection at the top of the drop and the one at the exit surface 
of the lens L2. As the optical stress of the pump beam depends 
on the index contrast (see Eq. 3), we need nonetheless to 

properly estimate ( )n t . To do so, we first measure the 

evaporation rate of a water-glycerol drop using the Newton 
ring method. However, due to water evaporation, the capillary 

length evolves with time from that of water ( 2.71 mmcl ≈ ) to 

that of glycerol ( 2.26 mmcl ≈ ), and the Bond number HBo  

increases from 2.76  to 3.96 . So we choose deducing the 

height variation ( )0h t  from the curvature using a mean value 

of 3.36 0.60HBo = ±  in Eq. 13 and considering the maximum 

deviation from this mean value as an uncertainty in the 

determination of ( )0h t  and ( )V t ; ( )0h t  and ( )V t  are then 

determined with respective additional uncertainties of 5%  

and 6% . We thus find ( )0 105±7  nm/sdh dt = −  from which we 

deduce the time variation of the volume ( )V t  of the 

evaporating drop as a function of ( )0h t . Then, we use the 

property that water-glycerol mixtures behave as regular 
solutions, with a precision better that 2% .48 The concentration 

can thus be written as ( )( ) ( )( )0 G G G G W GC h t V V V t Vρ ρ ρ = + −  , 

where i G ,Wρ =  and G
V  are respectively the density and volume 

of glycerol (G) and water (W). Knowing the expression of ( )0C h

, we use an empiric variation of the index of refraction 

( ) ( )1.333 1 1.474n C C C= − +  (known to present a deviation 



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7  

Please do not adjust margins 

Please do not adjust margins 

 
Figure 4: (a) Time-resolved interface deformation of an evaporating DI water-
glycerol drop of initial concentration C0=3% wt in the ‘thin’ film regime for 
different heights h0 varying from 50 to 25 µm (uncertainty ±1 nm on h from 
interferometric measurement and ±6 µm on h0 deduced from the evaporation 

rate). The used power and waist are P=3 W and ω0=175 µm. The continuous red 
lines are data fits according to Eqs. 5, 10. (b) Corresponding time scale τThin 
variation with the thickness h0; the continuous line is a guide for the eye. Inset: 
resulting variation of the viscosity η(C) with the increase in glycerol 
concentration C due to water evaporation; the continuous line shows tabulated 
data from the literature.51 

 
smaller that 0.4% ) 49 to quantify the optical stress. Also, as the 

optical Bond number is larger than -34 10  (pure water) and 

smaller than -36 10  (pure glycerol), it behaves as a very weak 

correction to unity in Eqs. 7 and 11, and we consider a mean 

constant value -35 10 . Finally, as the initial sample is mostly 

composed of water, we choose large enough evaporation 
times to work with ‘thin’ sessile drops and preserve a viscous 
dynamics for all measurements. Using these conditions, we are 

able to deduce the surface tension ( )Cγ  from the amplitude 

of the deformation and the viscosity ( )Cη  from its dynamics. 

Fig. 4a illustrates the dynamics of deformation measured for 

different heights 0h . Once again, the dynamics of deformation 

displays a slowing down when decreasing the drop height. This 

decrease is expected to be due to both the -3
0h  dependence in 

the time scale of the ‘thin’ film regime and the viscosity 

increase with glycerol concentration ( )Cη  in Thin
τ  (Eq. 11); 

note that contrary to pure DI water experiments, the 

amplitude of deformation (Eq. 5) now varies with 0h  since 

( )Cγ γ=  and ( )n n C=  with ( )0C h  due to water evaporation. 

