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INDUSTRIAL CONTEXT




R —————————
PRODUCT SPREADING: A KEY STEP IN COSMETICS LIFE
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PRODUCT SPREADING: A KEY STEP IN COSMETICS LIFE

ImpaCtS Sensory g Efficiency
perception Performances
—
/"mcg./
- ; Solid
vaporation Application mechanics
. Substrate
Physics at Rheology impregnation
stakes Tribol
ribology -
Friction Wetting
Many physics involved: Lack of
» Complex modeling :> understanding

» Interdependance of phenomena



COSMETIC CREAM FORMULATION

8 Volatile phase Non-Volatile phase

. Texture agents Actives Preservatives
rASpSATARATE
et 4 Water Polymers (Carbopol, Glycerol, UV Phenoxyethanol
,m:m} Xanthan...) filters, waxes,
| Solid particles oils, Pigments,
HYDREANE (starch, silica)... Mattifying
3 particles (cellulose
501 HYDRATANT-UNIA beads, SI/ICa)

INIFYING-MOISTURISING CARE
SENSITIVE SKIN

) ml - Made in France




I
MY PhD SUBJECT

UNDERSTAND THE PARAMETERS THAT GOVERN SPREADING AND THE
PHENOMENA RESPONSIBLE FOR SPREADING DEFECTS

FOCUS ON 2 MAIN ASPECTS

THICKNESS OF SPREADING SPREADING DEFECTS

gels

Filled polymeric

« Simple » fluids

Aggregates formation
(Noodles)




WHAT GOVERNS THE

SPREADING THICKNESS?




R —————————
MODEL STUDIED: SOFT BLADE COATING

Seiwert & Quéré (2013) C——»  Elasticity-capillary
Trinh & Stone (2013) analogy

Pranckh & Scriven (1990)

/ Dip coating

\

Landau-Levich (1942)
Derjaguin (1943)

de Ryck & Quéré (1998)
Smit (2021)

\ Spiers (1975)

/




R —————————
MODEL STUDIED: SOFT BLADE COATING

Seiwert & Quéré (2013) C—»  Elasticity-capillary
Trinh & Stone (2013) analogy
Pranckh & Scriven (1990)

\

> Finite reservoir + emptying / Dip coating
» Newtonian and complex fluids

Landau-Levich (1942)

Derjaguin (1943)
|L> Initially adressed by e R R oot
C. Kusina (2019) for yield Spiers (1975)

stress fluids \ -)

How does a finite reservoir influence the spreading dynamics ?
What is the impact of rheology ?




FLUIDS OF INTEREST

NEVGGIRIEGRIINT M = uy — Silicone oil
SHCEIE Ll eRIBIEN 7 = ky™ — Xanthan gel
WEREREEE N, = ay™ — HPAM solution

y shear rate
_é_

n viscosity
N; « normal force

m silicone oil 480 mPas
e xanthan 0.9%
A  HPAM 0.5%

1072 10° 10° 1072 10° 102
A (s7h) v (s7)




EXPERIMENTAL SETUP

Camera

BASED ON KUSINA’S PhD SETUP Top view

Optical profilometer

Soft blade
(mylar PET)

— —_— PMMA
Substrate \ substrate
mouvement Liquid

Camera
Side view

Simultaneaous recording :
- Deposited thickness e (profilometer)
- Wetting length [,, (cameras)




SOFT BLADE COATING EXPERIMENT

Evolution e = f(l,,) for 3 types of fluids

300 .
| |

[ silicone oil 480 mPa.s

e  xanthan 0.9% °

250¢ HPAM 0.3%
HPAM 0.1% .
® o
| | [ ]
® 200+ .I = ° o
[ ] [ ] [ ]
F @ A
[ N o °
400 S 107 . h . :.o :
5 - o‘. g °
Silicone oil - o °se, ¢
200 100} L/ H
5| V =5mm/s B} . %, LI
) , o n=960mPa.s . S ¢ °
0 8 12 16 | $ d
t (s) e (um) 50r = .
o
f
i '
0 5 10 15 20 25
[y (mm)

e not constant =» deposit of
decreasing thickness as [,
decreases




WHAT GOVERNS THE SPREADING THICKNESS ?

