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ABSTRACT
We investigate flow-induced scission of wormlike micelles with dissipative particle dynamics simulations of nonionic surfactant solutions
under shear flow. To understand flow-induced scission in terms of micellar timescales, we propose a method to evaluate the longest relax-
ation time of unentangled surfactant micelles from the rotational relaxation time and the average lifetime at equilibrium. The mean squared
displacement of surfactant molecules provides evidence that the longest relaxation time estimated by the proposed method serves as the char-
acteristic timescale at equilibrium. We also demonstrate that the longest relaxation time plays an essential role in flow-induced scission. Using
conditional statistics based on the aggregation number of micelles, we examine the statistical properties of the lifetime of wormlike micelles.
We then conclude that flow-induced scission occurs when the Weissenberg number defined as the product of the longest relaxation time and
the shear rate is larger than a threshold value.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0096830

I. INTRODUCTION

Surfactants consist of hydrophilic and hydrophobic moieties.
Above a critical concentration, surfactants spontaneously assem-
ble into aggregates such as spherical micelles, rodlike micelles,
and wormlike micelles in aqueous solutions.1 Since these micelles
exhibit unique properties, they can serve as additives in working flu-
ids for various applications, including rheology control,2 turbulent
drag reduction,3 and drug delivery systems.4 Therefore, it is crucial
to understand the structures and dynamics of micelles in flowing
solutions for industrial applications of surfactants.

Flow-induced scission of surfactant micelles is among the cru-
cial phenomena. Although thermal fluctuations induce scission of
micelles at equilibrium, flow with high velocity gradients promotes
their scission.5–7 This phenomenon may be intuitively obvious, but
it is difficult to quantitatively predict the conditions and degree of
flow-induced scission, which are required for practical use of sur-
factants. An increase in scission frequency brings about a drastic
change in micellar structures and distributions, leading to a signifi-
cant modification of the flow properties of surfactant solutions.6,8–10

In addition, since the constitutive equations for surfactant solutions
need to include the effect of scission and recombination kinet-
ics explicitly,11–13 insight into flow-induced micellar scission leads

to an understanding of the rheology and turbulent drag reduc-
tion phenomenon of surfactant solutions. In other words, to reveal
the macroscopic flow behavior of surfactant solutions, we need to
understand the properties of flow-induced micellar scission. In the
present study, we focus on a uniform shear flow, which is often used
in rheological measurements, and investigate flow-induced scission
of wormlike surfactant micelles in detail.

Although some experimental studies succeeded in evaluating
the average lifetime of micelles,14–16 it is difficult to experimen-
tally observe the structures and dynamics of individual micelles in
flowing solutions. Molecular simulations allow us to overcome this
difficulty with measurements. When we are interested in the slow
dynamics of micelles rather than the fast dynamics at the atomic
level, coarse-graining, in which several atoms or molecules are
considered as a single particle, is often used to reduce the computa-
tional cost associated with all-atom molecular dynamics simulations.
The coarse-grained molecular dynamics (CGMD) method using the
MARTINI force field is one of the most popular approaches based
on coarse-graining. With CGMD, we can simulate micellar scission
to evaluate relevant micellar properties directly.17,18 Regarding flow-
induced scission, Sambasivam et al.19 conducted CGMD simulations
of a single rodlike micelle under shear flow and found that elon-
gation of micelles by a shear flow increased the potential energy,
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thus leading to the scission of micelles. Although CGMD simula-
tions have revealed the detailed dynamics of micellar scission, many
studies simulated a single micelle or a few micelles only.17–19 There-
fore, the statistical properties of flow-induced scission and its effect
on the micellar distribution remain unclear.

Another coarse-graining approach relies on the introduction
of a kinetic model for scission and recombination, and several
models20–22 have been proposed. These models significantly reduce
the computational cost and allow systematic investigation of the
statistical properties of scission and recombination. Kröger and
Makhloufi20 proposed the FENE-C model, which introduces scis-
sion and recombination into a finitely extensible nonlinear elastic
(FENE) potential. They reported the shear-rate dependence of the
average micellar length and lifetime under shear flow. Padding
et al.22 modeled a wormlike micelle as a string of thin rods and found
that the average breaking rate varied depending on the scission
energy and shear rate γ̇. However, there is still room for consider-
ation of these results concerning flow-induced scission because scis-
sion and recombination were explicitly modeled in these previous
studies. Moreover, the explanation of the shear-rate dependence of
flow-induced scission was unsatisfactory because relevant timescales
of individual micelles were not considered.

