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Introduction

The rheologically-complex fluid beauty of nail
lacquer formulationsy

Leidy Nallely Jimenez, Carina D. V. Martinez Narvaez, Chenxian Xu,
Samantha Bacchi and Vivek Sharma (= *

Nail lacquer formulations are multi-ingredient complex fluids with additives that affect color, smell,
texture, evaporation rate, viscosity, stability, leveling behavior, consumer’s sensory experience, and dried
coating’s decorative and wear performance. Optimizing and characterizing the formulation rheology is
critical for achieving longer shelf-life, better control over the nail painting process and adhesion,
continuous manufacturing of large product volumes, and increasing overall consumer satisfaction.
Dispensing, bottle filling, brush application, and dripping, as well as perceived tackiness of nail polishes,
all involve capillarity-driven pinching flows associated with strong extensional deformation fields.
However, a significant lack of characterization of pinching dynamics and extensional rheology response
of multicomponent formulations, especially particle suspensions in viscoelastic solutions, motivates this
study. Here, we characterize the shear rheology response of twelve commercial nail lacquer
formulations using torsional rheometry and characterize pinching dynamics and extensional rheology
response using dripping-onto-substrate (DoS) rheometry protocols we developed. We visualize and
analyze brush loading, nail coating, dripping from brush, sagging, and lacquer application on a nail to
outline the challenges posed by free-surface flows and non-Newtonian rheology. We find that the
radius evolution over time obtained using DoS rheometry displays power law exponents distinct from
those exhibited in shear thinning. Both shear and extensional viscosity decrease with deformation rate.
However, the extensional viscosity appears to be rate-independent at the highest rates and displays
nearly an order of magnitude larger values than the high shear rate viscosity. We envision that the
findings and protocols described here will help and motivate industrial scientists to design better
multicomponent formulations through a better characterization and understanding of the influence of
ingredients like particles and polymers on rheology, processing, and applications.

film-forming polymer (like nitrocellulose) in a volatile, organic
solvent."™ The preference and popularity of nail lacquer, and

Nail lacquer, also known as nail polish, varnish, enamel, or nail
paint, is a multicomponent formulation designed for painting
or coating fingernails and toenails that dries, forming a firmly
adhering film that decorates and protects the underlying
nail.' Nail lacquers are classified into different categories
based on solvent choice (aqueous or non-aqueous), the film-
forming method (drying or photo-polymerization), and ingredient
choices that affect color, smell, texture, evaporation rate, viscosity,
stability, and sagging behavior.™ Even though alternatives
including aqueous and UV-curable formulations are gaining
popularity, the most widely used nail lacquers are formulated
with colorants and clay particles added to a solution of a
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colored coatings in general, depend on the consumer perception
of liquid coating (homogeneity, thickness, and smoothness), the
ease of application, drying time, and both decorative (color, gloss,
shine, shimmer, or texture) and wear properties of the dried
coatings."™ Even though modern formulations are engineered
to satisfy these consumer preferences, control over rheology also
influences shelf-life and facilitates selecting appropriate mixing
and processing protocols for industrial-scale manufacturing.'*>*
However, after surveying the published literature, we found
remarkably few shear rheology measurements of nail lacquer
formulations and no extensional rheology studies," motivating
this study. Here we focus on conceptual and experimental
challenges underlying the rheological characterization of twelve
nitrocellulose-based commercial nail lacquer formulations and
the fluid mechanics and rheology quests relevant to the problem
of painting nails or getting them painted. A quote from Picasso
echoes our motivations: “I have a horror of people who speak
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about the beautiful. What is the beautiful? One must speak of
problems in painting!”

It is well-established that shear viscosity with a suitable rate-
dependent profile enables better control over the shelf-life,
pouring and spreading, sagging and leveling, and thickness
and homogeneity of coatings,"***'*'® and to some extent,
influence the perception of formulations as ‘thick,” ‘thin,
‘runny,” ‘gloopy, ‘gloppy’, or ‘goopy’.>”*® Often, the time
taken by a liquid neck to pinch-off on dripping from a brush,
or on stretching a liquid bridge between a finger and a thumb
informs and determines the consumer experience, satisfaction,
and perception of heuristic properties like tackiness, stickiness,
stringiness, sprayability, or ‘gloopiness’.’**'° In the food,
cosmetic and pharmaceutical industry, consumer panels and
shear rheology data, complemented with force-distance plots
obtained using texture analyzer, are often used for accessing
these heuristic properties of formulations.>”'*'>*'! strong
extensional kinematics associated with streamwise gradients in
the velocity field often arise in pinching necks during drop
formation, near curved interfaces during coating flows, and in
liquid bridge or filament stretching experiments.'>126:27,32,33
Thus, correlating the ingredient-sensitive consumer perception
of stickiness or stringiness, pinching dynamics, the evolution
of viscoelastic interfacial instabilities, and processability to
measurable material properties requires the characterization
of extensional rheology. However, several practical challenges
exist, including sensitivity to deformation history, elastic or
inertial flow instabilities, and a limited range of accessible
strain or strain rates, in addition to the need for bespoke
instrumentation.'*>?%%7%¢ geveral recent studies describe the
use and application of dripping-onto-substrate (DoS) rheometry
protocols we developed®®™* to address many longstanding
challenges for characterizing the extensional rheology and pinching
dynamics of polymer and polyelectrolytes solutions,*® #3748
printing inks,***® micellar solutions,**°* food materials
(cellulose gum solutions, ketchup, mayo), and cosmetics
(hand-cream, and conditioners).*®*"**33 In this contribution,
we characterize the extensional rheology response of the
nail lacquer formulations using dripping-onto-substrate
(DoS) rheometry protocols by analyzing the neck pinching
dynamics of a stretched liquid bridge formed by dripping a
finite liquid volume from a nozzle onto a partial-wetting
substrate.***

The nail lacquer market is over ten billion U. S. dollars and
growing.>** The word lacquer originated from the Sanskrit
word “laksha” or the Hindi “lakha,” which refers to the lac
insects and the scarlet resin they produce. Due to the enormous
number of insects (and maybe the product’s value), lakh is the
Hindi word for a hundred thousand. Ancient texts, including
the epic Mahabharata by Ved Vyas and Kalidasa’s play Abhi-
gyanshakuntalam, mention laksha or lakha, implying its history
of use begins in ancient India (1500-500 BCE).>® The recent
advances in methods used for identifying colorants and
binders in icons, paintings, and fabrics attest to the use of
lac-based dyes and pigments in both Asia and Europe,’*™® and
texts from the Mediterranean region as early as the 3rd century

5198 | Soft Matter, 2021,17, 5197-5213

View Article Online

Soft Matter

A.D. mention “haxyo” (lakcha, lac), a water-soluble dye
imported from the Indian subcontinent. The recipe of water-
insoluble lac lake pigments, formed by precipitating lac on
alum, is mentioned as early as the 9th century and contains
plant-based gums as binders.”**® The complex fluids and
processes used for painting nails share many attributes with
those used for painting walls and canvasses,>”'""'*> and the use
and choice of pigments, rheology modifiers, film formers, and
binders have a 30 000-year tradition and history.** ®> Nitrocellulose
was one of the first polymers to be used commercially,®**”
including photographic films for making motion pictures
“mother-in-law” artificial silks, and as an additive for applications
as varied as explosives® and car paints in the 1920s. Unlike canvas,
cement, or stone, the substrate for applying nail paints (human
nail) is a hard and insoluble structural protein (scleroprotein)
made up of keratin.*** Even though the wettability and roughness,
as well as diseases and defects of nails too, influence the perceived
properties of nail lacquers,>®** here, we restrict attention to the
characterization of rheology and pinching dynamics, being
mindful of the challenges posed by unknown and varied
compositions of the commercial formulations.

