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Abstract This work documents the first account of advanced mechanical properties of six commercial lip-
sticks, some of which serve as market leads. We systematically studied their nonlinear viscoelastic properties
under large amplitude oscillatory shear deformations.At large strains, all lipsticks showed intercycle strain soft-
ening, the extent of which initially depended on the prototype in the nonlinear regime. This behavior, markedly,
was absent after the crossover of the dynamic moduli. Parameters obtained from the strain amplitude sweeps,
i.e., the intrinsic elastic modulus and the stress maximum, demonstrated distinct prototype dependence. The
Lissajous plots and the dimensionless nonlinear indices were determined using the MITlaos software. They
showed intracycle elastic strain stiffening and viscous shear thinning. The angular oscillation frequency directly
influenced the linear viscoelastic measures of all the benchmark lipsticks, and the nonlinear properties of only
a few benchmark ones. The current study generates standard nonlinear rheology data that can be associated
with the lipstick sensory attributes and typical tribological parameters. This may serve as an effective way to
examine the transition from the initial spreading to the post-application sensation.

1 Introduction

The current generation of commercially procurable lipsticks requires suitable mechanical characteristics to
generate superior features, both in terms of market coverage and customer acceptance. For instance, a lipstick
must show an extended shelf-life and steadiness against humidity and temperature (55–75 ◦C), provide derma-
tological protection, should be devoid of physical artifacts including sweating and fissures, possess an amiable
fragrance and taste, show easy melting at the lip temperature (32 ◦C), coupled with substantial spreadability
and wearability [1–3]. The lipstick viscosity has to be high enough to hold its structure in the mold. Further-
more, it should gradually decrease as the mechanical stress is increased during the physiological application
[3]. From a tribological perspective, lipsticks necessitate different degrees of friction to slither effortlessly over
skin [4]. This assists in regulating applications like sweating. The wearing rate should be enough to leave a
transfer film, but not so extreme that the film is objectionably impenetrable. These perceptions are expedited
by an improved understanding of the real material properties under industrial production settings. There is also
a direct or indirect influence on the customer base, which can vary widely based on climate, location, culture,
and perceptibility.

Past rheological investigations on organogels, wax-based emulsions, waxy crude oils, and lipstick formu-
lations have shown the effectiveness of rheological characterizations in explaining their mechanical properties
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[4–10]. Very recently, we systematically characterized the small amplitude oscillatory shear (SAOS) rheolog-
ical properties of a wide range of commercially accessible industrial-grade lipsticks and related them with
their thermal profiles [11]. We recorded the dynamic moduli, the strain-independent linear viscoelastic (LVE)
regime, strain softening at high strains, appreciable inherent elasticity, and the bulk melting point, amongst
others. We found that the viscoelastic characteristics of all benchmark lipsticks are governed by a predom-
inant elastic contribution. Additionally, the lipsticks possess distinct magnitudes of intrinsic elasticity at the
limit of zero deformation, as well as different extents of strain tolerating abilities in the LVE regime. More
importantly, we associated the rheological quantities with indicative textural features and categorized them
according to customer groups. We noted that there is no lipstick offering the supreme characteristic on every
account. Instead, the thermomechanical parameters need to be customized depending on the customer base.

