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ABSTRACT: Foams are viscoelastic soft materials with complex
mechanical properties. Here, we evaluated the friction dynamics of
foams between acrylic plates using a sinusoidal motion friction
evaluation system and we found some interesting characteristics
under accelerated conditions. On a typical solid surface, a
symmetrical friction profile, in which static and kinetic frictions are
observed, is obtained under reciprocating nonlinear motion.
Meanwhile, significant lubricant effects and velocity-dependent
friction profiles without static friction were observed in foams. The
friction force in foams increased in proportion to the power of
velocity, with a power index of <1. These characteristic and dynamic
phenomena in foams were observed in this study. They had been
caused by the formation of a thick lubricant film and various
dissipative modes including surfactant diffusion, viscous dissipation, and wall slip of bubbles. Moreover, the addition of a thickener
increased the friction force and the delay time of friction response and improved the foam durability against normal force and shear.
These findings are useful for understanding dynamic phenomena in soft materials.

■ INTRODUCTION

Foams are viscoelastic soft materials with complex mechanical
properties. They have both solid- and liquid-like mechanical
properties. Although the dispersion of bubbles in the liquid
phase can raise the viscosity of the fluid and give it solid-like
mechanical properties, foams flow like a liquid when a certain
strain is applied: when the strain applied to the foam reaches
the yield value, the storage modulus G′ decreases and the loss
modulus G″ increases.1−3 Geḿinard et al. evaluated the
mechanical response of foams to large-amplitude shear.4

During the reciprocating motion, a limit cycle where the sign
of stress was reversed between the outward and homeward
directions was observed. The maximum stress became constant
when the maximum strain was exceeded: the bubbles deform
and rearrange when foams are sheared with large amplitude. In
addition, the viscous stress increases in proportion to the
power of the capillary number Ca*, where Ca* = (μV0/σ).

5−11

The parameters are the viscosity of the liquid, μ; the relative
velocity between the foam and wall, V0; and the surface
tension, σ. The power index, n, is <1, indicating that the
effective viscous coefficient decreases with increasing shear
rate. These results suggest that foams have various modes of
energy dissipation. The relationship between viscous stress and
shear rate follows a different scaling law in the cases of
synthetic surfactants, which form relatively fluid interfaces, and
soaps, which form rigid interfaces: the latter produces
significantly higher viscous stress.
Although many researchers have evaluated the friction and

rheological properties of foams, almost all evaluations were

performed under decompression, uniform motion, or small
strain conditions. However, under compressive conditions and
nonlinear motion, the characteristic frictional phenomena of
foams are expected to occur. Stribeck showed that the state of
lubrication between solid surfaces depends on the shear rate,
the viscosity of the lubricant, and the vertical force.12 It is
difficult to explain friction phenomena on soft materials based
on the classical theory because they are complicated. For
example, Kurokawa et al. observed that the friction force on the
gel surface changed nonlinearly with velocity in the transition
process from elastic friction to fluid lubrication.13 In addition,
the effective viscous coefficient of foam decreases with
increasing velocity. We have developed a friction evaluation
system in which a contact probe moves in a sinusoidal motion
and proposed the two-phase nonlinear model to reflect the
viscoelastic properties in the friction model.14−16 The model
reflects the effects of velocity, acceleration, stiffness, viscosity,
and vertical loading. Shinomiya et al. found characteristic
friction phenomena between flat agar gel surfaces: an
asymmetric friction profile with a lubrication state was
observed when gels were rubbed for a shorter time than the
relaxation time.17
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In this study, the friction dynamics of foams between acrylic
plates was evaluated using a sinusoidal motion friction
evaluation system to show their behavior under dynamic
conditions. To the foaming formulation containing sodium
dodecyl sulfate (SDS) and myristic acid, 0−0.5 wt %
cationized cellulose was added to control the viscosity of the
surfactant solution. SDS and myristic acid are widely used
foaming agents in many fields. In particular, an SDS/myristic
acid mixed system has been found to form an elastic and stable
foam film.8 We analyzed the relationship between the friction
force and velocity/normal force and the effect of the viscosity
of the surfactant solution. In addition to foams, we evaluated
the friction dynamics of surfactant aqueous solutions before
foaming to clarify the effects of air bubbles and surfactant
molecules. The present findings are useful not only for
understanding the dynamic phenomena that occur on the
surface of soft materials but also for elucidation of the texture
recognition mechanism.