In this contribution, we first describe the shear rheology
response obtained using torsional rheometry and experiments
used for visualizing brush loading, sagging, and brush application
to nails. We confirm that the nail paints are rheologically-complex
fluids that display shear thinning and thixotropic behavior or
show rate-dependent viscosity response sensitive to the prior
deformation history. Next, we employ the DoS rheometry protocols
to characterize the pinching dynamics and extensional
rheology response of the nail lacquer formulations. The local
balance of capillarity, inertia and viscous stresses determine the
pinching dynamics for Newtonian fluids,”®”> and additional con-
tributions from rate-dependent viscosity and elastic stresses deter-
mine the pinching dynamics for many complex fluids.?**¢**"> For
Newtonian and power law fluids, the radius evolution of pinching
necks can be often fit by R(t) oc RX[(tr — ¢)/tic]™ yielding an
exponent, 7, a filament lifespan, ¢, a characteristic time, ¢,. and a
pre-factor, X that are dependent on material properties. Newtonian
fluids display n. = 2/3 and n. = 1 for low and high viscosity,
respectively, whereas the Generalized Newtonian fluid models”*">
predict n. values matched with the power law exponent, n
that captures the shear thinning response.****’®”” In contrast,
solutions of high molecular weight polymers often display an
elastocapillary response'>>®332>737494% with an exponential
decrease in radius with the decay constant termed as an
extensional relaxation time, Zz. Radius evolution data allows
computation of the strain, ¢, and the strain-rate, ¢ dependent
extensional viscosity, 7g = 11:(é,8,t). Polymer solutions display strain
hardening behavior even if shear viscosity exhibits shear
thinning.'®>"?%*™% We find that nail lacquer formulations
display extensional thinning and show distinct pinching dynamics
even if the shear rheology response is comparable. We anticipate
that our protocols and findings will inspire characterization of
pinching dynamics and extensional rheology of industrial complex
fluids, drive fundamental research on the rheology of particle
suspensions formulated in viscoelastic fluids (similar to nail

67,68
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lacquers) and eventually facilitate the macromolecular engineering
of formulations.

Materials and methods
Ingredients of the twelve nail polishes

We picked twelve commercially available nail polishes, repre-
senting three brands and four colors each from OPI Infinite
Shine 2 long-lasting, CND Vinylux long-wear, and Essie nail
polishes (see Fig. 1). Table 1 lists the typical ingredients and
their concentrations. The twelve nail lacquers all rely on
nitrocellulose as the film-former and have ethyl acetate and
butyl acetate as active solvents. In addition to these active
solvents, the so-called diluents that are poor solvents for
nitrocellulose are sometimes added either as solvents for other
ingredients or to help control the viscosity and drying
dynamics." Nitrocellulose helps in the formation of glossy,
robust, and high strength coating on the nail,"”®” primarily
when used together with secondary film-formers including

(a) Big Apple Red Nessie Plays
Hide & Sea-k
OPI ! | \ ! | ‘
{— \i/
(b) Bloodline Midnight Swim

S—

Smokin' Hot

(©) Tart Deco

Essie
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acrylate copolymers, di-HEMA trimethylhexyl dicarbamate,
and plasticizers that reduce the glass transition temperature,
T,. Reducing T, increases the flexibility of the nitrocellulose
films, leading to improvement in wear resistance. Based on
the published literature, we surmise that the nitrocellulose,
typically used as film former for the nail lacquer formulations,
has a nitrogen content of 10-13% and a relatively low molecular
weight, M,, = 100-300 kg mol *.78752

Color stabilizers, such as benzophenone-1 offset the age-
dependent yellowing of the UV light-sensitive nitrocellulose.
A varied proportion of pigments and colorants are added to the
nail polish formulations to improve visual effects. Stable
colorants, known as “lakes” (including lac lakes), are salt
complexes produced by precipitated pigments from aluminum
hydroxide. Certain pigments, such as mica or alumina, with a
larger particle size (5 pm-400 pm) provide sparkle or shimmer
effects. In contrast, titanium oxide (and to a lesser extent iron
oxide) contributes to opacity both due to high specific gravity
and optical properties. Nail lacquers contain suspension
agents, including organoclays added to control the flow behavior

Closer Than
You Might Belém

Getting Nadi
On My Honeymoon

o

Lobster Roll Married To Mauve

CND.

VINYLUX«

Muchi Muchi

Fig. 1 Nail polishes with different brands and colors. (a) OPI Infinite Shine 2 long-lasting nail polishes. From left to right, the colors are Big Apple Red,
Nessie Plays Hide & Sea-k, Closer Than You Might Belém, and Getting Nadi On My Honeymoon. (b) CND Vinylux long-wear nail polishes. The colors are
Bloodline, Midnight Swim, Lobster Roll, and Married To Mauve from left to right. (c) Essie nail polishes. From left to right, the colors are Tart Deco, Smokin’

Hot, Mint Candy Apple, and Muchi Muchi.
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Table 1 Ingredients used in nail lacquers are listed here with their typical concentration range

Role of the Conc.

ingredient Ingredients (Wt%)

Film-Formers Nitrocellulose 5-15
Styrene/Acrylates Copolymer, Tosylamide/Formaldehyde Resin, Polyester, Tosylamide/Epoxy Resin 4-20

Plasticizers Acetyl Tributyl Citrate, Trimethyl Pentanyl Diisobutyrate, Triphenyl Phosphate, Ethyl Tosylamide, Camphor, 0.1-2
Trimethylpentanediyl Dibenzoate

Suspension Agents  Stearalkonium Bentonite, Stearalkonium Hectorite, Silica 1-5

Solvents Ethyl Acetate, Butyl Acetate, Isopropyl Alcohol 65-75

Colorants & Pearls  Titanium Dioxide, Mica, Alumina, Synthetic Fluorphlogopite, Iron Oxides, Dyes, Calcium Aluminum Borosilicate, ~ 0.1-10
Aluminum Calcium Sodium Silicate, Calcium Sodium Borosilicate

Other additives Benzophenone-1, Dimethicone 0.001-1

and facilitate even dispersion of colorants (especially particles). onto-substrate (DoS) rheometry protocols®®*%*>** that we

However, clays tend to aggregate into weak flocs, and their
concentration, size, shape, and charge determine their influence
on flow behavior, including the thixotropic response.**”*® The
formulations also contain polar additives to facilitate better clay
dispersion, surfactants to improve wettability, and additional
rheology modifiers, such as silica derivatives and silicones. Some
additives such as vitamins, oils, herbal extracts, and proteins are
sometimes added solely for marketing claims.

