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Abstract: Cosmetics are representative complex fluids, and there have been many studies focusing on the correlation
between the rheological properties and sensory attributes. Various instrumental measurements have been suggested
to evaluate the sensory attributes, and one of the most common instruments is Texture Analyzer (TA). Although
it is reported that the adhesiveness measured by TA is related to the stickiness of cosmetics, there exists reproducibility
problem because measurements with TA are sensitive to application conditions. In this study, an instrumental protocol
using rotational rheometer has been set up to measure the stickiness of cosmetics. This protocol consists of two
steps. The first step is a preconditioning step, and various types of shear deformations are applied to the samples.
The next step is the extensional flow and the axial force is measured. When the amplitude of the shear flow corresponded
to the linear viscoelastic region, the axial force is the same as those without preconditioning. On the other hand,
an axial force decreases as variation nonlinearity increases. It is because the effects of microstructure changes caused
by nonlinear deformation affects the extensional flow. It is worth noting that a new protocol facilitates to evaluate
the stickiness of cosmetics in a more systematic way.
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1. Introduction

There have been lots of attempts to characterize the tex-
tural properties of cosmetic products using mechanical
measurements. Since, especially as for the cosmetic prod-
ucts, texture is closely related to the sensory assessment,
many researchers have tried to find the relation between
the qualitative sensory properties and quantitative values.
The most widely used method is a panel test. The panel
test provides numerous information for the skin feel as well
as preferences. However, it always suffers from the inter-
ference of personality of subjects. Indeed, the most of panel
test in terms of general consumers performed the test based
on their experiences[1].

Many researchers have focused on tribology as a key
factor determining sensorial properties[2-5]. According to
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their studies, the friction coefficient plays an important role
to control the sofiness of the solid surface. They tried to
find the relation between the friction coefficients of surface
covered by cosmetic products and sensory assessments ob-
tained by panel tests. Timm et al. found that the cosmetic
powder particles should be small with an irregular shape
to enhance the “powdery” skin feel for simple formulation
cosmetic products[2]. It was reported that the tribology can
be related to the application, but not for initial skin feel.
It is because that the methods used for friction are more
suitable for characterizing solid-like surfaces than lig-
uid-like surfaces|[3].

Texture analyzer (TA) has been spotlighted as a useful
tool to measure the mechanical properties which is related
to the texture characteristics in the cosmetic industry as
well as in the food industry[6,7]. Various probes can be
equipped by simple operation and the experimental se-

quence can be designed by vertical movement of the upper
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probe. However, it strongly depends on the loading con-
dition of samples. In order to simulate the skin feel coated
by the cosmetic products, various researchers introduced
TA, but it was affected by the experimenter who spread
the samples on the substrate surface[8]. Compared with the
previous instruments mentioned above, the rotational rhe-
ometer can control the shear flow with high sensitivity by
the advanced torque motor[9]. There were many researcher
who tried to relate the rheological behavior and the textural
performance of viscoelastic materials[10-12]. These studies
mainly focused on rheological variables measured by vari-
ous flows and attempted to find correlations with panel
tests scores through statistical processing|13].

The stickiness is one of the major factors determining
the quality of cosmetic products. It was expected that the
stickiness could be explained by the adhesion properties
due to the microstructural differences[14-18]. Recently,
Eudier et al. suggested the new method to measure the
stickiness of various cosmetic products such as hair gel,
face care cream and hand cream. They compared the adhe-
sion energy using TA equipped the spherical steel on the
surface of human skin, artificial skin and resin sheets. It
was found that the adhesion energy in logarithmic scale
represents the stickiness obtained by sensory assessments.
However, it is still remains discrepancies comes from the
difference of skins according to ages, hardness of arm and
skin temperature. Most of all, it is hard to control the re-
sidual film thickness and amount because it strongly de-
pends on an experimenter[8].