Large amplitude oscillatory shear (LAOS) technique conveys away to vigorously investigate themechanical
distortions of a soft solid microstructure under large deformations, both under stress-controlled and strain-
controlled modes [12–15]. Several strategies were reported for analyzing the LAOS data, which present a
distinct evolutionary pattern. The high-resolution Fourier transform (FT) rheology was the foremost, which
was considered as the state of the art for a considerable period [16,17]. Although the FT analysis presented
quantitative information, interpretations in terms of mechanical terminologies could not be enforced. This
limitation motivated McKinley and coworkers to extend the stress decomposition method proposed by Cho
et al. [18], leading to the well-known Chebyshev approach [13,19,20]. The nonlinear response could be
more stringently characterized compared to step inputs, i.e., creep tests and start-up of steady shear. Also,
experimental artifacts such as edge fracture could be evaded in stress-controlled rheometers [13]. However,
the approach also has its limitations [15,21,22]. For instance, the extraordinarily severe symmetry assumptions
often lead to confusion when it comes to data interpretations. It is ambiguous how the outcomes from the static
or time-averaged analysis patterns can be associated with different examination methods. The LAOStrain
frameworkwith the total strain does not guarantee the linearity of the time-decayed response and cannot explain
the stress overshoots [12]. These problems led to recent advancements, highlighting the significance of the
dynamic or instantaneous nonlinear viscoelastic response. The transient response facilitates the interpretations
of different microstructural states under quasilinear LAOS deformations [23]. More recently, using a sequence
of physical progress or SPP scheme, a full set of time-dependent viscoelastic parameterswas defined, explained,
and compared with experiments [15]. As demonstrated, it advances the knowledge of thixotropy, yielding,
and other advanced structure-property relationships under large-scale deformations [24–26]. During topical
cosmetic product applications, the typical shear rates can reach staggeringmagnitudes of 103−104 s−1 [27,28].
This necessitates investigations of such materials under large-scale deformations.

Past studies have rheologically characterized lipstick formulations and other cosmetic products at large
strains or very high shear rates, based on inelastic behavior and transient material properties [29,30]. Pénzes et
al. [29] predicted structural information, network elasticity, and crosslinking energy by carrying out nonlinear
oscillatory stress sweeps of pharmaceutical-grade organogels. Goik et al. [7] showed that rheological additives,
for instance, propolis, do not affect lipstick viscoelasticity. Besides, the apparent viscosity profoundly influ-
ences the lipstick usage parameters, such as the contact time with the skin. Ozkan et al. [30] used conventional
and FT rheology to characterize the stress tolerance of skin and hair gels under steady torsional flow, uninter-
rupted shear-rate ramps, extensions, and dynamic LAOS stresses. The authors associated these properties with
sensory features and reported that thixotropy and wall slip greatly affect the product spreadability. Particularly,
LAOS was shown to be instrumental in comprehending the investigation of sensorial aspects. Using rotational
rheometry, oscillatory shear rheology, and creep compliance studies, Haj-shafiei et al. [31] showed that the
development of wax crystals restricts the breakdown of W/O emulsions induced by shearing deformations,
which would negatively impact their spreadability. Tribological studies of cosmetic samples were also carried
out. Timm et al. [32] demonstrated that the overall friction could be reduced by cosmetic polymer particles,
their particle size being a controlling parameter. The frictional standards of different moisturizers, i.e., solids
suspended in liquids, were associated with sensory parameters like stickiness and spreading, based on trained
sensory panel assessments [33]. Beri [4] systematically studied the effects of disk speed and normal force on
friction and wear for a variety of solid wax-based emulsions. The friction coefficient was shown to increase
with increasing wax concentration, droplet size, and aqueous volume proportion. Additionally, friction was
found to be an effective tribological indicator for the smoothness of a lipstick formulation [4].

Despite these developments in the rheological characterization of cosmetic emulsions and lipstick formu-
lations, there are scopes for further investigations. To our knowledge, there is no systematic investigation of the
nonlinear viscoelastic parameters of commercial benchmark lipsticks under LAOS stresses. Such a study can
explore the relationship between the maximum stress tolerance and the inherent elastic potential. It will also
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Table 1 Industrial benchmark (BM) lipsticks examined in this work

Sample code Benchmark lipstick trade name

BM-1 Labello® Original
BM-2 Natural ingredient-based formulation (KHK, GmbH)
BM-3 Bepanthol®

BM-4 Weleda EVERON®

BM-5 BURT’S BEES HONEY®

BM-6 eos® Organic Strawberry Sorbet

clarify the influence of the strain on the destructive behavior of the wax crystal network. Furthermore, it can
also help to categorize the customers based on the qualitative trends of the advanced mechanical parameters.
The objective of the present study is to systematically investigate these aspects by studying the qualitative
nonlinear rheological trends of our benchmark lipsticks under LAOS stresses. The article is arranged as per the
following segments. Section 2 briefly explains the benchmark lipstick sample set, the experimental method-
ology, and data analysis procedures. In Sect. 3, we present the principal outcomes from the current work.
Section 4 discusses these results and puts them into contexts. Finally, we summarize the key inferences in
Sect. 5.