Methods for characterizing flow behavior and application of
nail lacquers

We characterized the shear rheology response of nail lacquers
using a cone-and-plate (cone diameter 25 mm, cone angle 1°) or
a parallel plate geometry (plate diameter 25 mm, gap = 0.5 mm)
using a closed-cell on an Anton Paar MCR 302 rheometer at
23 °C. Shear stress is measured for shear rates in the range 0.1-
10° s7' and is used for determining the apparent shear
viscosity, 5(y) = t/y for four points per decade, after applying a
particular shear rate only for 10 s to minimize evaporation effects.
We designed a few specialized experiments for visualizing differ-
ences between nail paints in terms of brush loading, sagging, nail
coating, and dispensing/drop formation. For these experiments,
an LED white light source (Fotodiox LED-209AS) with a color
temperature set at 5600 K with a diffusor paper provides uniform
illumination. The images and videos were captured using a DSLR
camera (Nikon D5200 24.1 MP). The images were recorded in
RAW format, and the videos were recorded at 50 fps. For carrying
out the brush loading experiments, the caps, with attached
brushes, were translated in an upward direction at a constant
velocity of around 38 mm s~ and then brought to a halt with a
motorized linear stage (Velmex XSlide) using a Velmex VXM-1
stepping motor controller. We visualized subsequent dripping
from the brush into the stationary bottle and compared entrainment
and dripping behavior between different formulations. For the
brush application experiments, the nail polish was applied to a
co-author’s nail by hand using similar stroke velocity for
moving brush (6-10 mm s '), as human controls lead to
variation. For the sagging experiments, the nail polish was
poured on a piece of horizontal white paper attached to an
acrylic board. Then, the board was inclined at around 60°, and
forward illumination was used for visualization.

Pinching dynamics and extensional rheology response of the
nail polish formulations were characterized using the dripping-

5200 | Soft Matter, 2021,17, 5197-5213

developed. The experimental system used for DoS rheometry
consists of a dispensing system and an imaging system. A finite
volume of liquid is dispensed through a stainless-steel nozzle
onto a clean glass substrate at a height H below the nozzle.
The nozzle radius was kept constant for all experiments, with
an outer diameter, Dy, = 2R, = 2.108 mm, and fixed values of
flow rate, Q = 0.07 mL min ™, and an aspect ratio, H/D, ~ 1.5-
3 was used. We determined that a higher flow rate of Q =
0.07 mL min~ "' than Q = 0.02 mL min ™" (typically used in our
previous DoS rheometry studies) reduces the time required for
creating the stretched liquid bridge. The evaporative losses are
probably diminished but not eliminated (and require further
investigation). The imaging system includes a light source,
diffuser, and high-speed camera (Fastcam SA3). A Nikkor
3.1 x zoom (18-25 mm) lens was used with a macro lens to
maximize magnification at the frame rates used (8000-25 000
frames per second). For the dripping-onto-substrate (DoS)
experiments carried out with a DSLR camera, the images were
recorded in RAW format, and the videos were recorded at
100 fps, using forward illumination. The minimum neck radius
from every snapshot was determined by analyzing the DoS
videos with Image] and specially written MATLAB codes.

Results and discussion
Shear rheology of twelve nail polishes

Fig. 2 shows that the apparent shear viscosity as a function of
shear rate for the twelve nail lacquer formulations exhibits
shear-thinning behavior with a nearly hundred-fold decrease
over a shear rate range that emulates the rates characteristic of
typical processing flows.""">™'®%> A mismatch between the flow
curves measured by shear rate ramp-up and the ramp-down
reveals the possibility of a thixotropic response, discussed later
in this section. The four-parameter Cross model*®*° is used for
fitting the ramp-up data for the rate-dependent viscosity
response for twelve formulations using the expression:

Mo — N
N=Ne t+7— 1
SRR g

The values of a rate-independent zero shear viscosity (1),
high shear rate viscosity (17.,), an exponent (m) that quantifies
the power law dependence of the viscosity in the intermediate
shear rate region, and a critical strain rate j. that defines the

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Apparent shear viscosity as a function of shear rate for different OPI, CND, and Essie nail polishes. A fixed time of 10 seconds is used between
measured values. The difference in response to ramp-up and ramp-down attests to the different degrees of thixotropy for (a) OPI, (b) CND, and (c) Essie

formulations, respectively. The Cross model fits are shown as solid lines.

onset of the shear thinning region, are listed in Table 2 (in a
later section). For dilute polymer solutions, parameters can be
reduced to three, using solvent viscosity to define high shear
rate viscosity. However, for multicomponent complex fluids like
nail lacquers, the high shear rate viscosity has contributions
from the particles, polymer, and other additives, in addition to
the solvent. Therefore, we used all four parameters for analysis.
The zero shear viscosity and infinite shear viscosity values for a
given brand appear comparable. The OPI brand nail polishes
have the highest, 7, ~ (40-100 Pa s) and nearly matched
15 (~0.4-0.6 Pa s) values. Among the OPIs (see Fig. 2a), the
Big Apple Red seems to have both the highest viscosity values
and the highest degree of apparent hysteresis, whereas the
ramp up and down data agree for the Nessie Plays Hide & Sea-k.

The two limiting viscosity values of the four CND formulations
(see Fig. 2b) are lower than those measured for the OPI nail
polishes. The shear viscosity values are consistently lower for

This journal is © The Royal Society of Chemistry 2021

Essie formulations (see Fig. 2c) than the OPI and CND nail
lacquer formulations. Most nail polishes from the OPI brand
exhibit an exponent around m = 0.9, whereas for the CND
brand, it is typically around m = 0.7. We anticipate designing
nail polishes with a similar degree of shear-thinning allows the
use of the same manufacturing equipment, with a comparable
pumping rate, aiding in the process optimization when man-
ufacturers switch from one nail polish color or shade to
another. Examination of stress vs. shear rate and viscosity vs.
stress plots (see ESIT) also show that the OPI Red exhibits a
higher apparent viscosity at matched stress in contrast with the
CND and Essie formulations. All nail lacquer formulations
display a sharp decrease in viscosity with an increase in stress,
that facilitates nail coating and dispensing processes.'**?
In contrast, a high value of viscosity at low shear rates improves
the stability and shelf-life of suspensions and resistance to both
flocculation and sedimentation.'*™**17:8991 However, for the

Soft Matter, 2021,17, 5197-5213 | 5201
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Fig. 3 Time dependence response to stepwise changes in shear rate and build-up/breakdown tests for OPI shade. (a) OPI Big Apple Red stress and

viscosity response to different stepwise changes in shear rate starting from

an initial value of 10 s7%, followed by a decrease to 2.5 s~* and a final value of

7.5 571 Shear rates were imposed for a fixed time of 30 s. Multiple test results are included to highlight the characterization challenges. (b) OPI Big Apple

Red stress response to a stepwise reduction in shear rates from a different

initial value to a final shear rate of 0.25 s™%. In all three cases, the initial shear

rate was imposed until steady state values were reached. The corresponding curve with an initial shear rate of 5 s~* exhibits a different and non-steady-
state behavior at the longest time reported in the test. (c) OPI Big Apple Red stress response to stepwise increment in shear rates from a different initial
value to a final shear rate of 10 s7%. Stress values approach the same magnitude after 10 s. The initial shear rate for all three cases was applied until steady

state values were reached.

similar reasons, bubbles trapped within the nail lacquers are
long-lived,”®* and users are advised to roll nail lacquer bottles,
rather than shake them.” Bubbles and particle aggregates affect
both the aesthetic and wear properties of coatings. The shape of
the viscosity (or stress) vs. shear rate ramp-up and ramp-down
data constitutes a hysteresis loop attributed to thixotropy. Like
the apparent zero shear viscosity, the areas enclosed in the
hysteresis loop are also smaller for the CND and Essie than the
OPI formulations.