Fig. 4b presents the variation of the measured time scale τ Exp  

with the height 0h  of the drop. We deduce weakly fluctuating 

values of ( )Cγ  around a mean value -3 -167 10  Nm  without any 

decreasing trend of ( )Cγ  from -3 -169.5 10  Nm  (glycerol 46% wt

) to -3 -166.5 10  Nm  (glycerol 92% wt ).49 This absence of trend is 

not necessarily surprising since the -3 -13 10  Nm  difference 

leads to a relative variation γ γ =5%d  which is in agreement 

with the ±1 nm  resolution in height of our setup; on the one 
hand Eq. 5 predicts γ γ≈dh h d  and on the other hand 

≥ 1 20=5%dh h  (see Fig. 4a). We thus confidently used 

( ) -3 -167 10  NmCγ =  to further deduce the viscosity 

dependence ( )0hη  from Fig. 4b. This mean value of the surface 

tension also suggests that water evaporation does not produce 
significant glycerol concentration gradient at the drop 
interface. Considering the mutual diffusion coefficient 

− = -10 22.14 10  m s
W G

D  50 at 25 °C  for a glycerol concentration of 

70% wt  (in the middle of our range of investigation, see Fig. 

4b), the diffusion ‘velocity’ over the drop height 0 35 µmh ≈  

associated to this concentration (see Fig. 4a) is 

0 6 µm sW GD h− ≈ , which is much larger than the measured 

evaporation rate 
0 0.1 µm sdh dt ≈ . Consequently, diffusion 

dominates evaporation and ensures homogenisation of the 
concentration within the evaporating mixture. So, using the 

expected variation ( )0C h  and τ τ=Exp Thin , we finally end up with 

the variation ( )Cη  illustrated in the Inset of Fig. 4b. The error 

on ( )0C h  is given by: ( )2
0 0

0

6W

G G

V
dC C V dV C %h dh

V h

ρ
ρ

  ∂= ∂ ∂ = +  ∂ 
, 

with ( )03% 97% 3%
G W G W

V Vρ ρ ρ= + , 0 30 µLV =  and 0 0V h V h∂ ∂ =  

(Eq. 13); the error on the viscosity measurement, deduced 

from Eq. 11, is given by 0 03Thin Thind d dh hη η τ τ= + . The 

variation of ( )Cη  is in quantitative agreement with literature 

data illustrated by the continuous line.51 
 Our second example is motivated by probing the efficiency 
of optorheology in turbid solutions. To do so, we investigate 
the rheology of a suspension of polystyrene latex beads 
(negatively-charged Estapor® microspheres in an aqueous 

solution, diameter 100 nm∅ = , initial concentration 10% wt  of 

solid content) diluted in DI water to reach a concentration of 

0 0.25% v/vΦ = . The initial volume is 0 30 µlV =  and the drop 

radius on the prism is 4.5 mmR = . The measurement 

procedure is exactly the same as that used for the water-
glycerol mixture. The turbidity of the solution (see picture in 
Fig. 5) indeed imposes the analysis of interferences formed 
between the probe reflection at the interface of the 
evaporating drop suspension and another reference in air, 
here the reflection on lens L2. Moreover, as turbidity is a bulk 
property, it does not influence radiation pressure effects that 
are sensitive to the refractive index contrast at the drop 
interface. Finally, since water is the major initial constituent, 
we will assume a water-air interface and continue to 
investigate ‘thin’ drops to analyse interface deformation in the 
viscous regime. Fig. 5 illustrates several dynamics obtained for 

different thicknesses 0h  expected from the evaporation rate 
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Figure 5: Time-resolved interface deformation of an evaporating aqueous 
suspension of latex nanospheres (diameter ∅=100 nm, initial concentration 
Φ0=0.25% v/v, note the turbidity of the drop solution) in the ‘thin’ film regime 
for three heights h0 (±1µm); the continuous red lines are data fits according to 

Eqs. 5, 10. Inset: corresponding variation of the viscosity η(Φ) with the increase 
in nanosphere concentration due to water evaporation; the Einstein prediction 
at low concentration is also illustrated for comparison. 

 
of DI water. The Inset of Fig. 5 finally presents the deduced 
viscosity variations with the volume fraction of latex beads 