It is well known that the relaxation time of micelles, which
repeatedly break and recombine, is sometimes affected by scis-
sion. Regarding entangled micelles, Cates23 proposed a theory that
predicts the relaxation time from the average lifetime and repta-
tion time of micelles. On the other hand, for unentangled micelles,
Faivre and Gardissat24 proposed a theory that incorporated the pro-
cess of scission and recombination into the Rouse model, although
they aimed at describing the viscoelasticity of amorphous selenium.
Huang et al.25 numerically confirmed the validity of this theory.
According to the concept proposed by Faivre and Gardissat, Huang
et al. defined the relaxation time τΛ of micelles, which corresponds
to the relaxation time of a segment of size Λ for which the life-
time is equal to the Rouse relaxation time. They found that chain
deformation, orientation, and rheological properties under shear
flow are expressed by universal functions of the dimensionless num-
ber βΛ = τΛγ̇. However, their simulations used a mesoscopic model
incorporating a kinetic model for scission and recombination into
linear chains. To our knowledge, no study has examined whether
τΛ also plays a crucial role in unentangled micelles composed of
surfactant molecules. Since surfactant micelles have complicated
internal structures compared with polymer-like linear chains, they
exhibit complex dynamics of scission and recombination. Therefore,
the applicability of τΛ to surfactant micelles is not obvious and is
worth studying.

In the present study, we intend to quantitatively reveal
the shear-rate dependence of micellar scission and identify the
timescales relevant to flow-induced scission. For this purpose, we
conduct molecular simulations of nonionic surfactant solutions
using the dissipative particle dynamics (DPD) method. DPD was
proposed by Hoogerbrugge and Koelman26 and then improved
by Español and Warren.27 Many researchers28–34 have extensively
investigated surfactant solutions using the DPD method. Since parti-
cles interact via soft repulsive interactions in DPD, we can make time
steps larger than CGMD, which allows us to simulate large systems
for long timescales with a low computational cost. Therefore, we
can evaluate the statistical properties of flow-induced scission and

its effect on the micellar distribution. Since previous studies20,22,25

have analyzed the average properties over all the micelles in the sys-
tem, their results could demonstrate only the combined effect of
the changes in micellar properties and distributions. We overcome
this problem using conditional statistics based on the aggregation
number of micelles, which offer deeper insight into the shear flow
effect on individual micelles. In addition, we introduce the longest
relaxation time of unentangled micelles to demonstrate that a single
dimensionless number can characterize flow-induced scission. More
concretely, we extend the theory of Faivre and Gardissat24 to unen-
tangled surfactant micelles. We then prove the importance of this
timescale in micellar scission under shear flow using the simulation
results for various temperatures.

II. SIMULATION METHOD
A. DPD governing equations

In DPD simulations, we regard a group of atoms and molecules
as a single DPD particle. The motion of a DPD particle obeys

mi
dvi

dt
= ∑

j(≠i)
FC

ij + ∑
j(≠i)

FD
ij + ∑

j(≠i)
FR

ij , (1)

where mi and vi are the mass and velocity of the ith particle,
respectively, and FC

ij , FD
ij , and FR

ij are the conservative, dissipative,
and random forces exerted on the ith particle by the jth particle,
respectively. The conservative force acts as a repulsive force in the
form of

FC
ij =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

aij(1 − rij

rc
)eij for rij ≤ rc,

0 for rij > rc,
(2)

where aij is the conservative force coefficient between the ith and
jth particles, rc is the cutoff distance, rij = ri − rj, rij = ∣rij∣, and
eij = rij/rij with ri being the position of the ith particle. The
dissipative and random forces are expressed as

FD
ij = −γwD(rij)(eij ⋅ vij)eij (vij = vi − vj) (3)

and

FR
ij = σwR(rij)θijeij, (4)

where γ and σ are the dissipative and random force coefficients,
respectively, and wD(rij) and wR(rij) are the weight functions of
the dissipative and random forces, respectively. In Eq. (4), θij is a
random variable that satisfies