The deformation and relaxation of an underlying micro-
structure manifest in shear thinning and thixotropy.** %54
Thixotropy refers only to reversible, time-dependent, and flow-
induced change in viscosity, and not all shear thinning
formulations are thixotropic.'8>¢:8378%957101 Reduced particle
concentration, or interactions, can lead to a lower thixotropy.
Carrying out careful measurements of steady state viscosity and
thixotropy response is rather challenging for nail lacquer
formulations that tend to dry quickly. However, Fig. 2 presents
a practical approach for characterizing thixotropic effects
qualitatively in terms of the area between the ramp-up and
ramp-down curves. According to Mewis and coworkers,**®® the
effect of shear rate and time can be decoupled by measuring
the response to stepwise ramp in strain rate, facilitating a more
rigorous characterization of thixotropic response. In Fig. 3,
we illustrate the measurement protocol by investigating the
thixotropic response of OPI Big Apple.

Three shear rates are applied in sequence for 30 s each: an
initial shear rate of 10 s~ " is applied, followed by a step-down to
2.5 s %, and a final step-up to 7.5 s, as shown in Fig. 3a. The

5202 | Soft Matter, 2021,17, 5197-5213

measured response plotted in terms of stress and viscosity
reveals that a longer time is required to reach steady-state
values on step-up in shear rate compared to the step-down
processes. We include datasets from multiple experiments with the
OFPI Big Apple Red formulations in Fig. 3a to illustrate the range of
variability in these measurements (also see supplementary
document, ESIT for the corresponding viscosity vs. shear rate plots).
The old bottle datasets are for samples drawn from the same bottle
as used for the highlighted measurement but carried out after few
months of storage. The new bottle datasets were acquired using
samples drawn from a separate, freshly opened bottle. For all
experiments, a pre-shear of 0.25 s~ was applied for 30 s before
acquiring the datasets shown here. Fig. 3a appears to show a
precipitous decrease in stress on step-down of shear rate typically
associated with an inelastic thixotropic response. However, the
stress variation plotted in Fig. 3b against a log-scaled time axis
shows a time-dependent decay at short times (<1 s), that can be
attributed to viscoelasticity. A thixotropic material with visco-
elasticity exhibits a short, gradual decrease in stress over a time-
scale set by relaxation time before recovery governed by a thixo-
tropic timescale. The datasets showing the transient response of
the stress to a sudden step-down in shear rate to 0.25 s~' from
three distinct values of higher rates shown in Fig. 3b, all show this
gradual, initial decrease over 1 s and the timescale is comparable to
relaxation time estimated using Cross model fit to data shown in
Fig. 2. The transient response for step-up to 10 s~ * from three lower
rates is included in Fig. 3c. The steady state values of the stress
seem to depend weakly on the initial imposed shear rate.
Due to drying problems, reversibility was not thoroughly tested

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Visualizing volume entrained by brush loading and patterns formed during sagging. (a) The brush was mounted on a motion stage for the brush loading
characterization and withdrawn at 38 mm s™. The scale bar is 3 mm. The three snapshots included are obtained using OP!I Infinite Shine 2 long-lasting Getting
Nadi On My Honeymoon nail polish (time step, At = 0.1 s). (b) Sagging of the three nail polish formulations is compared by allowing gravitational drainage of a
film on a surface inclined at 60° (supplementary videos online, ESIt). The scale bars are 10 mm each. Time difference between snapshots in each row is varied:
OPI Infinite Shine 2 long-lasting nail polish with Big Apple Red color (At = 1.5 s), Essie nail polish with Mint Candy Apple color (At = 1.5 s), and CND Vinylux long-
wear nail with Lobster Roll color (At = 0.8 s). (c) Image sequences show nail paint application onto a fingernail using a brush moved by a human hand. The
videos were acquired at 50 fps, and the scale bar is 5 mm. The brush design for CND allows for higher entrained volume. However, CND exhibits more sagging
and bleeding of the formulation than OPI due to lower thixotropy and lower viscosity. Essie has a smaller brush that leads to lower pick-up or entrained volume.
Also, the viscosity is lower, and the pigmentation is not as high as the other long-wear brands, such that a single brush stroke creates a more sheer finish.

by increasing shear rate back to the initial value, and a complete
characterization that includes a broader range in shear rate
variations was not carried out.

Brush loading, sagging and leveling, and brush application

Nail polish is applied onto a nail typically using a miniature
brush, and often, more than one layer is needed to obtain the
finished look. In addition to the rheological properties of
the formulation, the mechanical and interfacial properties of
the brush bristles influence the fluid volume entrained by
brush on withdrawn from the bottle,''%>71% the ease of
forming a uniform coating, the number of coats needed, and
the sensory perception of the coated films.>'° Entraining, or
picking up, too much product with the brush, can subsequently
lead to a thicker layer and cause pooling or an uneven film. For
quantitative comparison, the same brush type with different
formulations, or the same formulation, with varying brush
types should be used in such experiments. However, here we
simply chose to use the brushes supplied with each nail polish
bottle. A significant difference in entrained volume is observed
as the brush mounted on a motion stage is withdrawn from the
respective nail polish bottles at a controlled rate, as shown in
Fig. 4a (and see supplementary videos online, ESIY).
We observed that the considerable variation in the entrained
volume contributes to the variation in the sagging and brush
application process (shown in Fig. 4b and c) and the subse-
quent dripping process (see Fig. 5).

Fig. 4b shows representative examples of sagging as
displayed by three nail polish formulations. Any commercial paint
applied onto an inclined surface exhibits sagging phenomena,

This journal is © The Royal Society of Chemistry 2021

which refers to gravity-driven flow and finger-like pattern
formation, resulting in undesirable non-uniform coats.'*”"*"'"°
The distance between fingers is around 27 mm for the OPI and
about 17 mm for the Essie and CND formulations for the image
sequences included in Fig. 4b (and supplementary videos online,
ESIt). Sagging leads to unwanted spreading, including bleeding to
the sides of a nail, requiring extra time and care for cleanup as an
additional effort to beautify nails. The sagging process can be
modeled as the flow of a falling film on an inclined surface by
accounting for the role played by shear-thinning, and thixotropy,
with the additional influence of evaporation."'®™*'* Since the shear
rates realized during nail coating are relatively high, control over
sagging requires a faster transition to a higher viscosity fluid after
removing applied stress (except gravity), and often thixotropy is
considered as a possible way of reducing sagging.