This study aimed to suggest an effective method to
measure the axial force using the rotational rheometer, fo-
cusing on the effects of preconditioning shear flows on ax-
ial forces under the extensional flow of cosmetics. The pre-
conditioning step was controlled by 4 types of flow: (1)
static state (2) step shear with constant shear rate (3) linear
and (4) nonlinear oscillatory shear flow. Fourier transform
(FT) rheology was adopted to analyze linear and nonlinear
viscoelastic response under oscillatory shear flow. The ef-
fects of preconditioning shear flow on axial forces were
observed based on nonlinear parameters derived from FT

rheology. Measurements using TA and panel test were per-
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formed and the availability of the new protocol was con-
firmed against the axial forces measured by the rotational

tachometer.

2. Theoretical Background

Oscillatory shear flow is a useful tool for characterizing
viscoelastic fluids because it is governed by the frequency
and amplitude of oscillatory stimulus. It also ensures more
stable and reproducible data compared to the step shear or
elongational flows. When the amplitude of oscillatory shear
flow is small so that the relation between the input and
output signal represents a linear relation, this is called the
small amplitude oscillatory shear (SAOS) test. If the ampli-
tude of the stimulus is sufficiently large to cause a non-
linear response, this is called large amplitude oscillatory
shear (LAOS) flow. LAOS has been spotlighted as a useful
tool for studying nonlinear behavior since it can easily con-
trol flow conditions compared to extensional or capillary
rheometer|[19-20].

Early studies on LAOS mainly used qualitative analysis
methods to analyze nonlinear behavior of LAOS flow.
When the amplitude of the oscillation stimulus falls within
the SAOS region, the stress or strain response shows a si-
nusoidal waveform shifted horizontally with a phase angle,
4 on the time scale. However, as the strain or stress ampli-
tude of the stimulus increases, the response curve begins
to distort in the sine wave. This phenomenon is more appa-
rent when plotted as a strain stress plot rather than a wave-
form as a function of time. It is referred to as the Lissajous—
Bowditch plot[21-23].

Because of its simplicity, the Lissajous—Bowditch plot
has been widely used to study the nonlinear viscoelastic
behavior under LAOS[24, 25]. The Pipkin diagram was
used since it showed the Lissajous plots of the oscillating
shear for various strain (or stress) amplitude and frequency
conditions at a glance[26]. The occurrence of secondary
loops in Lissajous—Bowditch plot has been reported as re-
sults of instability under severe condition of LAOS or ef-
fects of branching in polymer melts[27,28]. Cho et al.

adopted the 3—dimensional Lissajous—Bowditch plot to in-
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vestigate the nonlinear behavior in the plane of shear
stress—strain as well as stress—strain rate[29]. It enhances
the quality of the qualitative investigation for nonlinear vis-
coelastic behavior under LAOS[30,31].

While the early stages of research for LAOS focused
on qualitative perspectives, efforts have been made to quan-
titatively analyze nonlinear viscoelastic behavior. FT rheol-
ogy is one of the most popular methods[32-34]. When the
induced deformation is written as below

y(©) =y, sin(wt) (1)
in linear viscoelastic region, shear stress is observed as
o(t) = oy sin(wt + ) )
The storage and loss moduli can be defined by simple

relation between shear stress and strain under SAOS flow

as follow.

o(®) =6 @y®)+6" (@)=L (3)

where
¢ (@)= %cosé(w); G"(w) = %sind(w) 4)

and 0 means the phase difference between the input and
output signals. When the strain amplitude does not belong
in linear viscoelastic region, additional harmonic terms are

needed to express the response stress as follows:
(65 Yo, @) = Ty LaicarSinl 2k + D@t + 6304]  (3)

When only the first term with £ = 0 exists, Equation
(5) can express shear stress in the linear viscoelastic region
like Equation (2). As nonlinearity increases, the Fourier in-
tensities of the higher harmonics increased. In most cases,
the relative intensity normalized to the linear viscoelastic
variable is used to indicate the relative nonlinearity to the
linear viscoelasticity.