PHYSICAL LAW FOR FILM THICKNESS

. - o doe E*I

» Blade elasticity dry ds L-—1,

« Lubricating ~ Kl Lorue
pressure ezt

Balance of viscous and elastic torques:

4 2
Fweterg blw (L - lw)

Newtonian
n=ky"?! , n = p(cte)
e
kV'I2Zh L, uVL2b
~l [ —(1 - ~ _
“\ITET < L> e~ |75 (1

Ly

L

)

Krapez et al., PRF 2022

Scaling law : > Dependence on [,
» e ~ with fluid viscosity, spreading velocity
» e~ with blade rigidity

Krapez et al., PRL 2020

fluid

blade

1

Pressure

Elasticity

e thickness of fluid

V velocity of the blade
1, wetting length

k flow consistency

n flow behaviour index
u dynamic viscosity

b width of the blade

L length of the blade

| geometric parameter
E* young modulus (incl.
Poisson ratio)




WHAT GOVERNS THE SPREADING THICKNESS ?

PHYSICAL LAW FOR FILM THICKNESS

e thickness of fluid
V velocity of the blade
Shear thinning Newtonian h wetting length
) k flow consistency
n= k]'/n—l n=u (Cte) = \ nflow behaviour index
2 u dynamic viscosity
n+1 b width of the blade
nyr2 2 < N Llength of the blade
e~ kV L b 1 _ l_W e~l MVL b 1 _ l_W % | geometric parameter
w E* I L w L E* young modulus (incl.
Poisson ratio)
Krapez et al., PRF 2022 Krapez et al., PRL 2020
300 T T — T
silicone oil 480 mPa.s -
250+ xanthan 0.9%
HPAM 0.3% . Film thickness predicted
200k HPAM 0.1% :
E Scaling law by Sca“ng law
3 150
® 4244 Thickness increases with
100 . . .
viscosity and spreading
50 velocity

= Prefactor 0.17
= Prefactor 0.06

5 10 15 20




|\

MATLAB

p F|n|te Correspondlng

 Solved statically

NEW NUMERICAL STUDY

/0 ‘ * Re~1073 « l;w —> lubrication approximation
Wett'
1n
8 lengtpy /.
[
V .
Fixed mounting 6(0) = 0 Horizontal xlirpme ==
No torque at tip Z—z| = 0 Laplace ddez __n
Blade Free surface T
d20 Laplace pressure
S G = / fusin (B(s) — 0(s')) — pcos (0(s) — 0(s'))ds’ 20 1ldp
C S -
Euler Elastica Viscous drag force Lift from fluid pressure ds? y ds

Governing equation for the shape (6)

00 0°6
Analogy heat — +S
ds2 + S(S 9(5)) =0 |:> equaton  Jdt  0s?
S =0



R —————————
VALIDATION OF THE MODEL

THICKNESS AS A FUNCTION OF THE WETTING LENGTH: ® Experiments
Scaling law

— = . Numerical computation

200 Silicone oil Xanthane
Viscosity: 2501 concentration: :'
2501 o 328 mga-s ool ® 0.4% ’
° mil’a.s I
- . 0.9%
= S 150
150 =
\B) \B} L ! J
100 100 -~
50 S0t
0 Prefactor 0.17 0 Prefactor 0.06
0 5 10 15 20 0 5 10 15 20
ly (mm) l, (mm)

Agreement of scaling law & numerical
computation with experimental data




COMPARISON : NEWTONIAN & SHEAR-THINNING FLUIDS

CHOICE OF NEWTONIAN EQUIVALENT

Same volume of fluid spread in the same time
(identical velocity and initial wetting length)

20

Deposition time (S)
= o

an

V =10 mm/s
l,(t=0)=18mm

= xanthan 0.9% Shear-thinning

0 0.2

1 = 500 mPa.s
= =7 = 1000 mPa.s

1 =150 mPas :
= =7 = 300 mPa.s } Newfonian

0.4 0.6 0.8
Deposited volume (cm?d)

.1

ENERGY NEEDED TO SPREAD THE FLUID

Mechanical work (LUN.m)

-200 ¢

-400 ¢

-600

-800 |.