( )η Φ  when we assume that the surface tension and the index 

of refraction of the suspension remain constant during 
evaporation and equal to those of water due to the low 
concentration in nanospheres; errors are 

0 03Thin Thind d dh hη η τ τ= + , 
2

0

0 0 0

V
d V dV dh

V h

ΦΦ Φ
Φ

∂= ∂ ∂ =
∂

. A 

linear fit leads to ( ) ( ) -30.998 1+2.486 10  Pa.sη Φ Φ= ⋅ ⋅  in very 

close agreement with the Einstein law, illustrated as well in the 
Inset of Fig. 5. While appealing, the investigation of viscosity 
variations at large concentration is made difficult by the 
increasing number of beads adsorbed at the drop interface 
that modifies radiation pressure effects. 

6 Optorheology of transparent polymer gel films 

 
Since most soft matter systems are not Newtonian, it is also of 
importance to check whether or not radiation pressure can be 
used to probe elastic and viscoelastic properties. We choose to 
work with a solution composed of small molecular weight 
PolyAcrylAmide (PAAm, 5-6 M , Polysciences) simply diluted at 

0 2% wtC =  in DI water. The initial volume is 0 30 µlV =  and the 

drop radius at contact on the prism is 4.5 mmR = . Considering 

the expected value of the viscosity, the experiment is 

performed in the ‘thick’ layer regime ( 0 895 µmh ≃ ) just after 

drop deposition and stabilisation. As PAAm solutions neither 
absorb nor scatter light when well mixed, we use the same 
procedure as for water film measurements: we analyze 
interferences between the probe reflection from the mixture-
prism surface, used as reference, and the reflection at the 
mixture-air interface in presence of water evaporation. Fig. 6 
illustrates the dynamics of deformation during an exposure 
time to radiation pressure of 50 ms  followed by the relaxation 

of the interface after the laser is turned off. This signal clearly 

shows a very different behaviour compared to previous ones 
obtained for Newtonian liquids. Upon optical loading by the 
radiation pressure, we observe a step-like increase of the 
height, signature of the material elasticity, followed by a slow 
continuous increase which indicates a viscoelastic behaviour 
with a flow of the material at longer times. The same 
behaviour is observed in reverse after turning off the laser; 
note that no permanent interface deformation is observable. 
 Models describing interface deformation by localized 
radiation pressure in viscoelastic systems are scarce.37, 39 We 
thus propose modelling optorheology using a one-dimensional 

approach. We assimilate the load 0σ  as radially constant and 

equal to half of the optical stress at the pump beam centre (

0 0 2σ Π= ), since the drop is deposited on the glass prism and 

then stretched only in one direction (see schematics in Fig. 6). 
Moreover, considering the observed dynamics, we choose to 
confront our measurements to the well-known Standard 
Linear Solid model in its ‘Voigt’ form. 52 It is known to fairly 
reproduce the weakly nonlinear rheological response of ‘real’ 
materials when no permanent strain is left. This model couples 

pure elasticity (here of Young modulus 1E ), mimicking the 

observed instantaneous stretching upon optical loading, to a 

Kelvin-Voigt unit (with elasticity 2E  and viscosity η ) that could 

describe the following slow viscoelastic deformation. Writing 

the strain ( ) ( ) 0t h t hε =  and considering the viscoelastic time 

scale 2v Eτ η=  in this 1D description, the expected dynamics 

of the strain during optical loading ( )tε↑  and relaxation ( )tε↓  

after an exposure time 0t  are given by:52 

( ) ( )( )

( ) ( ) ( )

0 0
0

1 2

0
0 0

2

1

v

v v

t t exp t ,
E E

t t exp t exp t .
E

σ σε τ

σε τ τ

↑

↓

 ≤ = + − −


 ≥ = −  −  

1

      (14) 

As Illustrated in Fig. 6, data are reasonably well fitted by this 
simplified description with some discrepancies in the 

relaxation. We use 3 WP =  and 0 175 µmω =  for the pump 

beam, and a refractive index 1.38n =  53 for the chosen PAAm 

concentration, leading to an optical load value 0 0.033 Paσ = . 