2 Materials and methods

2.1 Commercial benchmark lipsticks

We investigated the nonlinear rheology of six industrial lipsticks, as listed in Table 1. BM-1 and BM3–
BM-6 were purchased from well-known online retailers in Germany. BM-2 was contributed by KHK GmbH
(Cologne, Germany) purely for scientific investigation purposes. The precise list and proportions of the lipstick
constituents, as well as the industrial preparation and filling procedures, were outside the capacity of the current
investigation, because of individual company regulations. The choice of these particular lipstick prototypes has
already been rationalized in our recent article [11], which used the same lipstick prototypes as herein. Briefly,
we considered the extent of their market spread (both online and in the real market), consumer suitability
in a specific country (like Germany) or continent (Europe and USA), future incorporation of novel natural
ingredients (e.g., BM-2), amongst others. We did not categorize the prototypes based on formulation type,
texture, color, fragrance, or any other related parameter.

2.2 Oscillatory shear rheology

We used a standard Physica MCR 502 rheometer with a smooth, stainless steel parallel plate geometry (Anton
Paar, Graz, Austria) for the oscillatory shear measurements. The stress-controlled rheometer was utilized in
the strain-controlled mode for the rheological characterizations. Critically, the direct strain oscillation or DSO
selection of the instrument was employed to safeguard an accurate sinusoidal strain at all imposed amplitudes.
Several researchers have successfully carried out LAOS experiments with a stress-controlled rheometer and
have reported the nonlinear viscoelastic responses for a wide range of samples [34,35]. The diameters of the
top and bottom plates were 8 and 15 mm, respectively. To circumvent sample slippage, we covered the plates
with sandpapers using double-adhesive tapes. We maintained the gap at 0.7 mm, irrespective of the sample
and rheometric protocol. We carried out all tests at the lip physiological temperature of 32 ◦C. To verify the
reproducibility of our results, we tested multiple samples corresponding to each brand. More details about
the step-wise sample preparation, the temperature and moisture regulation, as well as the sample loading, and
normal forcemonitoring procedures are given in our recent lipstick article [11]. The supplementary information
(SI) file of the corresponding article also provides a pictorial representation of the measuring system (see Fig.
S2). The principal measurement performed in this study was that of an isothermal strain sweep extending from
SAOS to LAOS strains (0.001 < γ < 100%), at a fixed angular oscillation frequency (10 rad s−1) to identify
the LVE and nonlinear regimes, respectively. We simultaneously recorded the intracycle waveforms at each
strain amplitude and subsequently analyzed them as described in Sect. 2.3. To examine the intracycle linear
viscoelastic behaviors, we carried out frequency sweeps at fixed low strains (0.02 < γ < 0.5%).
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2.3 LAOS data interpretation using MITlaos

We interpreted the stress waveforms recorded at 10 rad s−1 and distinct strain amplitudes using the MITlaos
software platform (Ver. 2.2 Beta, MATLAB). For comparison purposes, we also analyzed the strain sweep
data obtained for the same lipsticks at 1 rad s−1 reported in our recent study [11]. We qualitatively analyzed
the nonlinear stress response via elastic and viscous Lissajous–Bowditch curves. To study the LVE regime, we
first determined the first harmonic elastic (G ′

1) and viscous (G
′′
1) moduli and verified its identical magnitudes

with the linear storage and loss moduli, respectively, across the entire strain range. To study the storage of the
elastic energy at large deformations, we estimated the nonlinear elastic moduli [20]

G ′
M ≡ dσ

dγ

∣
∣
∣
γ=0

= e1 − 3e3 + · · · , (1)

and

G ′
L ≡ σ

γ

∣
∣
∣
γ=±γ0

= e1 + e3 + · · · . (2)

Here, G ′
M is the minimum strain or tangent modulus at the maximum shear rate or the minimum strain

(γ = 0), and G ′
L is the large strain or secant modulus at the minimum shear rate or the maximum strain