In both nail paints and architectural paints, a base coat layer
facilitates smoother application, protects the nail from stains,
acts as a barrier between the nail polish and the nail, and
assists in easier removal of the nail polish.*°® Typical brush
application involves an initial dipping of the brush into the
polish, and after the brush withdrawal, pressing the brush to
the top of the bottle helps avoid excessive dripping. We follow a
similar process, and we contrast single-layer coats applied to
human nails by hand. Analysis of our experiments reveals
stroke speeds in the range of 5.5-10.5 mm s~ ', with an average
velocity of 7.4 mm s~ and a standard deviation error of 1.5 mm s .
The image sequences in Fig. 4c show progression from
right to left, with a time step of 0.5 s, and the scale bar
represents 5 mm. The stiffness of the brush can affect the film
formation; stiffer bristles leave streaks behind. A proper brush

Soft Matter, 2021,17, 5197-5213 | 5203
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Fig. 5 Dripping is shown here for the twelve colors chosen from three different brands: OPI, CND, and Essie. Withdrawal of a brush supplied with the
particular bottle was carried out at a constant velocity. Each scale bar represents 5 mm for a row of images corresponding to each brand.

should fan out on contact with the nail to provide better
coverage after one stroke. However, some users prefer a smaller
brush as it allows for better movement, control, and precision.
We observe that the brushes for OPI and CND aided in better
coverage after one stroke. Larger brush width and higher
viscosity of OPI colors result in higher entrained volume than
CND or Essie formulations. Lower formulation viscosity and
smaller brush size limit the entrained volume, and therefore,
multiple coats are necessary for obtaining a satisfying coverage.
CND formulations displayed more sagging and pooling along
the nail than the OPI formulations, correlated with less thixo-
tropy as manifested in the corresponding shear rheology
response. The nail polish market provides the consumer a wide
range of hues and tones and a finished look that can be glossy,
matte, or sheer. Though formulation rheology and the application
process influence the smoothness and gloss, two rheologically-
distinct formulations such as OPI Big Apple Red and CND Blood-
line can provide similar color/tone. Higher viscosity OPIs appear
to have more pigmentation and exhibit a higher opacity after one
brush stroke. In contrast, the Essie formulations appear to have a
more sheer appearance than the other two brands.

Fig. 5 shows snapshots of such slender jets created for each
formulation after brushes are withdrawn at the same speed to a
fixed height, and once enough fluid drains out, drops formed
by capillarity-induced pinching can be observed. Significant
contrast arises in the shape and the shape evolution of the jet
as well as the pinching neck, often perceived by users as
indicative of the nail lacquer formulation being too thick, thin,
gooey, gloopy, or tacky. The shape evolution is influenced by
capillarity, gravity, inertia, viscous stresses, and the non-
Newtonian response, including extensional viscosity.*>™"”
The brush entrains a larger volume of fluid for OPI Big Apple
Red than for the CND Lobster Roll and Essie Mint Candy Apple.
Higher entrained volume, combined with the higher viscosity

5204 | Soft Matter, 2021,17, 5197-5213

of the OPI formulations and possibly the brush design, lead to a
longer filament lifespan. The differences in brush design and
sizes are visible in Fig. 4c (and in supplementary videos online,
ESIt).

Pinching dynamics of nail lacquer formulations

Dispensing of cosmetic formulations typically involves a
pressure-driven flow of the formulation through a nozzle,
followed by free-surface flows associated with liquid transfer
(by dripping or jetting) to a substrate. Streamwise velocity
gradients associated with extensional flow fields arise in con-
tracting channels, in free jets (see Fig. 5) and capillarity-driven
pinching of fluid necks formed during dispensing. We utilized
dripping-onto-substrate (DoS) rheometry protocols (see schematic
included as Fig. 6i) to characterize capillarity-driven pinching
dynamics of the twelve nail polishes. Unlike dripping, the DoS
protocol allows for a visualization of the pinching neck at a fixed
location without the influence of drop weight. The image
sequences acquired with the off-the-shelf DSLR camera included
in Fig. 6ii display a dramatic increase in pinching rate just before
the pinch-off event. Due to the lower frame rates, fewer snapshots
and data points are obtained with the DSLR camera than the
high-speed camera. Therefore, we utilized a high-speed camera to
visualize the pinching necks and computed radius evolution data
shown in Fig. 8 using our MATLAB routines. To minimize the
influence of drying, we maintained a continuous flow from the
nozzle between experiments and constantly cleaned the tip with
ethanol. Even though the nail lacquer formulations contain
nitrocellulose, the radius evolution data in Fig. 8 shows no
discernable viscoelastic effects, typically manifested as an elasto-
capillary regime with an exponential decay in radius. However, we
find that we can fit the datasets for the twelve formulations by
using the following expression that captures the pinching
dynamics for both Newtonian and power law (Generalized

This journal is © The Royal Society of Chemistry 2021
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Low viscosity Newtonian fluids like water that exhibit
inertio-capillary pinching show n. = 0.67, neck before pinch-off
event is shaped like a single cone, the characteristic timescale is
inertiocapillary (IC) or Rayleigh time, t,. = t;c = (pRo’/0)"? with
density, p,surface tension, ¢, and X varies between 0.4-0.7
(as detailed elsewhere).>®**7%'%119 I contrast, high viscosity
Newtonian fluids like glycerol that display viscocapillary regime
with 7. = 1, manifest a pronounced slender, cylindrical neck, the
viscocapillary time, ¢,. = t,. = §Ro/c here depends on the viscosity,
n and the prefactor X wvalues are O(1) as detailed
elsewhere.?®>*7%12%121 Numerical results and 1-D model for
shear thinning fluids®>**7*~” described by the power law model
t = Ky" with flow consistency, K and exponent, n as two
parameters anticipate radius evolution with power law thinning
with n, = n.

The fits with eqn (2) for the twelve formulations yield
measured exponent values in the range, n. = 0.37-0.9, as listed
in Table 2 (supplementary document online, ESIT shows errors
on fitting parameters). Table 2 includes the four Cross model
four parameters obtained by fitting the shear viscosity data
shown in Fig. 2. The Cross model exponent, m, is related to the
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power law exponent, n of the power law model t = Kj" where K
represents consistency, by the expression n =1 — m. The power
law models predict R(¢)/Ry = Y[t — t)™ with n. = n such that for
n > 0.6, the characteristic timescale, ¢p;, depends on Y = @(n)s/
K = tp, " with X = 1, and the value of @(n) is a constant that
depends on n and can be determined numerically.>®3%737"
Previous studies show that the neck shape displays two cones
for n < 0.67, and a slender, cylindrical neck is expected for n >
0.67 values.*>”>”> Even though radius evolution data and the
image sequences included in Fig. 8 reveal qualitative similarity
in neck shapes and pinching dynamics between formulations
explored, the formation of two cones is not observed in our
experiments even for n. < 0.6, and we use tpy = y Yme to
compute the characteristic timescales listed in Table 2. The
comparison of A. and tp;, the two characteristic timescales
extracted from shear and extensional rheology characterization,
respectively with the filament lifespan, ¢; shows that the three
timescales are comparable for these formulations (also see the plot
of /. and tp;, against ¢ included in the supplementary document,
ESIf). We find that the exponent n. obtained from pinching
dynamics has a different value from the exponent » that describes
shear thinning response. A comparison of n =1 — m and n. data
shown in Table 2, and a plot of n, against n =1 — m included in the
supplementary document (ESIT), show that the two values are not
correlated. Similar disagreement between n and n. values in
previous studies is attributed to the influence of deformation
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Fig. 6 Schematic for Dripping-onto-Substrate (DoS) rheometry and image sequences showing shape evolution of pinching necks. (i) The set-up
involves the visualization and subsequent analysis of a liquid bridge formed by a dispensing system placed between a lighting system, including a light
source with a diffuser, and an imaging system including a high-speed camera and laptop. The dispensing system releases a desired amount of solution
through a nozzle placed at a height H above a glass substrate. (i) Image sequences acquired with a DSLR camera using 50 fps are shown for (a) OPI Big
Apple Red, t = 0.1 s, (b) CND Married to Mauve, t = 0.04 s, and (c) Essie Mint Candy Apple, t = 0.1 s. Scale bar = 1 mm.
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history on the flow behavior of highly structured complex
fluids.**?%7697113122 Another contribution to the difference in
exponents could be the role played by rate-independent viscosities
measured in the limits of low (zero) and high (infinite) shear rates
that are not explicitly accounted for in the simulations based on
the power law model.>*>%7377