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩

θij(t) = θji(t), (5)
⟨θij(t)⟩ = 0, (6)
⟨θij(t)θkl(t′)⟩ = (δikδjl + δilδjk)δ(t − t′), (7)

where δij is the Kronecker delta, δ(t) is the delta function, and ⟨⋅⟩
denotes the ensemble average. The fluctuation dissipation theorem
requires that γ, σ, wD(rij), and wR(rij) satisfy

wD(rij) = [wR(rij)]2 (8)
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and

σ2 = 2γkBT, (9)

where kB is the Boltzmann constant and T is the temperature of the
system.27 Following Ref. 35, we set the weight function wR(rij) as

wR(rij) =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

1 − rij

rc
for rij ≤ rc,

0 for rij > rc.
(10)

In what follows, we use simulation units with kBT0 = m = rc = 1,
where T0 is the reference temperature.

B. Surfactant model
The system is composed of water and nonionic surfactants.

Since we focus on the general properties of flow-induced scission,
we do not assume any specific species of surfactant molecule in
the following. As shown in Fig. 1, a surfactant molecule contains
a hydrophilic particle and two hydrophobic particles, which are
connected by harmonic springs expressed by

FB
ij = −ks(rij − req)eij, (11)

where ks is the spring constant and req is the equilibrium bond dis-
tance. We show the simulation parameters in Table I. Here, N is the
total number of DPD particles, ρ is the number density of DPD parti-
cles, ϕ is the volume fraction of surfactants, and aij is the conservative
force coefficient between different types of particles. The subscripts
indicate the types of particles: h, t, and w denote the head, tail, and
water particles, respectively. Here, we determine aij according to
Ref. 36 because wormlike micelles are found to be formed for this
model above a certain volume fraction. We choose ϕ = 0.05 for a
sufficient number of wormlike micelles to exist in the system. For
a specific species of surfactant molecule, aij can be obtained using
a parameterization scheme.35,37–39 When we vary kBT, γ changes so
that it satisfies Eq. (9) while fixing the value of σ at 3.

TABLE I. DPD simulation parameters. N is the total number of DPD particles, ρ is the
number density of DPD particles, σ is the random force coefficient, ϕ is the volume
fraction of surfactants, ks is the spring constant, req is the equilibrium bond distance,
and aij is the conservative force coefficient between different types of particles. The
subscripts indicate the types of particles: h, t, and w denote head, tail, and water
particles, respectively.

N ρ σ ϕ ks req ahh aht ahw att atw aww

648 000 3 3 0.05 50 0.8 25 60 20 25 60 25

FIG. 1. Schematic of the coarse-grained model of a surfactant and water. The head
of the former is a hydrophilic particle, and the tails are hydrophobic particles.

C. Simulation details
To integrate the equations of motion, we use the modified

velocity Verlet method,35

ri(t + Δt) = ri(t) + Δtvi(t) + 1
2
(Δt)2Fi(t),

ṽi(t + Δt) = vi(t) + λΔtFi(t),
Fi(t + Δt) = Fi(r(t + Δt), ṽi(t + Δt)),

vi(t + Δt) = vi(t) + 1
2

Δt(Fi(t) + Fi(t + Δt)),

(12)

where Δt is the time step, Fi is the force exerted on the ith particle,
λ is the parameter introduced in this algorithm, and ṽi is the pre-
dicted velocity of the ith particle. The random force defined by
Eq. (4) is expressed by

FR
ij = σwR(rij)ζijΔt−1/2eij (13)

when we calculate Eq. (12). In Eq. (13), ζ ij is a Gaussian random
variable with zero mean and unit variance. According to Ref. 35,
we choose λ = 0.65 and Δt = 0.04. We have confirmed that these
parameters realize sufficiently accurate temperature control.

In the present study, we use the Lees–Edwards boundary con-
dition40 and the so-called SLLOD equations41 to generate a uniform
shear flow as shown in Fig. 2. The SLLOD equations read

ṙi = pi/mi + ri ⋅ ∇u,
ṗi = Fi − pi ⋅ ∇u,

(14)

where pi is the so-called peculiar momentum and u is the fluid
stream velocity. In the case of a uniform shear flow, we can express
∇u as

∇u =
⎛
⎜⎜⎜⎜
⎝

0 0 0

γ̇ 0 0

0 0 0

⎞
⎟⎟⎟⎟
⎠

, (15)

with γ̇ being the shear rate. We impose a random initial configu-
ration and conduct equilibrium simulations for 20 000 time units,

FIG. 2. Visualization of a system composed of surfactants and water. Hydrophilic
and hydrophobic particles are indicated in red and yellow, respectively. For clarity,
water particles are represented by blue dots.
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achieving statistically steady values of the potential energy. After
that, we conduct nonequilibrium simulations by imposing shear
flow. We perform all the DPD simulations using our in-house code.