We get the elastic modulus 1 0 0E h hσ=  from the first fast 

increase of the rising deformation ( 1 2214 PaE = ) and from its 

fast relaxing part ( 1 2200 PaE = ). Both values are very close, 

leading to a mean value ( )1 2205 175  PaE = ± ; 

1 1 8%dE E dh h= ≃  in the elastic part of the signal. The fit of 

the amplitude of the slow variation of the rising signal 

according to Eq. 14 gives ( )2 3050 370  PaE = ± ; 

2 2 12%dE E dh h= ≃  in the viscoelastic part of the deformation. 

We also deduce ( )57 8  Pa.sη = ±  from the fitted rising time 

scale 2v Eτ η= , which is in agreement with the value 

62 Pa.sη =  measured for a concentration of 2.2% wt ;53 for the 

estimation of the error, we assumed 2 2v vd d dE Eη η τ τ +≃  

where v
dτ  is the standard error given by the fit. 

Concomitantly, the fit of the amplitude of the relaxing 

deformation leads to ( )2 3350 370  PaE = ±  ( 2 2 11%dE E dh h= ≃  

for the relaxing signal), which is 10%  larger than the rising 

value, but compatible when considering the calculated error. 
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Figure 6: (a) Time-resolved interface deformation of an evaporating DI water-
Polyacrylamide (5-6M) drop of initial concentration C0=2% wt; the used power 
and waist are P=3 W and ω0=175 µm; the continuous red lines are data fits 
according to Eq. 14. Inset: Schematics of the one-dimension Standard Linear 
Solid model52 used for the data analysis and fitting (Eq. 14). (b) Storage G’(ω) and 

loss G’’(ω) moduli variations deduced from the mean elasticity and viscosity 
values obtained by fitting the interface deformation (a); the white area 
represents the frequency range associated to the measurements. 

 

From the fit value of 2v Eτ η= , we end up with 

( )66 9  Pa.sη = ±  which is also 10%  larger than the rising value 

but compatible when considering the error. Finally, it could be 
useful to illustrate these results in the frequency domain and 
compare the range of application of our optical technique with 
those of other methods. To do so, we inject the mean 

measured values of 1E , 2E  and η  into the creep compliance 

( )0 0D t tε σ↑= <  (Eq. 14), and switch to frequency domain with 

a s-multiplied Laplace transform (so-called Carson transform) 

in order to determine the two components D'  and D''  of the 

complex creep compliance ( ) ( ) ( )= −D* D' iD''ω ω ω :54 

( ) ( )

( ) ( ) ( )

2-1 -1
1 2

2-1
2

1

1

v

v v

D' E E ,

D'' E ,

ω ωτ

ω ωτ ωτ

  = + +
  


 = +
 

        (15) 

where ω  is the angular frequency associated to the interface 

deformation dynamics. The two components ( )E' ω  and ( )E'' ω  

of the complex Young modulus ( ) ( ) ( )= +E* E' iE''ω ω ω  are then 

deduced from the relation ( ) ( ) 1D* E*ω ω⋅ = : 

( ) ( ) ( ) ( )
( ) ( ) ( ) ( )

2 2

2 2

E' D' D' D'' ,

E'' D'' D' D'' .

ω ω ω ω

ω ω ω ω

  = +  


 = +  

       (16) 