■ EXPERIMENTAL SECTION
Materials. SDS [CH3(CH2)11OSO3Na, 98%] was pur-

chased from Fujifilm Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). Myristic acid [C14:0 fatty acid,
CH3(CH2)12COOH, 98%] and cationized cellulose [Poise
C-60H, Polyquaternium-10] were obtained from Kao Corpo-
ration (Tokyo, Japan). Water was purified using the Demi-Ace
Model DX−15 demineralizer (Kurita Water Industries Ltd.,
Tokyo, Japan). To prepare an aqueous surfactant solution, a
surfactant mixture of SDS/myristic acid (95/5, wt/wt),
thickener (cationized cellulose), and deionized water were
mixed and heated at 80 °C with stirring at 500 rpm by a
magnetic stirrer for 1 h. The resulting solution was left for 1 h
at 25 °C prior to use. A foam was prepared in the air by stirring
the aqueous surfactant solution for 30 s using a rotational
stirrer model Creamer Cute from HARIO Co., Ltd. (Tokyo,
Japan).
Table 1 shows the composition, viscosity of the surfactant

aqueous solutions, porosity of foams, and diameter of bubbles.
Sample 1 is the surfactant aqueous solution containing 19 wt %
SDS and 1 wt % myristic acid. Solutions 2 and 3 containing 0.1
wt % and 0.5 wt % cationized cellulose were prepared to show
the effect of the thickener on the friction. The mixed state of
these solutions was observed using a polarizing microscope
(XTP-11, Nikon Corporation, Tokyo, Japan). The viscosity
was measured using a rotational viscometer (ViscoQC300,
Anton Paar GmbH, Graz, Austria). The measurement
conditions were as follows: coaxial cylinder type; spindle
CC18; sample volume = 6.4 mL; shear rate = 39 s−1. The
viscosities, η, of the surfactant aqueous solutions 1−3 were
5.21 ± 0.11, 8.21 ± 0.16, and 31.0 ± 0.06 mPa s, respectively.
In the preliminary test, since the measurements were made
after preshearing at high speed, no significant velocity
dependence on viscosity was observed.
The porosity, ε, which was calculated using eq 1, was

evaluated immediately after foaming.

ε = −Z z Z( )/ (1)

Here, Z and z are the total volume of foam and the volume
of the liquid phase, respectively. We weighed a foam in a Petri
dish. The volume of the foam was measured beforehand. We
then estimated the volume (z) with the assumption that the
densities of the air and surfactant aqueous solution were 0 and
0.99 g mL−1, respectively. The porosity, ε, of foams 1−3 were
0.91 ± 0.01, 0.89 ± 0.01, and 0.74 ± 0.03, respectively. In
addition, the Feret diameter of the bubbles was measured
when the foam was sandwiched between acrylic plates. The
average particle sizes of foams 1−3 were 0.16 ± 0.12, 0.11 ±
0.10, and 0.08 ± 0.05 mm, respectively.

Measurements. The friction of foam between two acrylic
plates (upper side: 70 × 40 × 5 mm3, lower side: 120 × 50 × 3
mm3) was evaluated using the sinusoidal motion friction
evaluation system (Figure 1). A sinusoidal motion was

achieved through the Scotch yoke mechanism. The evaluation
method has been reported previously.14 The sliding velocity
(V) under the sinusoidal movement was calculated using the
stroke length (D), angular velocity (ω), and time (T) based on
eq 2:

ω ω= | |V D Tcos . (2)

Here, the friction conditions were as follows: D = ±15 mm;
ω = 0.1, 1.0, and 2.1 rad s−1; sampling interval = 20, 10, and 1
ms; and normal force W = 0.20, 0.39, 0.59, 0.98, and 1.47 N.
The average sliding velocities for the angular velocity were 1
mm s−1 (0.1 rad s−1), 10 mm s−1 (1.0 rad s−1), and 20 mm s−1

(2.1 rad s−1). The sampling period was determined so that 300
data points were collected per period. Since vertical load and
velocity were expected to have significant effects on the friction
dynamics, five and three conditions were selected.
Before an evaluation of friction, the lower acrylic plate was

covered with a foam having a thickness of 3 mm. The upper
acrylic plate was then placed on top of the foam. Each
evaluation was conducted three times to verify the

Table 1. Composition and Geometrical and Physical Properties of Surfactant Aqueous Solutions

composition/wt %

sample SDS myristic acid cationaized cellulose water viscosity/mPa s porosity diameter/nm