The exponents and parameters obtained by analyzing pinching
dynamics and the corresponding shear rheology response
included in Table 2 illustrate the rich complexity in behavior
observed for these multi-component formulations, even for the
same product line. For example, two OPI formulations (Big
Apple Red and Nessie Plays) display similar pinching behavior
(comparing values of n. and tpr) shown in Fig. 7a even though the
zero shear viscosity values differ by a factor of 3.5. Likewise, two
other OPI formulations (Closer than you Might Belém and Getting
Nadi on my Honeymoon) have matched 7. and tp;, even though
the zero shear viscosity values differ by a factor of 2. In contrast,
both shear and extensional rheology response data for two Essie
products (Mint Candy Apple and Essie Muchi Muchi) and two
CND products (Lobster Roll and CND Married to Mauve) are fit by
similar parameters. The CND Midnight Swim shows the lowest
m and n. values among all the formulations, possibly due to
a relatively high amount of larger glitter particles. Several for-
mulations, including the CND Midnight Swim, show a significant
increase in thinning rate near the pinch-off event that presents a
characterization challenge, as the total number of data points
obtained from snapshots is relatively low, despite a time
resolution of 0.04 ms! These observations are consistent with
previous studies on pinching dynamics of suspensions in
Newtonian fluids that found that large particles speed up the
pinching process.'>*%*
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of additional regimes as the origins of either slowing down or
speeding up of pinching dynamics of particle suspensions are
still under debate,**'**'?>” and the formulations have an
unspecified variation in the weight fraction and properties of
innumerable ingredients. Furthermore, despite the commercial
importance of the formulations like nail lacquers that contain
particles dispersed in polymer solutions, the pinching
dynamics and extensional rheology response of particle
dispersions in viscoelastic fluids are not well-understood and
well-studied using experiments or theory.'"'**™'*> Evaluating
experiments carried out with the same bottle after a few days
and weeks show that the pinching dynamics are sensitive
to time after nail lacquers are first procured and used.
Quantitative and accurate analysis of such dispersions requires
proper control over the deformation history and composition
of the formulations before releasing from the nozzle. Our
investigations are ongoing into the influence of restructuring
and relaxation times associated with particles, polymers, and
aggregates or flocs formed by them and the role played by
evaporative losses of volatile solvent (and the resulting change
in solid fraction).

Extensional rheology of nail lacquer formulations

The apparent extensional viscosity response of the nail lacquer
formulations is determined from the radius evolution data
using the expression ngé(f) = o/R(t) that assumes extensional
and capillary stresses are the two dominant contributions to
stress balance. Here the capillary stress depends on the ratio of
surface tension, o to transient neck radius, R(¢). The extensional
rate, ¢ = —2R(t)/R(¢) determined from the radius evolution
profiles, for any values of 7, of the form captured by eqn (2),

Table 2 Shear rheology parameters for OPI, CND, and Essie nail lacquers obtained using the Cross model fits to the ramp-up flow curves are included
together with the three parameters obtained by fitting a power law to the radius evolution data acquired using DoS rheometry

Cross model (torsional)

Power law (DoS)

Nail lacquer formulation 1o [Pa s] N [Pas] e [8] m[—] ne [—] te [s] tpr, [S]
OPI Big Apple Red 116 0.62 2.7 0.92 0.70 2.3 1.4
OPI Nessie Plays Hide & Sea-k 32 0.39 1.6 0.83 0.61 2.7 1.3
OFPI Closer Than You Might Belém 40 0.38 1.1 0.98 0.70 0.82 0.52
OPI Getting Nadi On My Honeymoon 89 0.42 3.7 0.89 0.71 0.83 0.49
CND Bloodline 19 0.19 1.0 0.74 0.62 0.64 1.1
CND Midnight Swim 15 0.10 1.5 0.66 0.38 1.0 2.3
CND Lobster Roll 20 0.13 1.8 0.70 0.54 0.90 0.85
CND Married to Mauve 24 0.16 1.5 0.74 0.54 1.1 1.0
Essie Tart Deco 21 0.36 0.40 1.0 0.51 0.81 1.5
Essie Smokin Hot 11 0.35 0.22 1.0 0.48 1.3 3.0
Essie Mint Candy Apple 13 0.37 0.69 0.76 0.75 1.5 0.93
Essie Muchi Muchi 18 0.32 0.53 0.96 0.78 1.2 0.64

Two nail lacquer formulations (OPI Nessie Plays and CND
Midnight Swim) have a shimmery appearance due to the
presence of large particles, and the largest glitter particles
can be observed within the pinching neck of the OPI Nessie.
The radius evolution data for a couple of formulations (Essie
Smokin’ Hot and CND Bloodline) potentially show the existence
of multiple regimes, reminiscent of studies by Mathues et al.,"*®
among others. However, we did not pursue a detailed analysis

5206 | Soft Matter, 2021,17, 5197-5213

always diverges close to the pinch-off event as ¢ = 2n./(t; — t).
The apparent extensional viscosity, 75 = 7i(¢,é,t) can be plotted
both as a function of the Hencky strain, ¢ = 2In(Ry/R(¢))as
shown in Fig. 8a, and extensional rate, ¢ as shown in Fig. 8b.
We find that most of the nail lacquer formulations exhibit a
strain-softening and extensional thinning behavior, consistent
with the shear-thinning behavior exhibited in torsional
rheometry measurements. The observations indicate that

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Radius evolution and neck shapes obtained using DoS rheometry protocols using the high-speed camera (25 000 fps) for OPI, CND, and Essie nail
lacquer formulations. Radius evolution plots for the four shades of (a) OPI, (b) CND, and (c) Essie formulations. (d and e) Snapshots showing the neck
shape evolution for OPI Big Apple Red, with At = 0.1 s, show slower change than OPI Closer Than You Might Belém with At = 0.04 s. (f and g) Snapshots
showing the evolution of neck shape for CND Lobster Roll with At = 0.04 s illustrate that the pinching rate is enhanced substantially as the pinch-off
event is approached compared to CND Married to Mauve shown with At = 0.14 s. (h and i) Essie formulations shown with At = 0.094 s and with At =

0.072 s, respectively. Scale bar = 0.5 mm.

microstructures formed by association and clustering of
pigment and suspension particles with polymers, including
nitrocellulose and other additives (that are considered responsible
for shear thinning behavior and thixotropy), are progressively
destroyed in response to strong shear and extensional flows.
However, the apparent extensional viscosity nearly approaches
a strain and strain-rate independent regime for all the six
formulations included in Fig. 8 yielding apparent measures of
steady, terminal extensional viscosity, g at deformation rates
exceeding 10% s~ that are listed in Table 3.