-1000 -

-~y
= S
VNG S
YN S +30%
\ ~
\ AN
\ N >
. \ \
pee xanthan 0.97% ) \
« =7 =50 mPas .
n =150 mPa.s
= 11 = 300 mPa.s |
n = 500 mPa.s
= 13 = 1000 mPa.s . .
0 0.2 04 0.6 0.8 1

Deposited volume (cm?d)

Krapez et al., PRF 2022

A higher mechanical work is needed to spread a shear-thinning
fluid compared to its Newtonian equivalent (300 mPa.s)




COMPARISON : NEWTONIAN & SHEAR-THINNING FLUIDS

SHAPE OF FLUID DEPOSIT

e (um)
2

100 ¢

50 f

0 5 10 15

V=10 mm/s
ly(t=0)=18mm

e canithan (.9%
7 = 150 mPa.s

I—-— 1 = 300 mPa..sl

1 = 500 mPa.s

Shear-thinning

N
} Newtonian
y

Deposited length (cm)

20

Different curvatures

Greater film homogeneity for low viscosity

Newtonian fluid




NORMAL STRESS FLUIDS

NORMAL STRESSES IMPACT < __;
10° 800 / =
L~ = Die swell
— —~ 600
= < effect
éf/ 10° & 400 /
S Z 200
s . — > Weissenberg
-2
10 102 10 102 102 10° 102 number Wi = %
v (s71) Y (s7)
400 T T ‘ ‘
ss0.  © xanthan 0.9% 1 HPAM
A
300} “ HPAM 0.5% A | Wi ~ 10
== Numerical results A o
L . 7’
=20 4 Experimental data A%a
= 200 Film thickness increased by
O 1501 factor 2 to 8 in dip coating
de Ryck & Quéré 1998
100+
50
O‘L
25 No effect of normal stress

Ly (mm)

Krapez et al., PRF 2022




NORMAL STRESS FLUIDS

WHY IS THERE NO EFFECT OF NORMAL STRESS?

o lw
Total Lubricating pressure: P~ T
pressure:
P =D tDPn Pressure due to normal stress: py~N;
DN N1 e e Geometric factor that
~ ~Wi— counterbalances the high
P T ly Ly Weissenberg number
400 T T T
3501 xanthan 0.9%
. _ L HPAM 0.5%
Negligible while: R
“32250f5 A Experimental data A
Pn Ec W
— K1 e,>» 0.05mm (HPAM 0.5%) © 150G
pl 1000 4y “2"“No effect
Endof . 2 Beginning
: 5 10 15 of
spreading ly (mm) spreadin



R —————————
SOFT BLADE COATING OF YIELD STRESS FLUIDS

CARBOPOL GEL IN WATER N
i E*
g;j'fff_:) “~"~— KN
R &
RHEOLOGY THEORETICAL REPRESENTATION
Herschel Buckley v
102k T =1y, +ky" '__7__,.--v-'f o Different behaviors
‘ﬂ,_‘_ﬂ_,.r- s =1, expected under the blade
’E _—7 v v v . _..___..--l
=) e
. m=" _
101k e g - 0.1 w% -
F——9 ©® ] 0.15 w%
v 0.2w%
1(I}D 1l'12
i (s

Large discrepancy of the data At least two limiting

Do not follow the scaling law phenomena identified




LIMITS WITH YIELD STRESS SPREADING

FLUID STUCK UNDER THE BLADE

\\ \ Fluid stuck
—

U

.