1 0.0 80.0 5.21 ± 0.11 0.91 ± 0.01 0.16 ± 0.12
2 19 1.0 0.1 79.9 8.21 ± 0.16 0.89 ± 0.01 0.11 ± 0.10
3 0.5 79.5 31.0 ± 0.06 0.74 ± 0.03 0.08 ± 0.05

Figure 1. Sinusoidal motion friction evaluation system. (a) Overall
picture. (b) Conceptual diagram.
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repeatability. The foams were replaced for each assessment. All
the described evaluations were performed at 25 ± 1 °C and 50
± 5% relative humidity. In addition, the conditions of bubbles
before and after friction evaluation were observed using a
microscope (Hozan Tool Ind. Co., Ltd., Osaka, Japan). The
occurrence frequency and average size of bubbles are described
in Figures S1 and S2 in the Supporting information.

■ RESULTS AND DISCUSSION
Friction Profile of Foams. Figure 2 shows the temporal

profiles of the normal force, sliding velocity, and friction force

of the foam and the surfactant aqueous solution under
sinusoidal motion: angular velocity ω = 2.1 rad s−1, and
normal force W = 0.39 N. The initial direction of movement of
the contact probe and the opposite direction were defined as
the outward and homeward directions, respectively. A velocity-
dependent friction profile with no static friction was observed
in the case of foam 2 (Figure 2a). The same behavior, in which
the friction force increased with speed, was observed in the
outward and homeward directions: vibration of the friction
force was observed in the range of 0.05−0.11 N, and the
friction force was 0.09 N at the maximum velocity Vmax = 30
mm s−1. In addition, a time lag in the response of the friction
force to the movement of the contact probe was observed. The
delay time (δ) was normalized by dividing with the friction
time (T0). The value was 0.012 for a 1-round trip. We
observed that the δ was affected by various factors such as the
hardness and thickness of the material and viscosity of the
fluid.16,18,19 Conversely, in the case of surfactant aqueous

solution 2, static friction and a sharp increase in friction force
were observed (Figure 2b). In the outward direction, no static
friction was observed, and the friction force increased to 0.25
N during the kinetic friction process. In the homeward
direction, the static friction force was −0.34 N for static
friction and −0.06 N during the kinetic friction process.
Figure 3 demonstrates the relationships between the friction

coefficient and sliding velocity. In the present study, two types

of friction profiles were observed. The features of each friction
profile are as follows.
(a) Hydrodynamic stable pattern: In the case of foam 2 at ω

= 2.1 rad s−1 and W = 0.39 N, a hydrodynamic stable pattern
was observed on the first cycle, in which similar profiles were
obtained during the outward and homeward processes (Figure
3a). Here, the friction coefficient increased with sliding
velocity. At maximum velocity, Vmax = 30 mm s−1, the friction
coefficient was 0.20.
(b) Unstable pattern: In the case of surfactant aqueous

solution 2 at ω = 2.1 rad s−1 and W = 0.39 N, an unstable
pattern was observed, in which static friction and a rapid
increase in friction were observed (Figure 3b). In the outward
direction, no static friction was observed, and the friction
coefficient increased gradually. Here, the friction coefficient
was 0.59 at V = 22.4 mm s−1. In the homeward direction, static
friction with a friction coefficient of −0.81 was observed at V =
−2.92 mm s−1. The friction coefficient decreased, and the
kinetic friction with a friction coefficient of −0.15 was
observed.
To our knowledge, a hydrodynamic stable pattern has not

been observed on common solid surfaces. The tendency of the
friction force to increase with speed suggests that the sliding
state is in the fluid lubrication region. Here, the kinetic friction
coefficient was approximated by the viscous friction model on
the soft material surfaces.14

= +f CV fd
N

c (3)

Figure 2. Temporal profile of the friction force (black line), velocity
(blue line), and normal force (green line) at ω = 2.1 rad s−1 and W =
0.39 N. (a) Foam 2 and (b) surfactant aqueous solution 2.

Figure 3. Relationship between friction coefficient and velocity at ω =
2.1 rad s−1 and W = 0.39 N. The red line indicates the fitting result.
(a) Hydrodynamic stable pattern: foam 2, (b) unstable pattern:
surfactant aqueous solution 2.
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where fd is the kinetic friction coefficient and C is the viscous
coefficient. fc is the friction coefficient at V = 0 mm s−1, and N
is the power index. For example, eq 4 was obtained by
substituting the friction data of foam 2 at ω = 2.1 rad s−1 and
W = 0.39 N.