Eventually, we obtain the storage ( )G' ω  and the loss ( )G'' ω  

moduli of the complex shear modulus ( ) ( ) ( )2 1G* E*ω ω ν= +  
; we assume PAAm solutions as incompressible 47 so that the 
Poisson ratio is 1 2ν ≃ . Fig. 6b illustrates the expected 

variations of ( )G' ω  and ( )G'' ω  over the angular frequency 

range 1400 32000 rad/sω< <  corresponding respectively to the 

50 ms  exposure to radiation pressure and to the 0.2 ms  

temporal resolution of the acquired signal; errors bars are 

obtained by differentiating the expressions of ( )G' ω  and 

( )G'' ω  and using the mean measured values of 1 1dE E , 2 2dE E  

and dη η . In addition to classical rheometers, including 

AFM,55 it appears that interface deformation by the radiation 
pressure gives naturally access to material response at high 
frequencies where the PAAm behaviour is mainly dominated 
by elastic contributions; investigation of the rheology at 
smaller angular frequencies, in particular to get insights on the 
frequency-dependent viscous contribution, can be foreseen by 
decreasing the evaporation rate. 

7 Comment on laser heating effects 

 
 In previous experiments, we considered optically 
transparent fluids that do not absorb light at the pump laser 
wavelength in order to demonstrate the capability of pure 
radiation pressure effects for the investigation of the 
rheological properties of fluids. However, any complex fluid, 
such as natural gels for instance, absorbs light almost all over 
the visible spectrum. So it should result some inhomogeneous 
heating during laser actuation, even if the latter is weak in 
amplitude, which may change the physical properties of the 
fluid under investigation and lead to complexity in signal 
interpretations.39 This is one of the reasons why our optical 
method uses interferometric detection instead of interface 
curvature measurement;25, 29, 32-39 by doing so, we significantly 
reduce the pump beam intensity and thus the energy 
deposited in the fluid. Consequently, laser heating can be 
limited and for fluids that roughly look transparent, natural 
ones in particular, bulk properties (density, viscosity and index 
of refraction) variations are likely to be negligible. This is even 
more true when considering the fact that our investigation is 
devoted to small thicknesses for which (i) it can be assumed 

that 0 1abshα << , where absα  is the optical absorption at the 

used wavelength, and (ii) the threshold for Rayleigh-Bénard 

convection, behaving as 3
0h , is far from being reached.56 

Nonetheless, if bulk heating effects can be confidently 
neglected for weakly absorbing fluids, radial thermal gradients 
∇T  induced by focused light may be very large compared to 

classical situations because the beam waist remains 

intrinsically small. Consequently, as both surface tension ( )γ T  

and density ( )ρ T depend on temperature, it results (i) a 

surface tension gradient that triggers a tangential 
thermocapillary stress along the interface directed towards 



ARTICLE Soft Matter 

10 | Soft Matter, 2018, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

 
Figure 7: (a) Time-resolved interface deformation of an evaporating DI water-
sodium alginate (NaAlg) drop of initial concentration C0 = 2.5% wt; the used 
power and waist are P=4 W and ω0=105 µm. Two contributions appears in the 
interface deformation, a fast one due to radiation pressure and a slow one in 
opposite direction triggered by thermocapillary stresses associated to a weak 
optical absorption of the solution. Inset: schematics of an interface deformed by 
normal radiation pressure and tangential thermocapillary stresses. (b) 
Superimposed deformation heights obtained for increasing exposure times; the 
dashed line shows a two-exponential fit of the relaxation of the deformation 
obtained after 150 ms exposure. 

 
regions of highest surface tension and (ii) a thermo-
gravitational pressure gradient that produces a radial flow 
within the deposited drop. Imposing a thermal gradient ∇T  

and using linear developments of ( ) ( )( )0 0T T T Tγ γ γ≈ + ∂ ∂ −  

and ( ) ( )( )0 0T T T Tρ ρ ρ≈ + ∂ ∂ − , where 
0γ  and 

0ρ  are the 

surface tension and the density at the ambient temperature 
0T

, Birikh57 calculated these two flows in the lubrication 
approximation. From mass conservation, he deduced the 
resulting interface deformation of a liquid layer induced by a 
horizontal thermal gradient: 

( ) 0

0 0 0

3 3

2 8
Th

h
h t T

gh T T

γ ρ
ρ ρ

 ∂ ∂   ∇ → ∞ = − ∇    ∂ ∂    
.    (17) 

Since Tγ∂ ∂ < 0  and 0ρ∂ ∂ <T  around 
0 20 °CT =  for classical 

fluids like ours, thermocapillary stresses and thermo-
gravitational flows have opposing effects. Nonetheless, Eq. 17 
shows that thermocapillarity is always dominating in our 

conditions since ( ) ( )0 0.9 mm 2 14 mmh T g Tγ ρ<< ∂ ∂ ∂ ∂ =≃

for a water drop of 30 µl  and radius at substrate 4.5 mmR = . 