——)

INITIAL ELASTIC FORCES

Elastic forces induced by Carbopol not
taken into account in the blade shape

» evaries independantly from [,

——)

» Non monotonous deposit (bumps)
> L, ? 2 no longer properly defined

|-I_—:> Situations not described in our model !

|-I—_:> Solution : Fixed blade (Maillard 2016)
Out of our study scope




I
CONCLUSIONS

ANALOGY WITH FINGER COATING

N

Key points:

» Non uniform coating is expected for Newtonian and shear thinning fluids
-> Solution : infinite reservoir of fluid

» Adding polymers to obtain normal stress has no impact on the thickness at the
begining of spreading.

» To get longer and more homogeneous deposit reduce spreading velocity or
viscosity (side effect: it leads to overall thinner deposit)

» Limits to describe yield stress spreading

ﬂ:{) Spreading of formulation with solid particles ?



THE IMPACT OF

PARTICLES IN SPREADING
DEFECTS




I
OBSERVATIONS:

DIFFERENT TYPES OF RESULTS AT THE END OF SPREADING A COSMETIC CREAM :

Artificial skin » Induce unpleasant sensation upon spreading on skin
» Reduce the efficiency of cosmetic product Challenge to
switch to biobased
What are the parameters involved ? products
How to explain aggregate formation ? (ex : cellulose)
How to avoid them ?




FORMULATION

CHOICE OF THE FORMULATION BASIS :

=> Characteristic rheological 3 Carbopol gel in water: mechanical resistance (yield stress)
behaviour O  Glycerol : residual film (10 wt% )
—> As simple as possible 1 Preservatives

CHOICE OF THE PARTICLE :

=> Spherical
—> Non porous
=> Rigid and smooth

EVOLUTION:
Concentration (volume fraction) of particule
O in the non-volatile phase :
@ H,0
[ o® evap.
® o © |:> dry _ Vsolid particles 100
@ 0 © O o Cv = Veoli clestV '
® ® .... ® 94 solid particles™V glycerol




SCOPE OF THE STUDY

FACTORS THAT MIGHT INFLUENCE THE EMERGENCE OF AGGREGATES:!

What we want to

study
: - Rough .
Material oughness Applicator
iy { - Elasticity
sensitive ; ,
- Interaction with . Concentration
) f\tllgvdeen?gr?ct Deposit | - Rheological behavior
User/machine | | Velocity - Interparticular friction
sensitive - Force - Surface tension
- Roughness
Substrate - Elasticity Material
- Interaction with the deposit sensitive
- Impregnation

What we want to
set




SCOPE OF THE STUDY

FACTORS THAT MIGHT INFLUENCE THE EMERGENCE OF AGGREGATES:!

What we want to
study

Applicator
Rigid

. - Concentration
Deposit | - Rheological behavior

- Interparticular friction
- Surface tension

1

Substrate

Spreading area

5mm

- X
2>cm PDMS bilayer

side
top




EXPERIMENTAL SETUP & PROTOCOL

» Spreading around 0.1-0.2 g of formulation with the

Protocol .
applicator

Dry deposit = glyceral,

» Drying on a heated plate at 40°C for 20min
ying P carbopol and solid particles

Applicator

I—-» Robot

- ) It
7 e - L . o 5 - | ' ,;
g Variable mass 7 ‘. _'i . . ﬂ

Mounting
bracket

Dry deposit cylinder Substrate
\ «—— latex
aidh & a2 & ® o

» 2 Back and forth movement with the applicator
moved by the robot




R —————————
ROLE OF DISCONTINUITY

Continuous Discontinuous
. # amount
deposit :

=

e

= : .
Discontinuity is at the
origin of aggregates

. formation

2

£,

3

q<f H

Spreading direction

Formulation

The spreading of cosmetics on the
skin also causes a discontinuity in
the deposit

t,

PDMS

> Choice of discontinuous
deposit for the experiments

Skin




IMPACT OF PARTICLE CONCENTRATION

After the 15t run :

60v%

Aggregate = an
object you can
manipulate




IMPACT OF PARTICLE CONCENTRATION

After the 4th run :

Aggregates formation depends on Aggregate = an
particle concentration in glycerol: object you can
Low c,= spread manipulate
Intermediate c,,= aggregates
High c,, = powdery deposit