= −f V0.15 0.19d
0.30

(4)

C, fc, N, and R2 were 0.15, −0.19, 0.30, and 0.53,
respectively. It is characteristic that N was as small as 0.3. In
general, in the evaluation of Newtonian fluids in the fluid
lubrication region, N is approximately 1; i.e., the friction
coefficient increases in proportion to the velocity.14

Effects of the Normal Force and the Angular Velocity
on Friction Force. Figure 4 and Table S1 show the

relationship between the average friction force and the normal
force. The average friction force is the average of the absolute
value of the friction force for a cycle. In the case of foam 2, the
average friction forces at ω = 0.1, 1.0, and 2.1 rad s−1 were
0.01, 0.05, and 0.06−0.07 N, respectively. The friction force
did not depend on the normal force and increased with
increasing sliding speed. In the case of ω = 2.1 rad s−1 andW =

1.47 N, the average friction coefficients of foams 1−3 were
0.03 ± 0.00, 0.05 ± 0.00, and 0.08 ± 0.00, respectively. Under
high-load conditions, all friction coefficients were <0.1: foam
showed a high-lubrication property. The friction coefficient
increased as the amount of thickener added increased. The
average friction coefficients of the surfactant aqueous solutions
1−3 under the same condition are 0.12 ± 0.04, 0.17 ± 0.00,
and 0.05 ± 0.00, respectively (Table S2).
The average friction force was analyzed on the basis of the

power law, which was described using eq 5.

=F a W n (5)

where a and n are constants. If n = 1 and a is the friction
coefficient, the relationship between F and W follows the
Amontons−Coulomb law. Table S1 shows the values of a, n,
and R2. R2 is the coefficient of determination, which represents
the degree of dispersion when two variables are regressed by a
straight line. In the case of foams, a and n were 0.013−0.117
and 0.043−0.273, respectively. The small n also suggests that
the friction force is almost unaffected by the normal force and
does not follow the Amontons−Coulomb law. Conversely, in
the case of the surfactant aqueous solutions, n was 0.528−
1.029, suggesting that the friction force increased with the
normal force (Figure S3 and Table S2).

Effects of the Normal Force and Angular Velocity on
Delay Time δ. Figure 5 shows the delay time, δ, for the first
cycle. In the case of foam 2, the delay times δ at ω = 0.1, 1.0,
and 2.1 rad s−1 were 0.023−0.032, 0.016−0.017, and 0.012−
0.016, respectively. The time δ did not depend on the normal
force and increased slightly as the sliding speed decreased. At
ω = 2.1 rad s−1 andW = 0.39 N, the delay times δ of foams 1−
3 were 0.004 ± 0.004, 0.012 ± 0.003, and 0.011 ± 0.002,
respectively. The lack of dependence on the normal force may
be due to a thin foam film, small deformability of the bulk, and
lubricity of the foam. The time δ of foam 1 was not significant,
whereas that of foams 2 and 3 exceeded 0.01. In the case of
surfactant solution, it was impossible to compare samples 1−3,
because the variation of the obtained data was extremely large
(Figure S4 and Table S2).

Durability of Foams against Normal Force and Shear.
Figure 6 shows the average friction force of foams in the 10
cycles of friction evaluation at ω = 1.0 rad s−1 and W = 0.98 N.
The open and closed circles suggest the conditions of
hydrodynamic stable and unstable patterns, respectively. In
the case of foam 1, a hydrodynamic stable pattern was
observed from the first cycle to the sixth cycle, whereas an
unstable pattern was observed after that (Figure 6a). The
average friction forces at the first and tenth cycles were 0.03
and 0.04 N, respectively. The friction force increased slightly
from the seventh cycle where an unstable pattern was
observed. Conversely, in the case of foam 2, only a
hydrodynamic stable pattern, whose average friction force
was 0.05 N, was observed (Figure 6b). The average friction
force found in foam 3 was 0.08 N, which also suggested a
hydrodynamic stable pattern (Figure 6c). Representative
images of bubbles in the foams are shown in Figure 7. Most
of the bubbles in foam 1 collapsed after friction evaluation
(Figure 7a-2). Meanwhile, many bubbles remained between
the two acrylic plates in foams 2 and 3 (Figure 7b-2,c-2).
These results suggest that an unstable pattern was observed
when the acrylic plates come into contact with each other
because the bubbles were collapsed.