Figure 1 shows the linear and nonlinear waveforms ana-
lyzed by qualitative and quantitative methods, which are

obtained in response to a sinusoidal input signal. In order
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Figure 1. Linear and nonlinear responses to the sinusoidal input stress. (A) sinusoidal input stress and

output strain; (B) Lissajous—Bowditch plot of (A); (C) Fourier intensities of (A); (D) non-sinusoidal strain

response to the sinusoidal input stress; (E) Lissajous—Bowditch plot of (D); (F) Fourier intensities of (D).
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to clarify the shape of the curves, strain and stress curves
are normalized by the maximum values of each curve. As
shown in Figure 1A, when stimulus is given as a sine func-
tion, those amplitude are in linear viscoelastic region, and
the stress waveform is also obtained in the form of a sine
wave. As mentioned before, in the linear viscoelastic re-
gion, shear stress is observed as a sinusoidal curve which
is horizontally shifted by phase angle, 6, on the moment
axis relative to input signal of strain. The 6 depends only
on angular frequency under SAOS flow. The Lissajous—
Bowditch curve of Figure 1A is plotted in Figure 1B. It
is an ellipse, which is characteristic of a typical Lissajous-
Bowditch plot under SAOS flow. Figure 1C shows the re-
sults of FT analysis of the strain wave form in Figure 1A.
Since the waveform of strain is completely sinusoidal, only
the first harmonic exists but no higher harmonics in Figure
1C.

Compared with these figures, nonlinear viscoelasticity
appears as a distorted strain curve as shown in Figure 1D.
The Lissajous—Bowditch curve which is drawn by the wave
form of Figure 1D is not elliptical. The normalized Fourier
intensities of the strain curve of Figure 1D are calculated,
and marked in Figure 1F. It shows strong peaks at higher
odd harmonic position. As shown in Figures 1C and F,
the Fourier transform is a sensitive tool to detect occurrence
of nonlinearity. Even though it is hard to ascertain the non-
linear behavior from waveform of shear stress with naked
eyes, the intensities of higher harmonics reveals when it
starts to appear nonlinearity in stress curve. It is well
known that shear stress is expressed with only odd harmon-
ics because of its odd symmetry[29,35].

When using a stress controlled rheometer in which stress
is input stimulus and strain is measured as response, the
definition of compliance is required to explain the rheo-
logical behavior. According to the concrete foundation of
linear viscoelastic theory, modulus and compliance can be
mutually transformed with simple calculations. Bae et al.
have studied based on the concern of inter—conversion rela-
tion of LAOS which are measured by the strain— and the
Differentiation  of

stress—controlled  rheometers[36].

Equation (3) in terms of time, ¢ defines
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Combining Equation (3) and (6) gives

@) =] @)a(t) = J"(w)t(t) 7

1ay

=L = "(w)a(t) +J'(@)T(t)

w dt
where the dynamic compliance can be written as

G (@)

G’((") .o _
'@ = some@E ()

! —

] ((1)) - G!(w)2+GH(w)2J

It is natural that the shear strain measured by the stress
controlled rheometer satisfies

y(=o,-1) = =y(0,7) ®

The strain decomposition is also valid for LAOStress test
based on its geometric characteristics[36]. It means that the
shear strain changes its sign according to the direction of
shear stress, o and the rate of shear stress, t. This is called
odd symmetry. The strain signal as a response to the large
amplitude oscillatory stress (LAOStress) can be expressed
by the Fourier intensities as

(& 05, @) = Xy Hors15in[(2k + Dwt + Spq]  (10)

Due to the odd symmetry of the shear strain, it can be
expanded by the only odd harmonics under LAOS flow.
It is shown that the interference of inertia can be an ob-
stacle for the LAOS test using stress controlled rheometer.
Although it may cause the unclear scaling relation of non-
linear variables of strain decomposition, it is found that the
interconversion between LAOS test of strain- and stress
controlled rheometers is valid [36,37]. In order to reduce
the effect of linear viscoelasticity, the relative Fourier in-
tensity of nth order harmonics are normalized by input

stress amplitude o, and linear viscoelastic variable as below
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h = Hn(00,w)

" 0o/I6* (o] (11)

where |G*(w)] =+/G'(w)? + G (w)2.

In this study, the relative 3™ harmonic, /3, of strain was
used to characterize the shear flow of preconditioning step

before extension step of cosmetics.