Thus in presence of thermocapillarity with 0Tγ∂ ∂ < , the 

induced flow should be radially directed away from the 
heating laser and due to mass conservation, the resulting 

toroidal flow should produce a beam-centred dimple on the 
top of the drop interface.19-21 In the viscous regime,58 the 

dynamics is still governed by the capillary velocity γ η  and 

from Eq. 17, the stationary height on beam axis of the 

thermocapillary deformation ( )0Thh r ,t= → ∞  in the linear 

regime behaves as: 

( ) ( )
0

3
0 0

2
Thh r ,t T r

gh T

γ
ρ

∂= → ∞ − ∆ =
∂

≃ ,      (18) 

where ( )T r∆ = 0  is the pump laser overheating on beam axis. 

Eq. 18 shows that the deepness of this dimple is even more 

pronounced when decreasing the thickness h
0

. Then, in 

presence of a weak optical absorption, such a thermocapillary 
interface deformation should superimpose in opposite 
direction to the radiation pressure one 21 when performing an 
experiment of optorheology. This is schematically illustrated in 
the Inset of Fig. 7a. Fig. 7a shows as well a typical signal 
obtained with an evaporating sessile drop of sodium alginate 

(Sigma-Aldrich), NaAlg, diluted in DI water at 2.5% wtC =
0

; its 

optical absorption at 532 nm  measured with a UV-VIS 

spectrometer (Shimadzu UV3600), is -10.16 cmabsα = . The 

initial drop volume is 0 30 µlV =  and its radius at contact on the 

prism is 4.5 mmR =  allowing investigation of radiation 

pressure effects in the ‘thick’ layer regime under condition 

0 1abshα << ; we used 4 WP =  and 0 105 µmω =  for the optical 

actuation. As shown in Fig. 7a, the interface deformation signal 
starts by a fast increase, likely related to radiation pressure 
actuation as in previous experiments (time scale 

02Thickτ ηω γ≃  with optical length scale 0ω ); using 

0.06 N mγ ≃  and 1.5 Pa.sη ≃  for the concentration 

0 2.5% wtC = ,59 the estimated value is 5.3 msThickτ ≃ . Then, the 

signal progressively reaches a maximum around 100 ms  and 

decreases with a much larger time scale, likely related to the 

laser heating distribution of length scale 0Thω ω>>  since 

heating, as any dissipative process, highly depends on 

boundary conditions.60, 61 Then, we expect 0 1Thh ω <  for 

0 895 µmh = , which means that the dynamics of the interface 

deformation induced by thermocapillary actuation starts to 

belong to the ‘thin’ film regime of time scale 
4 3

03Th Th hτ ηω γ≃  

(Eq. 9). Fig. 7b shows this expected long-term dynamics when 
several deformations, acquired for decreasing exposure time, 
are superimposed. The opposition in direction of interface 
deformation between radiation pressure and thermocapillary 
actuation, as well as their difference in time scales, are even 
more noticeable when the pump laser is turned off. At first, 
the interface relaxes fast (according to the radiation pressure 

time scale 02Thickτ ηω γ≃ ) to a position below the top of the 

non-deformed drop (negative height), demonstrating that a 
dimple has indeed been induced. Then this dimple relaxes 
much slower than expected from radiation pressure effects. 
Assuming a linear dynamics of relaxation with two well-
separated characteristic time scales, we fit the relaxation after 
150 ms  exposure (illustrated in Fig. 7b) considering empirically 

a two-exponential behaviour 

( ) ( ) ( )0 0Thick Thh t .exp t t .exp t tα τ β τ= − − − − −        with time 

scales τ
Thick  and Th

τ . We find (i) a value 6 msThickτ =  very close 
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to the previous estimation from the literature ( 5.3 msThickτ ≃