Figure 4. Average friction force at each normal force: ω = 0.1
(rhombus), 1.0 (triangle), 2.1 rad s−1 (circle). (a−c) Foams 1, 2, and
3.
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We evaluated the number of cycles where an unstable
pattern was observed to evaluate the foam durability against
normal force and shear (Figure 8). In the case of foam 2, a
change in the friction profile was observed at [ω = 2.1 rad s−1,
W = 1.47 N] and [ω = 0.1 rad s−1, W = 0.39−1.47 N]. Only a
hydrodynamic condition was observed under other conditions.
This result demonstrates that the acrylic plates come into
contact under slow speed and high-load conditions. In the case
of foam 1 without the thickener, the number of conditions in
which the hydrodynamic stable pattern appeared was reduced,
and the change in friction pattern was observed at a faster
number of reciprocations. In the case of foam 3 with high
thickener content, the number of conditions in which the
hydrodynamic stable pattern appeared increased. Therefore,
the addition of the thickener improved the durability against
vertical force and shear. In the case of the surfactant aqueous
solutions, an unstable pattern was observed under many
conditions (Figure S5).
Lubrication Mechanism of Foam. The friction dynamics

of foams between acrylic plates was systematically evaluated
using a sinusoidal motion friction evaluation system to show
their behavior under dynamic conditions. Here, we found three
characteristics. The first is a viscous friction profile, in which
static friction does not occur and the friction force increases
with velocity. Foam showed a significant lubricant effect under
high-load conditions: the friction coefficient was <0.1. Second,
the friction coefficient increased in proportion to the power of
the velocity: the power index N was <1. Finally, the addition of
thickener to foam increased the friction force and the delay
time of friction response and improved the foam durability
against normal force and shear. These friction characteristics
were different from those of the surfactant aqueous solution,
which is a typical lubricant.
Now, we considered the lubrication effect of foam. In

general, the friction phenomenon on a wet surface is analyzed
using the Stribeck curve.12 The lubrication state is
distinguished on the basis of the relationship between the
friction coefficient and the Sommerfeld number, S, which is
defined using eq 6.

η= ×
S

V
W (6)

When the viscosity of the lubricating film η and the sliding
velocity V increase and the normal force W decreases, the
number S increases. The lubrication condition changes from
boundary to hydrodynamic lubrication. The lubrication state is
assumed to be boundary or mixed lubrication in the case of the
surfactant aqueous solution, while it is hydrodynamic
lubrication in the case of the foam because the effective
viscosity of the foam is high. Bubbles do not easily collapse
under the compression condition if the foam is stabilized by
elastic molecular films and the diffusion of surfactant molecules
such as the Marangoni effect, which is the repair of a locally
heterogenized membrane.10,11,20−23

Energy Dissipation. The present result that the friction
force increased in proportion to the power of velocity is similar
to that of previous studies. Denkov et al. evaluated the
rheological properties of foam and proposed some theoretical
models.5,6,8−11 The viscous friction inside the foam was
evaluated to analyze the stress, τV, based on the Herschel−
Bulkley model (eq 7).5 This model expresses the viscosity of a
general non-Newtonian fluid and describes the shear behavior

of a foam when bubbles do not slip on the surface of a
frictional substrate.

τ τ γ= + k ,V V
m

0 (7)

where τ0 is the elastic stress, kV is the foam consistency, γ is the
rate of shear deformation, and m is the power law index. For
foam at air volume fraction Φ = 0.90, m was 0.25−0.42 and the
effective viscous friction decreased as the shear rate increased.
In addition, the foam−wall friction was evaluated. This

model describes the shearing phenomenon of a foam on a
surface of a flat plate.6 It evaluates the force dissipation in a
thin film between the bubble and plate. In the case of a
tangentially mobile bubble surface, the foam−wall friction, τW,
is described using eq 8.

τ ∝ *(Ca ) ,W
2/3

(8)

where Ca* is the capillary number, defined with the liquid
viscosity, μ; relative velocity between foam and wall, V0; and
the surface tension, σ (eq 9).