(γ = ±γ0). Further, σ denotes the shear stress, γ0 is the strain amplitude, and e1 and e3 represent the
first-order and third-order elastic Chebyshev coefficient, respectively. Finally, we quantitatively analyzed the
nonlinear response in terms of the strain stiffening (S) and shear thickening (T ) ratios, expressed as [20]:

S ≡ G ′
L − G ′

M

G ′
L

= 4e3 + · · ·
e1 + e3 + · · · , (3)

and

T ≡ η′
L − η′

M

η′
L

= 4v3 + · · ·
v1 + v3 + · · · (4)

In Eq. (4), η′
M and η′

L denote the local viscosities at the minimum and maximum strain, respectively, and v1
and v3 represent the first-order and third-order viscous Chebyshev coefficient, respectively. In a recent article,
these dimensionless indices were found to exhibit a stronger nonlinear response than the Chebyshev ratios
[35]. Only∼ 25% of the entire nonlinear influence on the LAOS stress is incorporated in e3 and v3, and hence,
it is not sufficient to only consider the Chebyshev coefficients or their ratios [20]. LAOS studies have already
been extensively carried out in our group, and the applied analysis procedures were explained in great detail
in our previous works [35–37].

3 Results

Figure 1a displays a representative full mechanical spectrum in terms of the strain amplitude sweep of BM-1
performed at ω = 10 rad s−1. The qualitative trends of the LVEmoduli for the other benchmark lipsticks are
similar to the one shown in Fig. 1a, as well as to the ones obtained previously at ω = 1 rad s−1 [11]. Namely,
we find predominant elastic contributions to viscoelasticity (G ′ > G ′′) in the LVE region, which is dependent
on the benchmark prototype. In the LAOS region, we see strain softening, followed by a crossover of the
dynamic moduli. However, the magnitudes of the LVE moduli reported here, i.e., at ω = 10 rad s−1, are larger
compared to the ones observed in our previous study at ω = 1 rad s−1. Quantitatively, the moduli magnitudes
at ω = 10 rad s−1 can be broadly categorized into two distinct groups. BM-2, BM-3, and BM-5 represent the
larger cohort, while the rest characterizes the smaller unit. The behaviors of the nonlinear viscoelastic moduli
are discussed later. The evolution of the shear stress amplitude as a function of the strain amplitude (Fig. 1b)
shows similar qualitative trends as in our previous study [11]. For instance, we observe a power-law region in
the LVE regime until the onset of nonlinearity. We define this onset as where the strain amplitude in the strain
sweep deviates from the linear viscoelastic regime. Although not explicitly displayed here, it may be noted
that the LVE strain amplitude limits of BM-4 and BM-6 are not much higher than those of the other specimens,
indicating similar deformation tolerability. We also carried out frequency sweeps at chosen strain amplitudes
within the LVE regime (Fig. 1c). We see typical semi-solid behaviors, with a dominant elastic contribution
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(a)

(b)

(c)

Fig. 1 a Representative strain sweep data of benchmark lipstick BM-1, showing linear elastic (G ′) and viscous (G ′′) moduli and
nonlinear moduli (G ′

1, G
′
M, G ′

L, G
′′
1) as a function of strain amplitude, γ , at angular frequency of ω = 10 rad s−1. G ′

0 is the
intrinsic elastic modulus, indicating the elastic potential in an undistorted state. b Evolution of shear stress amplitude, τ , as a
function of strain amplitude γ , during strain sweep of BM-1. τ ∗ (hollow circle) denotes the stress maximum. c Frequency sweep
of BM-1 displaying evolution of G ′ (filled circles), G ′′ (open circles) and complex viscosity η∗ (filled diamonds) in LVE regime
at γ = 0.03%. All experiments were carried out at a temperature of 32 ◦C

to linear viscoelasticity. The complex viscosity does not reach a plateau even at an angular frequency of
0.01 rad s−1. The relaxation time could not be estimated as the dynamic moduli did not exhibit a crossover in
the probed frequency range. These observations hold for all lipsticks.