3. Experimental

3.1. Materials

It is well known that the cosmetic creams for facial care
are representative viscoelastic materials. Most of cosmetic
products are yield fluid, therefore it keeps its shape when
the induced external stress is smaller than specific value,
referred to as the yield stress. Depending on the purpose
of the product, rheological properties such as viscosity,
phase angle and yield stress, which are factors affecting
sensory properties, are significantly changed.

Three commercial facial care creams were selected as
samples, which are manufactured by E Co., L Co., and B
Co.. In this study, they were named product A, product

Sample loading

I

Preconditioning step

| ﬁ‘; |

Equilibrium || Step shear SAQS LAOS
eee 290 ee 0
*ee® oo 0 ()

Extensional flow

Figure 2. Flow chart of a procedure for measuring axial forces
according to the different preconditioning steps: waiting for
equilibrium, step shear at a constant shear rate, and oscillatory

shear flow with small or large amplitudes.

B, and product C, respectively.

3.2. Rheological Measurements

The rheological properties under various flows were
measured by the stress controlled DHR3 rheometer (TA in-
struments, USA). All tests were performed using a 40 mm
diameter geometry. In order to avoid wall slip of materials
at the surface of geometry, sandblasted plate (PLASTE SST
ST 40 mm SAND-BLAST ARG2, TA instruments, USA)
was used. The temperature was controlled to 32 °C and
the relative humidity as 45%.

The experimental procedure was designed in two steps
and is summarized in the flow chart as Figure 2. The first
step is preconditioning step. In this step, input deformation
was induced in the sample in various ways for 60 s: (1)
waiting for equilibrium without shear deformation, (2) step
shear flow with constant shear rate and (3) oscillatory shear
flow using small (SAOS) and (4) large amplitudes (LAOS)
for 60 s. As for the oscillatory shear flow, the 3" Fourier
intensity, H; was calculated to understand the degree of
nonlinearity in the response signal and normalized by
Equation (11). The normalized H; was denoted /3. In order
to help understand the changes in microstructure due to the
applied shear were simply expressed by circles and dashed
lines. In the last step, the extensional flow was induced
by lifting the upper plate vertically at a constant velocity.

The change of gap size over time was drawn in Figure
3A. Before the extensional flow, initial gap size was kept
as 500 um. At the stage of extensional flow test, the gap
size increases with a constant velocity of 500 ym/s. Figure
3B shows a typical axial force curve under extensional flow
as a function of time. We calculated the minimum value
of axial force curve, Fuin. The effects of preconditioning
shear on Fy, is observed in this study. All tests were re-
peated three times, and the mean and standard deviation
were calculated to enhance the reliability of the data.

Standard deviations were indicated by vertical error bars.

3.3. Texture Analyzer (TA)
The axial force curves were measured by TA on the bare
skin of forearm. We introduced and used the TA measure-

Korean Journal of Cosmetic Science, Vol. 2, No. 1, 2020
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Figure 3. Schematic description of (A) gap size and (B) measured

axial force curves as a function of time.

ment protocol proposed by Normandie University research
group|[8].

A circle with diameter of 35 mm was drawn in the mid-
dle of the forearm. The forearm skin was washed with tap
water without cleansing agent. We waited more than 3 min
for the skin to dry sufficiently. The 35 ul. sample was load-
ed in a circle and spread with the forefinger for 10 s. After
sample application, the waiting time was controlled as 3
min.

TA (TA XT plus, Stable Micro Systems, Cardiff, UK)
was used to measure the axial force curve. A metal sphere
with a diameter of 1 inch (25.4 mm) was used. The sphere
facilitates pressing the substrate relatively evenly around
the contact point without additional adjustment of horizon-
tal level. The pressing speed was 1 mm/s, and the pene-
tration depth was 10 mm from the position where the
sphere came into contact with the skin. The contacted state
was maintained for 2 s and the sphere returned to its initial
position at a speed of 0.8 mmy/s.