μ σ*= VCa /0 (9)

These results suggested that the viscous friction inside the
foam τV and the foam−wall friction τW increase in proportion
to the power of velocity.
The various dissipative modes of foam cause a decrease in

the effective friction coefficient as sliding speed increases. It is
possible that the viscous dissipation5,24,25 and the dissipation
related to surfactant diffusion affect the friction dynamics of
foam18−20 because a thick lubricating film was formed between
the plates. In addition, the dissipation related to wall slip of
bubbles is one of the most important modes because a smooth
acrylic plate was used in this study. In general, a substrate with
a rough surface is selected to minimize the effect of wall slip of
a bubble when the rheological properties inside the foam are
evaluated.5

Effect of the Addition of a Thickener. The frictional
dynamics of the foam of the surfactant solution containing only
SDS was almost the same as that of the surfactant solution 1
containing SDS and myristic acid (Figure S6−S8 and Table
S3). However, as shown in Figures 4−8, the addition of a
thickener caused obvious changes. The friction force of foam
containing a thickener increased because the viscosity of the
continuous phase affects the frictional force in the hydro-
dynamic lubrication state. The thickness of the lubricating film
between the acrylic plates can be related to the delay time, δ.
The friction response was delayed as the lubricating film
increased. We considered that the durability of the foam was
improved for the following reasons. The foam film stabilizes as
the drainage rate of the liquid phase slows.24,25 For charged
thickeners, the electrostatic repulsion prevents thinning of the
foam film.26−30 In addition, the aggregation of a positively
charged polymer and an anionic surfactant enhances the foam
stability.31−36

Examination of the Temporal Profiles of Friction and
Normal Forces. The temporal profile of the normal force of
foam 2 in Figure 2a, in particular, appears to be chaotic
patterns due to the fine oscillations shown in the inset and the
periodic changes of the whole amplitudes of the normal force,
which resemble a beating pattern. While analyzing temporal
profiles to confirm the possibility of chaotic patterns, we
discovered that the fine oscillations are caused by frictions
between foams (Figures S9 and S10), and periodic changes are
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strongly correlated with sinusoidal motion. The specifics have
been omitted; see the Supporting information for more details.
A Molecular-Level Explanation for the Friction

Behavior of Foam. We found that the prepared foam
showed remarkable lubrication properties and low velocity
dependence under a nonlinear motion. Furthermore, the
stability of the foam was found to be dependent on the amount
of thickener used. Our analyses have focused on the
macroscopic scale phenomena, which we cannot explain at
the molecular level. Therefore, we proposed a hypothesis based
on previous reports. The foam-induced lubrication phenom-
enon can be explained by the adsorption of a surfactant to a
substrate. Liu et al. used atomic force microscopy (AFM) and
found that the adsorption of surfactants significantly reduced
the frictional force on mica substrates.37 Yamada and
Israelachvili used a surface force apparatus to evaluate the
friction and adhesion hysteresis of a monolayer of
fluorosurfactant.38 They suggested that the molecular groups
at the surfaces rearranged slightly. This provided a smoother
surface that reduced the force barrier for sliding. This
mechanism was proposed to account for the abrupt load-
induced reduction in friction, which was observed in
fluorocarbon surfactant monolayers. Kamada et al. observed a

Figure 5. Delay time, δ, at each normal force: ω = 0.1 (rhombus), 1.0
(triangle), 2.1 rad s−1 (circle). (a−c) Foams 1, 2, and 3.

Figure 6. Relationship between the average friction force and the
number of reciprocations obtained at ω = 1.0 rad s−1 andW = 0.98 N;
hydrodynamic stable pattern (open circle) and unstable pattern
(closed circle). (a−c) Foams 1, 2, and 3, respectively.

Figure 7. Images of bubbles at the friction interface. Scale bar
indicates 1 mm. Conditions are ω = 1.0 rad s−1 and W = 0.98 N.
Upper (a), middle (b), and lower (c) panels are for foams 1, 2, and 3,
respectively. Left panels: before evaluation and right panels: after
evaluation.
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lubrication phenomenon between a hydrogel and solid surface
due to the adsorption of surfactants.39 Surfactants remained at
the gel/surface interface, preventing the direct interfacial
interaction between the sliding surfaces and thus significantly
decreasing the frictional stress.
The very low velocity dependence observed in our foams

was attributed to the energy dissipation in the foam film.
Denkov et al. showed that the mechanical properties of a foam
were dependent on the type of surfactant used.10 The first class
of surfactants are typical synthetic surfactants (e.g., SDS) that
have low surface modulus and fast relaxation of surface tension.
The second class of surfactants include fatty acid salts such as
lauric and myristic acids, which have large surface areas and
exhibit relatively high surface modulus and fast surface tension
relaxation. Meanwhile, several reports have focused on the
addition of thickeners to alter the conditions at the air−liquid
interface. Addition of guar hydroxypropyltriammonium
chloride to a surfactant solution significantly increased the