We used two additional parameters, namely, the intrinsic elastic modulus, G ′0 , and the shear stress maxi-
mum, τ ∗. As illustrated in Fig. 1a, G ′

0 was obtained by extrapolating the strain amplitude dependence of G ′ at
the limit of zero strain through least-squares linear fitting with a slope equal to zero. As indicated in Fig. 1b,
τ ∗ was obtained from the strain amplitude sweep, representing the maximum value of the shear stress ampli-
tude. The estimated parameters are displayed for the different benchmark lipsticks in Fig. 2a, b, respectively.
The qualitative trends of τ ∗ and G ′

0 are not identical, although both are prototype dependent. For instance,
Fig. 2a shows that BM-4 demonstrates the highest stress tolerance (8–12 kPa), followed by BM-2 (3–6 kPa)
and BM-5 (3–5 kPa). On the other hand, the mean values indicate that BM-1 and BM-6 are the least capable
of withstanding a high shear stress (∼ 2 kPa). From Fig. 2b, as noted earlier, we find that the values of G ′

0
can be loosely categorized into two main groups. While BM-2, BM-4, and BM-5 represent the larger cohort
in terms of magnitude (700–1000 kPa), BM-1, BM-3, and BM-6 constitute the smaller unit (300–500 kPa).
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(a)

(b)

(c)

Fig. 2 Strain-sweep measures calculated for different benchmark lipsticks, as illustrated in Fig. 1. a Maximum shear stress
amplitude, τ ∗, and b zero-strain or intrinsic elastic modulus, G ′

0. c Intercycle elastic response of benchmark lipsticks in terms of
dimensionless elasticmodulus,G ′/G ′0 , across the entire strain amplitude range fromLVE to nonlinear regimes. The characteristics
in (a, b) represent the mean of at least five samples. The error bars indicate standard deviations. The sample codes are explained
in Table 1

Undoubtedly, BM-1 possesses the lowest G ′
0 value (300–350 kPa) at the undistorted state. Comparing the G ′

0
values obtained at ω = 10 rad s−1 (current study) with the ones obtained at ω = 1 rad s−1 [11], we note that
the zero-strain elastic modulus increases with increasing angular frequency. A non-dimensional representation
of the intercycle elastic strain softening is shown in Fig. 2c, where we used G ′

0 to non-dimensionalize the
elastic moduli across all strains. The degree of strain softening depends on the lipstick prototype. It appears
over almost two orders of magnitude of strains (0.2% < γ < 20%) in the nonlinear regime, corresponding to
the region before the crossover of the dynamic moduli (Fig. 1a). After the crossover (γ > 20%), however, all
lipsticks seem to follow a universal behavior, with an identical terminal slope. The effectiveness of using such
types of measures was already demonstrated in some of our earlier studies [11,35,38].

Figure 3 shows the representative viscous (instant stress vs. instant strain rate) and elastic (instant stress
vs. instant strain) Lissajous curves of BM-5 at distinct values of imposed strain amplitudes at ω = 10 rad s−1.
For comparison purposes, we also present the curves at ω = 1 rad s−1, which we extracted from the strain
amplitude sweeps presented in our recent study [11]. In each curve, the solid line represents the total stress. The
broken line represents the decomposed elastic or viscous stress, depending upon the elastic energy storage or
viscous dissipation, respectively. The qualitative trends of the Lissajous curves were identical, irrespective of
the lipstick prototype (data not shown). Namely, at the smallest strain amplitude values (γ = 0.1 and 0.316%),
the LVE regime is evident from the elliptical configurations with twomirror planes. The onset of nonlinearity is
prototype-dependent and occurs for BM-5 at an approximate strain amplitude of 0.63%. As the strain is further
increased, i.e., at strain amplitudes of 1, 3.16, 6.31, and 10%, both the elastic and viscous stress contributions



Mechanical response of industrial benchmark lipsticks 3037

become increasingly nonlinear, as validated by the distorted curve conformations. All lipsticks show distinct
intracycle elastic strain hardening and intracycle viscous shear thinning. In addition to the unique shapes, the
multiple deviations in the slopes (broken dashed lines in Fig. 3) corroborate these trends. We do not see a
significant impact of the oscillation frequency on the shapes of the Lissajous curves up to a strain amplitude
of 10%. Quantitative differences are reflected in the magnitudes of maximum and minimum instantaneous
stress responses at 6.31%, as well as in the LVE regimes in Fig. 3, where the viscoelastic stress magnitudes at
ω = 10 rad s−1 (columns C andD) are double compared to the ones atω = 1 rad s−1 (columns A and B). These
results were quantified using additional elastic nonlinear parameters, the outcomes of which are presented in
the following two Subsections.