The particle concentration-dependent change in shear viscosity
is often discussed for particle suspensions in Newtonian fluids for
both the rate-independent zero shear viscosity,n, and the infinite
shear rate viscosity, #.,. As nail lacquers are particle suspensions
in viscoelastic fluids (polymer solution), we include both the
limiting viscosity values (1, and 7, Jobtained from the Cross model
in Table 2, and compute two estimates for Trouton ratios: 1g /1o
and 7g°/., as shown in Table 3. For ultra dilute polymer
solutions, shear viscosity is rate-independent and the ratio Tr*™ =
e Mo, referred to as terminal Trouton ratio, is directly related to
the square of extensibility parameter (ratio of the length of the fully
stretched chain to the size of the random coil),'®>026:36:37:40-43

This journal is © The Royal Society of Chemistry 2021

For entangled polymer solutions that display shear thinning,
Tr > Tr*” implying that the ratio of extensional and shear viscosity
at matched strain rate is larger, partially due to a significant
decrease in shear viscosity at high shear rates.>® Table 3 also
lists the #5y/n,, values and we find that the zero shear viscosity
values are nearly two orders of magnitude higher than the
infinite shear viscosity values obtained in the limit of high
deformation rates.

The infinite Trouton ratio, 7z’ /5., seems to be more repre-
sentative of the contrasting response under processing
conditions that utilize high deformation rates and yield values
in the range ~6-15. The enhancement observed is consistent
with the values expected based on extensional viscosity
measurements reported for aqueous polysaccharide solutions
and cellulose in ionic liquid, and estimates based on macro-
molecular extensibility.>?%41:42:64136 The values for the infinite
Trouton ratio, ng /., in Table 3 are comparable to the high
deformation rates Tr values in the range 5-16 reported by
Della Valle et al.'®” and Ascanio et al.'® for shear thinning
suspensions of delaminated kaolin clays (50-65 wt%) and
coating colors (for the paper industry) prepared using carboxy-
methyl cellulose (CMC) thickeners, and using extensional
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Fig. 8 Contrasting variation in strain and strain rate-dependent apparent extensional viscosity. Extensional viscosity, estimated for the OPI Big Apple
Red, CND Bloodline, and Essie Mint Candy Apple, is plotted as a function of (a) Hencky strain and (b) extensional rate. Extensional viscosity as a function of
strain rate for all three formulations shows a nearly rate-independent plateau, though, for the OPI and Essie formulations shown, plateau arises after

extensional thinning, at deformation rates exceeding 102 s™%, whereas for the CND Bloodline, steady values can be obtained beyond 30 s,

Table 3 Terminal Trouton ratios, defined as 5g°/no and ng°/n., obtained
from the ratio of the terminal extensional viscosity value (estimated from
the transient extensional viscosity vs. extensional rate plot) and the zero
shear and infinite shear viscosity, respectively (obtained from the Cross
model fits to the apparent shear viscosity vs. shear rate data)

1o Nee  NolMe ME  NE Mo N8 Moo

[Pas] [Pas] [-] [Pas] [-] [-]
OPI Big Apple Red 116  0.62 187 41  0.036 6.7
OPI Getting Nadi 89 042 212 29  0.033 7
CND Lobster Roll 20 013 154 1.9  0.096 15

CND Married to Mauve 24 0.16 150 2.1 0.089 13
Essie Mint Candy Apple 13 0.37 35 5.4 0.41 15
Essie Muchi Muchi 18 0.32 56 3.5 0.19 11

viscosity measurements carried out with an orifice flowmeter
and pressure entry technique. Likewise, O’Brien and Mackay"*®
reported Trouton ratios as high as 100 and extensional
thinning followed by strain hardening using orifice technique,
and kaolin clay-based formulation without polymer additives
but a solid fraction in a slightly higher concentration range (49—
71% wt%). Arzate et al.">° observed extensional thinning with
Tr < 20 for coating colors based on kaolin clay, calcium
carbonate as a pigment, and CMC as a rheology modifier.
The qualitative agreement in the extensional rheology response
observed for nail lacquer formulations measured using DoS
rheometry and kaolin-clay based colorants used in the paper
industry measured using orifice technique is rather striking,
but in both cases, the formulations are optimized to meet
somewhat similar demands of flow behavior during the appli-
cation cycle, as summarized next.

Optimizing formulations rheology for better application and
processability

Typical shear rates (10 * < 7 < 10° s™!) encountered during
application and processing operations, including storage,
sagging, and dispensing, are identified in Fig. 9a, based on
experiments and estimates carried out in this study and
published literature,''®*7:8%91197 [t is well-known that

5208 | Soft Matter, 2021,17, 5197-5213
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formulations, including nail lacquers, are designed to have
well-defined flow properties over a very wide range of shear
rates to provide relatively high viscosity and a stable dispersion at
the low shear stresses usually encountered in processes related to
storage.">'®” An adequate viscosity reduction facilitates mixing
and pouring and leveling and stability of the coating layer when
applied to nails. Likewise, a reasonably low viscosity, but n =~
O(10™" Pa s) is preferred at the highest rates observed during nail
coating and dispensing or bottle filling."* Much lower viscosity
(including water-like  ~ O(10™* Pa s)) makes the nail lacquer
formulations appear runny, cause excessive dripping from the
brush, and after application, result in undesirable sagging and
spreading. Much higher viscosity, comparable to the zero shear
viscosity values (n > 10 Pa s) leads to an increase in perceived
stringiness and tackiness, a slower rate of transfer from the brush
bristle to the nail surface, and slower levelling and spreading, in
addition to the need for higher stresses that can damage brush
bristles. The datasets showing viscosity vs. shear rate obtained for
the twelve formulations are included in Fig. 9a. The observed rate-
dependent variation in shear viscosity facilitates the processing
and application of nail lacquers, including controlling entrainment,
sagging, and dripping behavior (see Fig. 9b). Even though
formulators are well-aware of these shear rates and often vary
ingredients to obtain a desirable shear viscosity profile,
typically measured for y < 10> s™!, much less attention is paid
to the characterization of, and control over, pinching dynamics
and extensional rheology response.

Despite the relative scarcity of datasets that capture the
desirable pinching dynamics and extensional rheology
response for formulations, a few qualitative expectations can
be identified based on three inputs: comprehensive survey of
rheology and processing literature, discussions with formulators
in coating industries, and the product literature put forward by
producers and consumers.®”'**>?'! In common parlance,
consumers often talk about nail paint being too ‘thick’ or ‘thin’,
and an ideal ‘consistency’ or ‘viscosity’ is needed for smoother
coats and finishes. Other choice words used to describe a nail
polish ‘gone bad’ that are indeed related to flow behavior are

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 Optimizing rheology of nail lacquer formulations for better application and processability. (a) Shear rate ranges are associated with diverse
processes that nail polishes encounter during storage, processing, and application. The plot is populated by viscosity vs shear rate data acquired for the
OPI and Essie nail polishes. (b) Images illustrate storage, sagging, brush loading, nail polish application to a nail, and dripping for OPI Apple Red and Essie
Mint Candy Apple as representative cases. The scale bars for the sagging process represent 10 mm. The scale bars for the brush loading process, brushing
process, and dripping process represent 3 mm. The sagging time intervals of both nail polishes are 3 s. The brushing time intervals of OPI Infinite Shine
2 long-lasting nail polish with Big Apple Red color and Essie nail polishes with Mint Candy Apple color are 1.84 s and 1.54 s. (c) Radius evolution curves for
two samples of OPI, CND, and Essie. The curves show a similar power law response at the point before pinch-off with varying pinching times t;. (d) Image
sequences for OPI Big Apple Red and Essie Mint Candy Apple acquired at 50 fps, and the scale bar represents 1 mm.