We define micelles adopting the method used in previous
studies.37,42 In this method, we judge that two surfactant molecules
belong to a common cluster if a hydrophobic particle of one sur-
factant molecule is within rc(= 1) of a hydrophobic particle of the
other. If a cluster has an aggregation number Nag larger than a
threshold value nmic(= 10), then we regard the cluster as a micelle.
Since we focus mainly on micelles with Nag ≳ 50, our results are
practically insensitive to the choice of nmic. When we investigate the
Nag dependence of micellar properties, we use conditional statistics
based on Nag. More concretely, to evaluate the micellar properties
for a given Nag, we use the data for micelles having aggrega-
tion numbers that lie in [Nag − ΔNag, Nag + ΔNag], where we set
ΔNag = 0.05Nag.

III. RESULTS AND DISCUSSION
A. Timescales of micelles

One of the main goals of the present study is to elucidate the
shear-rate dependence of flow-induced scission. For this purpose,
we first identify the relevant timescales of micelles at equilibrium
(i.e., in the absence of shear flow). As will be shown below, the rota-
tional relaxation time τr and the average lifetime τb of micelles are
the keys to understanding the dynamics of unentangled wormlike
micelles under shear flow. More concretely, τr and τb determine
their longest relaxation time τ.

The target of the present study is the scission of rodlike and
wormlike micelles. As shown in Appendix A, micelles are rodlike
when 50 ≲ Nag ≲ 200 and wormlike when Nag ≳ 200. To estimate
τr of rodlike and wormlike micelles, we evaluate the rotational
autocorrelation function,

C(t) = ⟨e(1)(t0 + t) ⋅ e(1)(t0)⟩, (16)

where e(1) is the unit eigenvector of the gyration tensor Gij
corresponding to the largest eigenvalue. Here, Gij is defined by

Gij = 1
Nsur

Nsur

∑
k=1

Δrk,iΔrk,j, (17)

where Δrk,i is the ith component of the relative position vector of
the kth surfactant particle with respect to the center of mass of the

micelle and Nsur(= 3Nag) is the number of surfactant particles in the
micelle. Since −e(1) is also a unit eigenvector of Gij, we determine
e(1)(t) so that e(1)(t − δt) ⋅ e(1)(t) > 0, where we set δt = 100Δt.
Then we fit C(t) with an exponential function,

C(t) = C0 exp(−t/τr), (18)

where C0 is a constant, to determine τr . Note that we use condi-
tional statistics based on Nag to obtain C(t) for a given Nag. For
each micelle, we evaluate e(1)(t0 + t) ⋅ e(1)(t0) until scission, which
is defined below, occurs. We show in Fig. 3(a) that C(t) can be
expressed well by Eq. (18). Figure 3(b) shows τr as a function of Nag.
The slope of τr for Nag ≳ 200 is smaller than that for Nag ≲ 200. Since
as shown in Appendix A, rodlike micelles change into wormlike
micelles above Nag ≃ 200, micellar structures affect Nag dependence
of τr . As shown in Fig. 3(a), it is difficult to obtain C(t) for large
Nag with enough accuracy to estimate τr . As discussed below, large
micelles break into small micelles rapidly, thus making it difficult
to acquire data for large t. Therefore, C(t) for Nag = 400 is shown
within a limited range and fluctuates significantly for large t. As
a result, the error bars of τr for large Nag are larger than those
for small Nag. However, in the case of the parameters used in the
present study, the accuracy of τr for large Nag has little effect on the
determination of the longest relaxation time introduced below.