A deeper insight into the contributions of the higher-order odd harmonics can be obtained by quantifying
the mechanical response in terms of nonlinear viscoelastic moduli and their ratios [13]. We first compare
the intercycle behaviors of these nonlinear viscoelastic moduli for BM-1 with the LVE moduli across the
entire strain range (Fig. 1a). The first harmonic elastic (G ′

1, hollow squares) and viscous (G ′′
1, hollow circles)

moduli overlap with G ′ and G ′′, correspondingly, as anticipated. The quantification of the nonlinear response,
especially in terms of the elastic energy storage, is represented by the minimum strain or tangent modulus,
G ′

M, at γ = 0 and the large strain or secant modulus, G ′
L, at the maximum applied deformation (γ = ±γ0).

Similarly, two local viscosities, i.e., η′
M at zero strain and η′

Lat the maximum strain, can be considered,
representing identical connotations corresponding to their elastic counterparts. In the lipstick-dependent LVE
regime, we observe G ′

1 = G ′
M = G ′

L = G ′, in agreement with theoretical postulations [20]. In the nonlinear
regime, G ′

M and G ′
L exhibit unique trends at high strains. While the magnitudes of both nonlinear elastic

moduli appear to diminish with increasing strain amplitudes, G ′
M decreases at a comparatively higher rate than

G ′
L. The rate of decrease in G ′

M is also higher for the higher oscillation frequency. Although not shown here,
an analogous drift was noted for η′

M and η′
L. This is an additional validation of the intercycle strain-softening

tendency during the viscous stress decay.
Figure 4 quantifies the strain dependence of the intracycle viscoelastic response in terms of the dimension-

less indices of nonlinearity. The strain-stiffening and shear-thickening ratios are defined as S ≡ (G ′
L−G ′

M)/G ′
L

and T ≡ (η′
L − η′

M)/η′
L, respectively [20]. In the LVE regime (< 1% strain amplitude), we obtain S ≈ 0

and T ≈ 0 irrespective of the lipstick type, as anticipated. At 0.01% strain amplitude, there are a few cases
with S < 0 and T > 0 (not shown here). This does not signify intracycle elastic strain-softening and viscous
shear-thickening behaviors, but rather noisy signals at such low deformations. With a gradual progression into
the nonlinear regime, i.e., between 1 and 10% strain amplitude, we observe S > 0 and T < 0. This suggests
intracycle elastic strain stiffening and viscous shear-thinning behaviors. For BM-2, the quantitative elastic
response is stronger at the higher oscillation frequency of ω = 10 rad s−1, as revealed by the magnitude of
S. However, the direct influence of a higher oscillation frequency on S is only valid at the strain amplitude
of 10% for BM-5 and BM-6, but not true for the other benchmark lipsticks. As for T , we observe two main
trends. There is not a noteworthy influence of a higher oscillation frequency on T for BM-1, BM-4, and BM-5,
although some dependence of the same on T could be noted for the other lipsticks, however, only at the strain
amplitude of 10%. Prior to intracycle shear thinning, we see no noticeable shear-thickening trends for any
lipstick.