With Carbopol

IMPACT OF CARBOPOL IN THE FORMULATION

40v%

50v% 60v%

65v% 70v%

80v%

After 4th run

90v%

Without Carbopol

Without carbopol the samples do not form
aggregates




MECHANISM OF

AGGREGATES FORMATION




R —————————
FORMATION MECHANISM

PROPOSAL FOR A MICROSCOPIC MECHANISM

Applicator
/ + No slip at the wall
00000
Dry droplet ———— & @999Cg
N

Solid particle

Substrate




FORMATION MECHANISM

PROPOSAL FOR A MICROSCOPIC MECHANISM

O:o.:: o O:%é.:%%. - ) &..{:&%. =

Spreading

Ecohesion <
Elocal

adhesion

Ecohesion >

Elocal
adhesion

Rolling

B G

Aggregates forms if;

Ecohesion > Elocal adhesion (+ Nno slip)

l

~G'

C

—y



VALIDATION OF THE MODEL : RHEOLOGY

IMPACT OF PARTICLE CONCENTRATION:
PRINCIPLE 5 _><1(|)4| e
In oscillation 5_ A _
4 r .
¥ strain 59 v
f frequency =3 Xf}[‘/‘/‘ 1 BT V%
& | —a—56 v%
— . M/M 1 A 54vR
{ —a—no particles

% r N ol il L
1072 107" 109 10"

G' Elastic modulus f (Hz)

144 .
G" Viscous modulus IMPACT OF CARBOPOL:
10°

" | 57 v%

) ) : with Carbopol
Elastic modulus G’ increases with: P

» particle concentration c, ,
> Carbopol presence 10
» frequency

¢' (Pa)

without Carbopol ]

|-|:> 1072 10" 10° 10"
f (Hz)




VALIDATION OF THE MODEL: PROBE TACK TEST

PRINCIPLE

Probe —>-

Sample ——» -
Y F— X
/ \ """ relaxation
- -

Adhesive failure Cohesive failure

I \
contact | \ 1

i [\

time

withdrawal

Ecohesion > Eadhesion Ecohesion < Eadhesion

5 5




VALIDATION OF THE MODEL: PROBE TACK TEST

IMPACT OF THE SOLID PARTICLE CONCENTRATION

¢y =0 % 40 % 50 % 54 % 56 % 59 % 65 %

Cohesive failure Adhesive failure

¢, = 54% = Adhesive failure is observed,
Econesion = Eadnesion @Nd aggregates are expected

COMPARISON WITH SPREADING TEST

. Cohesive failure 50 V/ 56 Adhesive failure ) -
Tack test: - 20 // “ - Tack test gives
| | 7, ° | o good match
. ° | between adhesive
Spreading test: Spreading 93 é 6  Aggregates faillure and
1st 7
(1strun) 30 40 50 7 60 70 y aggregates

V%



VALIDATION OF THE MODEL: PROBE TACK TEST

IMPACT OF CARBOPOL

with Carbopol without Carbopol
3 60 v%
® LB
Removing Carbopol
Adhesive failure Cohesive failure
Ecohesion > Eadhesion Ecohesion < Eadhesion

L




I
VALIDATION OF THE MODEL: PROBE TACK TEST

IMPACT OF PRE-MIXING
No pre-mixing Pre-mixing After 1st run After 4" run  62v%

e A X

| an
» -
SR

S 2= Small ,
57v% «10% . : " 53
no pre-mixing | gy g & v\J-- ~ ,’ "t e
35 pre-mixing - s s v M WaVy Shape A\'/ A
\ w
| R b | =spread . =¥+ % o
’ N W & \ of Pr” = e
= 2.5 v wi" 3 s O )
&
— 2
g 1.5 v
1 . Spreading of aggregates by successives
05 . runs =~ premixing
0 A o

With pre'miXing > Ecohesion > Eadhesion = Ecohesion < Eadhesion
=» cohesive failure for ¢, < 57% (instead of 54%)