Figure 4 illustrates a simple form of the axial force curve
that can be observe by the protocol described above. £, rep-

resents the time that the sphere begins to record when the
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Figure 4. Simple description of axial force curve as a function
of time measured by TA.

sphere touches the skin surface. # is the time it takes for
the sphere to return to its initial position. # is the time
it takes for the sphere to completely separate from the skin.
Fuinta and AUC mean the minimum axial force and area

under the curve, respectively.
t
AUC = — [ F(t) dt (12)

where F{(t) means the axial force recorded as a function
of time. For convenience, AUC was defined as a positive
value. Funta and AUC were calculated by Texture
Exponent software. All measurements were repeated three

times and data were presented through statistical analysis.

3.4. Sensory Assessment

The sensory test of stickiness for facial creams was per-
formed by twenty volunteers aged from 20 to 40. The sen-
sory test with volunteers was approved by the Ethical com-
mittee of LG Household & Health Care (LGHH-
20200813-AA-02). The evaluation was performed for each
skin without any restriction on the application method.
Three samples, named with randomly assigned two-digit
codes, were placed in the table. Volunteers picked the sam-
ple and applied it freely to their skin. Scores were evaluated
on a 150 mm long linear scale bar. It was noted that the
more sticky samples should be marked closer to the right
end. The length of the scale bar from the left end was line-
arly converted to a score from 1 to 5. The mean value

and standard deviation were calculated and marked in
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figures. Difference in sensory perception between the sam-
ples were analyzed by #-test and the significance were
marked with asterisk symbols.

4. Results and Discussion

41, Rheological Behaviors

The fundamental rheological properties of samples were
measured by stress amplitude sweep test with @ = 1rad/s
at 32 °C. Figure 5A shows the complex modulus G as
a function of shear stress. Product C shows the highest
modulus and product A shows the lowest modulus over
the whole range of shear stress. Figure 5B shows the phase
angle of samples. As the shear stress increase, phase angle
rapidly increases after certain shear stress. The viscoelastic
variables at 1 Pa were summarized in Table 1. The shear
stress where G’=G” was also calculated and summarized
as the cross point stress (CPS) in Table 1. When the stress
amplitude of oscillatory shear flow of ® = lrad/s exceeds
CPS, G” is larger than G’. The dynamic moduli of product
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Figure 5. (A) Complex modulus and (B) phase angle as a function

of shear stress under oscillatory shear flow with @ = 1 rad/s.

C are the highest value compared to other samples.
According to phase angle, 3, product C exhibits a relatively
liquid-like behavior compared to products A and B, while
product A exhibits a relatively elastic behavior in the entire
sample.

Figure 6A shows the storage and loss moduli of product

Table 1. Viscoelastic Variables under Oscillatory Shear of ¢
=1 Paand ® = 1 rad/s

Viscoelastic & G" G* 8 CPS

variables  (Pa)  (Pa)  (Pa) @) (Pa)
Product A 2246 4801 2296 1207 7492
Product B 1891 4904 1954 1454  117.8
Product C 3986 1572 4285  21.53 1933
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Figure 6. (A) Storage and Loss moduli of product A as a function
of shear stress. The Lissajous-Bowditch plots is plotted by the
normalized strain versus the normalized stress at (B) 1 Pa, (C)
10 Pa, (D) 100 Pa and (E) 175 Pa.
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A as a function of shear stress. At the shear stress marked
with dashed vertical lines in Figure 6A, the Lissajous-
Bowditch plots were plotted in Figure 6B ~ E using nor-
malized stress as the x-axis and normalized strain as the
y-axis. When the shear stress are 1 Pa and 10 Pa, Figure
6B and 6C show the elliptic curves due to the linear rela-
tion between input stress and output strain. When the shear
stress is 100 Pa (Figure 6D), it is hard to figure out whether
the curve is completely elliptical or not. At 175 Pa of shear
stress, it is clear that the Lissajous-Bowditch plot is dis-
torted from the elliptic curve. As mentioned above, the
Lissajous-Bowditch plot can simply visualize the linear and
nonlinear relation between input and output signals.
However, it is difficult to quantitatively characterize the
nonlinearity of the signal. Hence, we used the relative
Fourier intensity of the 3 harmonic (/;) to compare the

effects of oscillatory flow in the preconditioning step.