4 Discussion

In this work, we deal with two types of mechanical responses. Figure 1a and b shows the evolution of the
dynamic moduli or stress amplitude as a function of the strain amplitude. This is an intercycle response as it
occurs across cycles of different maximum imposed strain amplitudes. The Lissajous plots in Fig. 3, however,
display an intracycle response, i.e., it occurs within one stress–strain curve cycle as the instantaneous strain
oscillates between the minimum and the maximum imposed strain amplitude. The intercycle strain-softening
behavior of the commercial lipsticks (Fig. 1a) corresponds to Type I LAOS behavior [19]. This is also in
agreement with previous observations on organogels [5] and lipsticks [7,8,11]. Type I LAOS behavior is
characteristic of a variety of systems, including entangled synthetic polymer systems [36,39], biopolymer and
injectable hydrogels [37,40], native biological tissues [35,41,42], and food hydrocolloids [43–45]. At 0.03%
strain amplitude, the frequency sweep data of BM-1 show that G ′ > G ′′ (Fig. 1c), conveying the robustness
of the physical network [28]. This predominant elastic contribution to the linear viscoelastic response is a
hallmark of all benchmark lipsticks tested in this work.

Additional information can be obtained from the calculated strain amplitude sweep measures (Fig. 2).
The energy of the crystal network of organogels is influenced by their elastic moduli, which, in combination
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Fig. 3 Elastic (columns A and C) and viscous (columns B and D) Lissajous–Bowditch curves of benchmark prototype BM-5.
The columns A and B refer to ω = 1 rad s−1, and the columns C and D to ω = 10 rad s−1. The rows represent the intracycle
response, i.e., the instantaneous elastic or viscous stress as a function of instantaneous strain or strain rate, corresponding to a
distinct strain amplitude
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(a)

(c)

(e)

(b)

(d)

(f)

(g)

(i)

(l)

(h)

(j)

(m)

Fig. 4 Strain stiffening ratio (left panel, filled symbols) and shear thickening ratio (right panel, open symbols), S and T , respec-
tively, as a function of imposed strain amplitude. Themeasurementswere performed atω = 1 rad s−1 (squares) andω = 10 rad s−1

(circles), as indicated in the legends of the subfigures (a, g). The sample codes are explained in Table 1

with the yield stress, affect their rubbing or pick-up features [29]. Based on Fig. 2b, the intrinsic elastic
potential, i.e., G ′

0, showed two distinct trends. BM-2, BM-4, and BM-5 possess a higher crystal network
elastic energy, compared to BM-1, BM-3, and BM-6. As noted in the previous Section, the quantity G ′

0 is
larger at the higher angular frequency of 10 rad s−1. This is expected since higher elastic energy is stored
at the higher intracycle shear rates. One important observation was the different extents of strain softening
corresponding to different benchmarks, as shown in Fig. 2c. Ozkan et al. [30] showed that the extent of strain
softening of different skin/hair care gels bears a dependence on the underlying polymer constituents. When
measured in rough geometries, the strain-softening behavior becomes independent of the formulation at very
high strain amplitudes (> 100%). We see an identical behavior for the lipsticks here, but roughly at an order of
magnitude before. Nonetheless, the stress tolerance of the lipsticks (Fig. 2a), based on the values of τ ∗, does
not show an identical qualitative trend as with G ′

0. Intracycle elastic strain hardening or viscous shear thinning
is related to the third harmonic contribution and is observed in similarly layered systems, i.e., biopolymer
gels [20,37,46,47] and ex vivo human skin and aged internal human vocal fold tissues [41,42,45]. However,
these trends are in contrast to the nonlinear responses of synthetic entangled polyacrylamide systems [36].
A previous LAOS study on composite skincare formulations reported viscous Lissajous plots [28]. However,
these tests were carried out at ω = 50 rad s−1 and in the range of 1–600% strain amplitude using an ARES-G2
strain-controlled rheometer. Despite that, intracycle viscous shear thinning was observed irrespective of the
formulation in the nonlinear regime, in agreement with the current study. The unique rheological observations
made here cannot be directly comparedwith those in past studies, due to the lack of suitable data in the literature.
This is especially true for the Lissajous curves observed between 20 and 100% strain amplitudes (data not
shown), which represent the post-crossover region. The curvesmanifest awide range of irregularities, including
non-reproducible fluctuations in the decayed instantaneous elastic and viscous stress response. Macroscopic
fractures were also observed for all the benchmark lipsticks after completion of the strain amplitude sweeps,
i.e., after the maximum imposed strain amplitude of 100%.