),59 and (ii) a ratio ( )4 3
0 03 2 440 6Th Thick Th hτ τ ω ω= ⋅ = . Using 

0 895 µmh =  and 0 105 µmω = , we finally obtain 1385 µmThω ≃  

which gives a ratio 13Thω ω ≃
0

 in between those measured for 

laser-heated water layers of thicknesses 0 28 µmh =  (

0 4Thω ω ≃ )61 and 0 480 µmh =  ( 0 30Thω ω ≃ )62 when 

sandwiched between two glass slides; we also verify 

retrospectively that 0 1Thω ω >>  and 0 0.65 1Thh ω = < . 

Interestingly, these well-separated times scales τ
Thick  and Th

τ  

may allow a partial disentanglement of radiation pressure and 
thermocapillary deformations for Newtonian fluids and then, 
may offer the opportunity to determine some temperature 
dependence in fluid properties. Going farther in such a 
quantitative description is nonetheless far beyond the scope of 
the present investigation since (i) a dynamic model taking into 
consideration both radiation pressure and thermocapillary 
stresses still needs to be developed, and (ii) reliable 
verification of pure thermocapillary actuation requires a 
different pump beam wavelength, ideally in the IR for efficient 
heating at beam powers low enough to significantly reduce 
radiation pressure effects, typically in the 1440-1480 nm  range 

for water and water mixtures. 

Conclusions 

 We developed a new time-resolved optical strategy for the 
investigation of the rheology of viscous fluids from 
nanodeformations of fluid interfaces. This strategy is local, 
active and contactless, and allows for in situ investigations of 
the rheology of Newtonian and non-Newtonian fluids, from 
bulk to confined micrometric volumes such as sessile drops or 
thin soft films. Using (i) the dynamical deformation of an 
interface by the optical radiation pressure of a pump laser 
beam and (ii) the interferometric measurement of this 
nanometric deformation with a second probe beam, we 
demonstrated the capabilities of this new optical approach by 
measuring the surface tension and the viscosity of non-
evaporating and evaporating Newtonian liquids; we showed in 
this last case how one can characterise in a single run the 
dependence of the dynamics with the film thickness, and the 
viscosity dependence in concentration of binary liquid 
mixtures and liquid suspensions. Moreover, we demonstrated 
the efficiency of radiation pressure for the investigation of the 
rheology of elastic and viscoelastic soft materials such as 
transparent polymer solutions. Depending on the available 
power of the pump beam, the range of largest measurable 

surface tensions is given by the condition << 1dh h , where 

2
0 0h Π ω γ≈  is the order of magnitude of the light-induced 

interface deformation and ≈ 1 nmdh  is the actual resolution 

of our setup. Alongside, the largest measurable viscosities are 

given by fulfilling the condition Exph dh dtτ >>
0

 for 

evaporating liquids, and Exph Sτ >>  for non-evaporating 

liquids, where S  is the slope of the saw-teeth variation of the 

piezo-actuation of the lens L2. This investigation centred on 
the viscous regime can easily be extended to any other 
dynamic regime from weakly damped to inertial,24 particularly 

when considering large layer thicknesses 0h . It can as well be 

developed for microdroplet rheology by taking into account in 
the modelling the initial interface curvature and the finite sizes 
in all directions.63 Eventually, we showed that our method 
should be extendable to thermocapillary actuation of 
interfaces when fluids under investigation weakly absorb light, 
offering a way to determine the temperature dependence of 

the viscosity ( )Tη  from the dynamics and the important 

interfacial quantity Tγ∂ ∂  from the amplitude of deformation. 
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