4.2, Effects of Preconditioning Shear Flow on the Axial
Force

The axial force under extensional flow were plotted in
Figure 7. For clarity, curves are vertically shifted with the
arbitrary shifting factor, a. As the gap between the Peltier
and the upper plate increases, the axial force is recorded
in a timely manner, and the value is negative due to its
direction. In this study, we considered only the axial force
not normal stress, because the area change on the perpen-

AProduct A (@ = 0 N)

Axial force + a (N)

8 °Product B (a = -2.5 N)

®Product C {a = -5 N)
-20

0.0001 0.001 0.01 0.1 1 10

Time (s)

Figure 7. Axial force as a function of time at the stage of
extensional flow. The curves are vertically shifted by arbitrary
shift factors, a.

dicular plane to the extensional direction was not recorded.
At a certain time, the axial force reached to the global mini-
mum and increased as gap size increased. The global mini-
mum value was calculated as Fiy,. It is interesting that the
local minimum were observed for all samples. According
to the previous research using TA, it was reported that in-
homogeneity of micro gel structure causes occurrence of
local minimum in the axial force curves under extensional
flow using TA[6].

Fin obtained from the axial force curves were summar-
ized in Table 2 for 3 samples according to the different
preconditioning steps. When no shear flow was induced at

the stage of preconditioning step, Fnin of samples were sim-

Table 2. Fi, of Samples according to Different Preconditioning Steps

Equilibrium Osillatory shear (o = 1 rad/s)
Sample Step shear
(No shear) 1 Pa 10 Pa 100 Pa 1,000 %
Product A 9.52 7.62 9.82 9.66 9.37 8.50
Product B 13.11 7.68 12.59 12.35 9.11 8.13
Product C 2235 5.86 19.02 18.42 18.32 12.58
Table 3. Parameters of Empirical Equation (13) for Fin
Fo h() n 1‘2
W) ) ©) ©)
Product A 10.01 4.57 0.3356 0.997
Product B 12.52 0.5186 0.6114 0.994
Product C 18.66 0.7944 0.7794 0.995
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ilar to the results which are measured after SAOS flow (1
Pa and 10 Pa). It means that the SAOS flow induced in
the preconditioning step barely leads to the deformation of
microstructure. As for the product C, Fy,, dramatically de-
creased after the step shear with a constant shear rate, 1
rad/s. The step shear increases the strain over time because
it constantly applies shear flow. Hence, the step shear flow
is an experimental method that greatly deforms the micro-
structure of material. This phenomenon is especially com-
mon in viscoelastic materials with high modulus. For this
reason, the step shear flow is difficult to keep the loaded
sample stable during rotation. This is one of the reasons
that LAOS flow attracts attention as a tool to investigate
the nonlinear behavior of viscoelastic materials. When the
large amplitude oscillatory stress (100 Pa) and large ampli-
tude oscillatory strain (1,000%) were induced before the

extension test, relative tendency of Fp, of each samples
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are similarly observed. According to Figure 5, oscillatory
amplitude 100 Pa is higher than CPS for product A but
not for product B and C. It means that the flow derived
by a fixed stress amplitude can be either a SAOS (linear
deformation) or a LAOS (nonlinear deformation) flow de-
pending on the material. In other words, the fixed stress
amplitude can be an ambiguous boundary as a pre-
conditioning shear condition.