From the perspectives of the customers, much depends on a myriad of factors, including climatic condi-
tions, stages of physical development, geographical location, economic situations, amongst others. This was
exclusively highlighted in our recent article [11], with a proposed indication of sensory features based on
the thermomechanical properties of the same benchmark lipsticks. Although rheology brings out the best in
terms of apparent strengths of textures, it does not facilitate a careful appraisal of either the demonstrative
assessments or the subtle morphological characteristics [30]. In this regard, a systematic sensorial analysis of
the rheological features evaluated by a trained panel could provide more in-depth insights [48]. Gillece et al.
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[28] reported that slip, quick break, and cushion are initial-to-intermediate sensorial attributes that are most
suited for association with rheology. Since we employed a rough surface geometry with sandpaper, we could
majorly circumvent slip. Based on the results of the current study, we can use some of the mechanical lipstick
features, i.e., the zero-strain elastic modulus or G ′

0, the stress maxima or τ ∗, the melting temperature from
our previous study [11], and the extent of the linear viscoelastic regime, to indicate a few sensory attributes.
Potential customers preferring hard textures may choose from BM-2, BM-4, and BM-5. Customers preferring
soft textures may choose between BM-6 and BM-1. These are based on visual observations and the trends of
both G ′

0, and τ ∗, as shown in Fig. 2a, b. Parameters such as the stress maximum and zero-shear rate viscosity
were shown to be effective indicators of easy break and cushion sensory features of composite skincare for-
mulations [28]. The preference of the color and the perfume differs significantly between the young and adult
customers. The fragrance and the colors in the benchmark lipstick models were shown to be inconsequential
in terms of affecting the thermomechanical properties [11]. Customers preferring highly deformation-tolerant
lipsticks may opt between BM-1, BM-2, and BM-5. This is based on the larger extents of their linear vis-
coelastic regimes from strain amplitude sweeps at ω = 10 rad s−1. The natural component-based BM-2 was
particularly noted for its superior temperature stability based on its high melting temperature of ∼ 75 ◦C [11].

Besides rheological characterizations, standard tribological techniques could be employed for investigating
the lubricating properties of these benchmark lipsticks. This will serve as an independent and novel future
work, including studying their relation with the sensory attributes. For instance, the effects of sliding speed
on the coefficient of friction, or the effects of disk speed and normal force on friction and wear, could be
investigated. This will tribologically evaluate the prospects of the benchmark lipsticks, considering that these
methods are crucial to lipstick performance [4]. The combined application of the LAOS technique and tribology
will allow investigations at much smaller gap lengths and can be applied to very thin lipstick films. This will
enable examining the physicochemical features of lipsticks, ultimately facilitating a better understanding of
the transformation from the lipstick initial spreading to the post-application sensation [28]. Besides, the tribo-
rheological properties could be associated with the lipstick sensorial attributes via a systematic evaluation by
a trained panel.

5 Conclusions

Advancedmechanical properties of six different commercially procurable standard lipstickmodels were inves-
tigated under LAOS stresses. A few common trends for all the lipsticks could be noted in both the linear as well
as nonlinear viscoelastic regimes. In the frequency sweeps carried out at low strain amplitudes (< 0.1%), we
found a dominant intracycle elastic response. The strain amplitude sweeps showed intercycle strain-softening
behavior at higher strain amplitudes (between 0.1 to 10%), the extent of this behavior depending on the lipstick
type. However, after the crossover point (> 20% strain amplitude), this dependence disappeared. The linear
and nonlinear parameters obtained from the strain amplitude sweeps, i.e., the extent of the LVE regime, the
intrinsic elastic potential, and the stress maximum, showed lipstick dependence. The magnitude of the oscil-
lation frequency did not show a strong influence on either the qualitative or quantitative nonlinear responses.
We note that with the technique employed in the current study, the LAOS measures could be quite accu-
rately captured up to a strain amplitude of ∼ 20%. There are several opportunities for future investigations,
such as designing an independent tribological study to examine the friction and lubricating properties or the
connotation of sensory attributes to tribo-rheological parameters.
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