‘sludge-y’, ‘tacky’, ‘sticky’, ‘gooey’, ‘unspreadable’, and ‘lumpy’. It and quite significantly, the consumer perception of fluid rheology,
is well-known that over time, possibly due to the evaporative loss for arguably, humans are more sensitive to extensional rather
of the solvent, nail polish formulation can get ‘thicker’, or than shear response,'*>*72%140-142

become ‘gloopy’ or ‘goopy’, often noticed on dipping a brush The rheological response of a nail lacquer formulation is
into the formulation, or revealed in a prolonged delay in quite similar to the overall rate-dependent shear and exten-
dripping from a brush, or, sometimes, as difficulty in applying sional viscosity behavior of consumer products, including food,
a smooth coat to nails. We qualitatively analyzed the dripping inks, paints and coatings, pharmaceuticals, and cosmetics
from the brush by allowing fluid entrained in the brush with- that utilize polysaccharides as rheology modifiers,"®*8%140-146
drawal experiment to fall under gravity to mimic how the The addition of a relatively small concentration (< 1% by weight)
consumers assess flow behavior. But variability in the number of polysaccharides like cellulose gum, guar gum, xanthan gum
and flexibility of brush bristles, the volume of fluid entrained, and nitrocellulose (added as film-formers, rheology modifiers, or
and formulation rheology make comparisons difficult to thickeners) often leads to a substantial increase in zero shear
untrained eyes and harder to relate to ingredient choices. We viscosity and to highly shear-thinning behavior for such
posit that the analysis of pinching dynamics included in Fig. 9¢  formulations,>*?>3&4h64136,140,1437145 - However, due to low
and d provides a quantitative analog of the dripping from brush or  flexibility and extensibility, the polysaccharides enhance the
stretching liquid bridges between finger and thumb experiments extensional viscosity by only an order of magnitude or so in
(and even tack tests) often used for judging stickiness, stringiness, contrast with flexible polymers that can lease to a thousand-fold
gloopiness, or spinnability.®” 4121731
evolution for nail lacquer formulations displays quite similar weights.

Here, we show radius enhancement for matched concentrations and molecular
3642 The characterization of capillarity-driven pinching
time-dependent variation captured by power laws. In addition using CaBER, dripping, jetting, and DoS rheometry protocols
to measurement of filament lifespan or time required for have led to significant advances in understanding the influence of
pinching, analysis of the radius evolution data allows quantitative ~ polymer concentration, molecular weight, and charge, and
measurement of transient extensional viscosity variation that chemistry on shear and extensional viscosity of polymer solutions.
influence the dispensing rate, coating behavior, processability A similar concerted effort that characterizes multicomponent
where streamwise velocity gradients spontaneously arise complex fluids and connects the macroscopic response to the

(including converging-diverging channels and drop formation), choice of ingredients is critically needed in designing coatings

This journal is © The Royal Society of Chemistry 2021 Soft Matter, 2021,17, 5197-5213 | 5209
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with better control on their thickness, appearance, and perfor-
mance. Many challenges and research opportunities remain in
the characterization of nail lacquers and similar multi-component
formulations, primarily due to the difficulties associated with
drying, shear thinning, thixotropy, and possible influence of
viscoelastic matrix on dynamics, aggregation, and relaxation of
a colloidal dispersion of pigments, suspension agents and macro-
molecules. We recognize that experiments with model polymers
and particles will be needed to develop a deeper understanding,
appropriate constitutive models, and better formulation design
principles, and we anticipate the current study will inspire such
studies.

Conclusions

We characterized the rheological response of twelve commercially
available nail polish formulations using torsional rheometry as
well as dripping-onto-substrate (DoS) rheometry. We found that
the nail lacquer formulations exhibit a pronounced degree of
shear-thinning and thixotropy. The rate-dependent variation in
shear viscosity was fit by the Cross model. The rate-independent
zero shear viscosity is nearly two orders of magnitude larger than
the limiting, infinite shear viscosity values. The Cross model
exponent, m, that characterizes the rate-dependent decrease in
shear viscosity appears to be comparable for several colors from
the same product line, as matching shear thinning behavior often
allows the use of similar processing equipment. We find that
among the three brands selected for this study, the OPI formula-
tions have the highest viscosity at the lowest and the highest shear
rates and possess a higher degree of thixotropy. Essie formula-
tions appear to have comparatively lower zero shear viscosity
values. We devised experiments to visualize various processes
associated with brush loading, nail coating, and sagging
of deposited liquid films and discuss the influence of non-
Newtonian rheology and fluid mechanics on these processes.
The observed shear rheology response of nail lacquers is
qualitatively similar to the behavior of other paints and coatings
formulated using particles (used as pigments or suspending
agents) and polymers (added as film formers or rheology
modifiers). In all these multicomponent industrial fluids, the
complex rheological response depends on, or captures, how the
microstructure, formed by weakly aggregating flocs of pigments
(added as colorants), clays (added as suspension agents) and
polymer (added as rheology modifiers or films formers) responds
to applied stress.

Unlike most published studies that explore only shear
rheology response of formulations, here we carried out the
analysis of pinching dynamics and extensional rheology
response using the dripping-onto-substrate (DoS) rheometry
protocols. The multicomponent nail lacquer formulations
exemplify particle suspensions in viscoelastic solutions (that
use polymer as film-former or rheology-modifier). The radius
evolution data of pinching necks show a power law response
with a wide range of exponent values, n. = 0.37-0.9. Thus, like
shear, the extensional rheology response exhibits rate-thinning.

5210 | Soft Matter, 2021,17, 5197-5213
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Both theoretical and computational models for capillarity-
driven pinching of generalized Newtonian fluids anticipate
power law behavior. However, the nail lacquers exhibit a
plateau value at the highest extensional rates and display
power law exponents distinct from shear rheology response.
Both observations are not anticipated or explained by the
generalized Newtonian fluid models. We find that the strain
and strain-rate independent steady, terminal extensional
viscosity values are nearly an order of magnitude larger than
high shear rate viscosity or infinite shear viscosity values. The
infinite Trouton ratio, computed from high deformation
rate extensional and shear viscosity values, is in the range of
Tr = 7-15 and thus exhibits magnitude quite similar to the Tr
values shown by color coatings used in the paper industry, with
kaolin clay, pigments and carboxymethyl cellulose (polymer)
as additives. Due to the commercial importance of particle
suspensions in polymeric viscoelastic fluids, we anticipate that
the protocols and datasets included in this study for diverse
nail lacquer formulations will inspire the community to
address the formulation and processing challenges by charac-
terizing pinching dynamics and extensional rheology response.
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