In order to characterize the oscillatory shear flows as
an input signal, the 3" Fourier intensities 5 was calculated
by the harmonic analysis function of TRIOS software (TA
instruments, USA). Subsequently, 43 was calculated by nor-
malization using linear viscoelastic variable as defined in
Equation (11). The A3 and Fy, of product A were plotted
as a function of shear stress in Figure 8A. As shear stress
increases, Fp, measured after oscillatory shear flow de-

creased as shown in Table 2. /3 is nearly 0 when the oscil-
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Figure 8. I, and /3 as a function of shear stress for (A) product A, (B) product B; (C) product C. (D) Fuin and empirical equations
as functions of /; for all samples. Symbols are data measured by rotational rheometer. Solid, dashed, and dotted lines represent predictions

based on empirical equations.
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latory stress is below 50 Pa. As shear stress increases over
50 Pa, A5 also increases. It means that the response strain
signal starts to show nonlinearity and the input stress causes
changes in microstructures. Figure 8B~C show /43 and Fn
as a function of shear stress of products B and C,
respectively. As for the result of product B, A3 was 5.2
x 107 when the oscillatory stress amplitude was 100 Pa,
while /3 of product C was 7.7 x 107 even if the same
stress amplitude (100 Pa) was induced to the samples.
When the input signal with same amplitude is applied,
whether the strain output is linear or nonlinear depends on
the properties of the material.

Symbols in Figure 8D show the relation between Fpn
and hs. If h; is almost zero, especially below 0.01, Fin
remains similar regardless of /3. When a sufficiently large
amplitude oscillatory flow was induced in the samples, /3
increased while Fi, decreased.

In order to compare the effects of nonlinear deformation
on Fyy, of each sample, the empirical equation is suggested
as below:

Fy
Finin(h3) = 1+(h3/h0>n 13

The nonlinear regression yields parameters describing
Fhin of each sample with a high accuracy of ” > 0.99,
where #* is the coefficient of determination. The parameters
were summarized in Table 3. When /; is approximated to
0, Fin corresponds to Fj. It is expected that F; are related
to linear viscoelastic variables under SAOS flow. In equa-
tion (13), n is related to the slope of decreasing Fin, as
h3 increases. According to the parameter obtained by re-
gression, » of product C was largest, and Fr, of that sharp-
ly decreased as nonlinearity of deformation increased. By
solving the system of equation numerically, an intersection
of Fuin curves of products A and B appears where /; =
0.34.

The process of spreading cosmetics on the skin is a proc-
ess accompanied by significant deformation of
microstructures. Various methods have been proposed to

simulate these steps using mechanical devices and to inves-
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tigate rheological behavior. However, the measurement of
rheological properties using step shear with large deforma-
tion has experimental problems such as low reproducibility
and unstable loading conditions. In this respect, unlike oth-
er flows, LAOS flow is a suitable way to stably measure
nonlinearity while using large deformations. SAOS flow
with A3 of 0.01 or less does not cause sufficient deforma-
tion of the material, so it exhibits a behavior similar to
the measured axial force without applying preconditioning
shear. After applying LAOS flow showing a sufficiently
large h3, the axial force tends to differ from the effect of

the preconditioning step using no shear or SAOS flow.

4.3, Comparison with Axial Force Measured by Texture
Analyzer

The axial force curves were measured as described in
Figure 4 and the tests were repeated in three times. Figure
9 shows the results of TA measurements and sensory
evaluation. Product C has the largest Finta, While product
A has the smallest value. Standard deviations were in-
dicated by vertical error bars. According to statistical analy-
sis of the results, products A and B did not show the sig-
nificant difference. The not significant difference was also
observed between the results of products B and C. On the
other hand, products A and C showed significant difference

OProduct A BProduct B BProduct C

EE
*x *okk

NS

NS

RN

Frin,7a (0f)
_

AUC (gf-s)
Sensory evaluation

S|

%
.
%
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fimn,TA /Itj(:

Sensory
stickiness

Figure 9. Comparison of statistical analysis of Finta, AUC
measured by TA and sensory assessment for stickiness by panel

test. NS: non-significant, p < 0.05, * p < 0.01, ™ p < 0.001
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with p < 0.001. The AUC trend of all samples was similar
to that of Fiina.

It is interesting that the panel test shows a significant
difference compared to the TA results. Through panel test,
product C scored the highest score on stickiness and it
showed significant difference with not only products A but
also B.

Based on the results of panel test and the empirical equa-
tions of Fy, it is expected that shear deformation of /5
~ (.34 will be required to measure the stickiness of the

samples concerned in this study.