yield stress of a foam. This resulted in a characteristic profile in
the stress−shear rate curve.40 These effects indicated the
formation of polymer bridges between adjacent bubbles in a
sheared foam. The effect of a polymer depends significantly on
the head group of an anionic surfactant.36 In foam generation,
weakly interacting systems have provided significant benefits
and synergistic effects. Strong interactions could be beneficial
or detrimental to foam stability. These interactions depend
strongly on a specific surfactant and/or a specific procedure for
foam generation.
Furthermore, previous research on the Gibbs adsorption

films formed by water-soluble surfactants at the air−liquid
interface aids in understanding the mechanism of foam stability
and energy dissipation. Surfactant molecule packing in the
Gibbs adsorption membrane has a significant impact on the
mechanical properties of the interfacial membrane and foam
stability.41 To put it another way, the aqueous SDS solution
produced unstable foam, whereas the fatty acid−fatty alcohol
mixture produced stable foam. This finding implies that the
smaller the molecular occupied area at the interface, the harder
the interface and the more stable the foam becomes. When air
enters the surfactant solution, the micellar lifetime is also an
important factor in foamability.42 The foamability of aqueous
surfactant solutions with a long micellar lifetime was the
lowest.
Surfactant and polymer molecules form aggregates in water

or at the air−water interface, influencing the foam’s mechanical
properties and stability. Between critical aggregation and
critical micelle concentrations, the number of aggregates
composed of SDS and cationic polymers increased signifi-
cantly.43 The strength of the surfactant−polymer interaction
has a significant impact on foamability and foam stability. For
example, a strong interaction between SDS and the cationic
polymer resulted in high foam stability but poor foamability.35

According to a recent study, adsorption to the interface of this
surfactant−polymer complex occurs in two steps.44 In the case
of a two-step adsorption−equilibration, the initial stages
involve the diffusion of kinetically trapped aggregates formed
in the bulk to the interface followed by their dissociation and
spreading at the interface.
The findings of foam flows and deformations can provide

information on the mechanism of energy dissipation. Although
foams are only made up of Newtonian fluids, foam flow follows
nonlinear laws.45 This can be caused by nonaffine
deformations of the disordered bubble packing or by a
coupling between the surface flow in the surfactant monolayers
and the bulk liquid flow in the films, channels, and nodes.
Cantat et al. conducted experiments that demonstrated that
dissipation in foam flowing through a narrow rectangular
channel is dominated by dissipation associated with plateau
borders sliding over the channel walls.46 This implies that film
deposition/detachment at the walls is the primary dissipation
mechanism. As a result, they have provided a detailed
characterization of the dissipation processes relevant to
quasi-planar rheological experiments. They recently monitored
the evolution of the local flow velocity, film thickness, and
surface tension of a five-film assembly induced by different
controlled deformations and discovered that the majority of
the dissipation is localized in the domains of menisci.47

■ CONCLUSIONS
In this study, we evaluated the effects of sliding velocity and
normal force on the friction dynamics of foam using a friction

Figure 8. Dependence of normal force and angular velocity on the
number of reciprocations when unstable pattern was observed. (a)−
(c) Foams 1, 2, and 3.
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evaluation system, which used sinusoidal motion to find some
characteristics of soft materials. A velocity-dependent sym-
metric friction profile without static friction was observed in
foam, which showed a high-lubrication property under high-
load conditions. The lubrication state becomes hydrodynamic
lubrication because the bubbles stabilized by the surfactant
support the normal force and form a thick lubricating film.
Second, the friction coefficient increased in proportion to the
power of velocity, and the power index N was <1. The various
dissipative modes of foam cause a decrease in the effective
friction coefficient as sliding speed increases. In the case of the
surfactant aqueous solution, which is a typical lubricant, such
friction characteristics were not observed. Moreover, the
addition of thickener increased the friction force and the
delay time of friction response and improved the foam
durability against normal force and shear. This study revealed
the friction dynamics of foam under a nonlinear motion, which
can potentially elucidate the complex mechanical properties of
colloidal dispersions and foams. In addition, it will be useful
not only for the development of foam formulations such as
foods and cosmetics but also for understanding the arousal
mechanism of tactile texture.
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