Explain the spreading of aggregates after the first run (at some c,)




SUMMARY

~ Slip No slip at the walls

L

4

Cohesion

Aggregates

de or

Pre-shearing

Adding *‘
carbopol \
\

Pushed on the sj
Stays in place

A Pressing force,
7 Substrate adhesion

A
Velocity,

Spread

[
»

Adhesion




WHAT WOULD BE A SAFE
IE RANGE OF CONCENTRATION¢

W) For carbopol/glycerol based formulations




JAMMING PACKING FRACTION

055 [0 O
O 2ele é)o% ee %%%
00 Q) |40

Dilute Concentrated Compact Granules

Estimated through the
« Small ball test »

Above this limit in the non volatile phase,
aggregates are expected to occur after drying

Ball representing
the limit ¢,




COMPARISON WITH AGGREGATES TEST

Spreading test
e Strong defects | Industrial

Oil based formulations Little defects evaluation
' ' ' e Spread

Water based formulations

100 100 .
Defects

Defects

®
o
@
o
=

——1—%

—— 1in silicone oil

|

Particles mass fraction (w%)
°
Particles mass fraction (w%)
[=2]
o
o
@

—— in glycerol

iy
o]

° ° —— 1n water

N
b
S
[
[ ]

=}

. . 100 : : : :
Defects °® o Defects

—
o
S
L

oo
]
oo
)

o ] ,
° Assumptions :

60 —e—__ | 3k Penetration of interstitial

e liquid in porosities
ol e | O Swelling

ee

—*-5—5

volume fraction (v%)
5

volume fraction (v%)

Effective particles
Effective particles

o
S
@
e ® 0 O
o0

Sp?ead

° Keeping ¢ below

>» ¢ reduce the risk of
spreading defects




EXTENSION TO OTHER PARTICLES

TWO CORRECTIVE EFFECTS ON THE VOLUME FRACTION:

SWELLING POROSITY

SWdS in air ( g;!llglose beads m water and Porous Silica 80156

10wt% egcho"l}fteJ drying

% B9 )
Y % 20 O'e
L o¥

Effect on the volume of particule and volume of interparticulate liquid

The jamming packing fraction is reached for low mass fraction of
particles if they are porous or swell in solvent




I
CONCLUSIONS

AGGREGATES OF PARTICLES

& | W

CelluloseBeads - -
USF /

Key points:

» New set-up with robot & artificial skin to study aggregate formation

» Several factors indentified as impacting aggregates formation: particle
concentration, Carbopol ...

» Aggregates form when cohesion of the material is stronger than adhesion on the
walls.

» Good match between tack test and spreading test results. Easier experiment to
predict aggregates.

» To reduce the risk of aggregates keep ¢ < ¢y,

» Warning: swelling & porous particles have low maximum mass fraction.




K CONCLUSION AND

PERSPECTIVES




I
Soft substrate influence ?

CONCLUSION AND PERSPECTIVES
Rigid blade for yield

stress ?

Inhomogeneous

How does a finite : —— )
. thickness
/

reservoir influence the
Complex deposit

spreading dynamics ?
# Shape, energy
Shear-thinning

What is the impact f\
Shear-thinning Shear-thinning
+ Yield stress

of rheology ? —
+ Normal stress
No slip at the walls

System

. ; - Cohesi
What are the parameters involved in aggregates formation 2-°"°" | 5 /Aggregates System
How to explain their formation ? Cohesion VS adhesion £ g Pre-shearing
i A Pressing force,
A Substrate adhesion

How to avoid them ?< ¢ < ¢y
& Spreading if :
- Low cohesion in the material

- Strong adhesion to the walls

Quantitative validation ?
Improve equivalence spreading test &
tack test (material, movement) ?
Skin topography ?

Adhesion




PERSPECTIVE: TACK TEST

Probe —

Sample ——» -

Prediction of aggregates formation for a
given formulation (dried)

— Quick

— Easy to implement in industry

To dig deeper:

— Probe surface material

— Test conditions (pull-back
velocity...)
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