5. Conclusions

The texture of cosmetics is one of the most important
factors determining the quality of products. In order to in-
vestigate the effect of mechanical properties on sensory
properties, various methods have been suggested to quanti-
tatively measure the sensory properties.

The method of measuring the axial force using TA has
been continuously studied until recently to find a correla-
tion with stickiness. It was found that the axial force meas-
ured by TA on the skin covered by cosmetics has a positive
correlation with the stickiness evaluated by panel test[S8].
Although they investigated the effects of substrate and sug-
gested the most suitable conditions for accurate measure-
ments, it still suffers from the weak reproducibility due to
differences in spreading conditions of samples.

In this study, we suggested a new procedure to measure
the axial force under extensional flow using a rotational
rheometer. The procedure consists of 3 steps: sample load-
ing step, preconditioning step and extension step. At the
preconditioning step, linear and nonlinear shear deforma-
tion were induced using step shear, SAOS and LAOS flow,
and the effects of preconditioning shear on the axial force
at the extension step were observed. It is found that the
axial force, which is expected to be related to the sensory
stickiness, is affected by the preconditioning flow step. As
for the step shear, it leads to significant deformation to the
samples, but it is hard to obtain the proper measured data

due to unstable loading state during rotation. When the

SAOS flow is induced to the samples, Fin was measured
as similar as that measured without pre-shear conditioning.
It means that SAOS flow cannot lead the sufficient de-
formation on the microstructure of samples.

Compared with SAOS, the LAOS flow as a precondi-
tioned flow resulted in different consequences of axial
forces in the expansion step. It is important to characterize
the nonlinearity of LAOS flow at the preconditioning step,
because even if the same stress amplitude is applied, non-
linear deformation may or may not occur depending on the
materials. Nonlinear viscoelastic flow is characterized by
the normalized 3" Fourier intensity, 43, and the Fp, ob-
served as a function of /3. According to the samples, the
dependence of nonlinearity of shear deformation at pre-
conditioning step was differently observed. The empirical
equations were simply suggested to quantitatively compare
the axial force behavior as a function of #;.

Axial forces measured by rheometer were compared with
those by TA and results of panel test. It is found that the
TA test provided the axial force data similar to that meas-
ured by a rotational rheometer, but it has few statistically
significant differences. It is shown that shear deformation
with /3 = 0.34 is required to describe the stickiness scored
by the panel test using a rotational rheometer with high
reproducibility as well as significant differences.

It is worth noting that the /3 can be a criterion determin-
ing the amplitude of oscillatory shear to design the proce-
dure measuring the axial force related to the stickiness of
cosmetics. A suitable protocol for measuring the stickiness
of the cream should be accompanied by a pretreatment
shear with a sufficiently large amplitude, which is likely
to reflect changes in the microstructure while applying the
cream to the skin. It is expected that the newly suggested
protocol using A3 parameter enables the evaluation of the

stickiness of cosmetics in a more systematic way.
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Supplementary Materials

In order to verify the reproducibility of protocol to measure the axial force, an aqueous solution of commercial polymer
was selected and the axial force was measured by a rotational rheometer and TA. The results of the rheometer and TA
are summarized in Tables S1 and S2, respectively. The polymer was Carbopol® 980 supplied by Lubrizol. The solution
contains 0.5% Carbopol® as neutralized form and 2% of 1,2-hexandiol as preservative. All test were repeated three times

and the mean and standard deviation were calculated.

Table S1. F, of 0.5% Carbopol® 980 Aqueous Solution

Oscillatory shear (o = 1 rad/s)

Equilibrium Step shear

1 Pa 10 Pa 100 Pa 1,000 %
Fiyin (N) 9.762 9.079 9.159 9.054 8.722 9.079
S.t al?dard 0.4198 0.01905 0.4574 0.4303 0.4013 0.01906
deviation (N)
hs () 5.084x107 1.601x10™ 1.280x10™ 6212

Table S2. Fuinta and AUC of 0.5% Aqueous Carbopol® 980 Solution

Average Standard deviation
Fmin,TA (gf) 1.5 0.1
AUC (gr -+ s) 1.039 9.613x10™
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