Next, we investigate the characteristic timescale of micellar scis-
sion at equilibrium. Micelles repeatedly break and recombine due to
the thermal effect. Here, we focus on the time required for micellar
scission and evaluate the average lifetime τb of micelles at equilib-
rium. First, we explain how to detect the scission of micelles. We
monitor Nag of each micelle at a certain time interval δt(= 100Δt),
and when a micelle is decomposed into two or more groups, each
of which contains more than nmic(= 10) surfactant molecules, we
consider that the micelle breaks. Then, we obtain the lifetime tb
of each micelle. By conducting the analysis for different values of
nmic in the range 5 ≤ nmic ≤ 30, we have confirmed that the choice
of nmic has little effect on the following results. To describe the
statistics of tb, we investigate the survival function S(tb), which
gives the probability that micelles survive beyond a certain time tb.
We estimate S(tb) using the Kaplan–Meier method.43 Figure 4(a)
shows S(tb) for several Nag. We find that S(tb) obeys an exponen-
tial function, which means that micellar scission events occur with
a constant probability per unit time. To obtain τb, we fit S(tb) with
C0 exp(−tb/τb) except for short times where S(tb) does not show

FIG. 3. (a) Rotational autocorrelation
function C(t) of micelles for Nag = 120
(blue solid line), 200 (black dashed line),
and 400 (red dotted-dashed line) at equi-
librium with kBT = 1. Gray lines are
exponential fits to the data. (b) Rotational
relaxation time τr of micelles as a func-
tion of Nag with kBT = 1. The error bars
in (b) denote the standard deviations for
three independent simulations.
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FIG. 4. (a) Survival function S(tb) of
micelles for Nag = 200 (blue solid line),
300 (black dashed line), and 600 (red
dotted-dashed line) at equilibrium with
kBT = 1. Gray lines are exponential fits
to the data. (b) Average lifetime τb of
micelles as a function of the aggre-
gation number Nag with kBT = 1. The
black dashed line indicates τb ∝ N−1

ag .
The error bars in (b) denote the stan-
dard deviations for three independent
simulations.

an exponential decay. In Fig. 4(b), we show τb as a function of Nag.
Figure 4(b) shows τb ∝ N−1

ag for Nag ≳ 300. This scaling is consistent
with the model proposed by Cates,23 which assumes that scission
of chains occurs with a constant probability per unit time per unit
length.

We have seen that τr is a monotonically increasing function of
Nag [Fig. 3(b)], whereas τb is a monotonically decreasing function of
Nag [Fig. 4(b)]. In Fig. 5(a), we show τr and τb as functions of Nag
with kBT = 1. These two timescales τr and τb cross each other at a
certain aggregation number NΛ and we define τΛ as τr(NΛ). Since
τb(Nag) < τr(Nag) for Nag > NΛ [Fig. 5(a)], the rotational relaxation
of micelles with Nag ≳ NΛ proceeds with the aid of scission. Here,
note that τr corresponds to the rotational relaxation time of micelles
without scission kinetics. In order to evaluate their longest relaxation
time τ including the effect of scission kinetics, we extend the theory
for the Rouse chain with the scission and recombination processes24

to unentangled micelles. In contrast to the original theory, we do not
assume that relaxation modes obey the Rouse theory. Instead, we use
numerical results of τr and τb [Fig. 5(a)]. We then expect τ to follow

τ(Nag) =
⎧⎪⎪⎨⎪⎪⎩

τr(Nag) (Nag ≲ NΛ),
τΛ (Nag ≳ NΛ).

(19)

For Nag ≲ NΛ, since τb is larger than τr , the rotational relax-
ation of micelles is not affected by their scission, leading to
τ(Nag) = τr(Nag). In contrast, for Nag ≳ NΛ, micelles can break into
small micelles in a shorter time than τr(Nag). As a result, their
rotational relaxation proceeds through that of these small micelles

with a shorter relaxation time than τr(Nag). Similarly, the gener-
ated small micelles are likely to break into even smaller micelles
before their rotational relaxation if τb < τr . Consequently, micelles
such that τr ≃ τb (i.e., Nag ≃ NΛ) determine the longest relaxation
time. Therefore, micelles with Nag ≳ NΛ relax with a characteristic
time of the order of τΛ for which τr is comparable to τb [Fig. 5(a)].
This means that the slower relaxation timescales (τr > τΛ) disappear
due to the rapid scission of large micelles with Nag ≳ NΛ. In other
words, NΛ defines the largest segment that behaves in a similar way
to polymer chains (i.e., chains without scission kinetics). This is why
micelles with Nag ≳ NΛ have a common longest relaxation time irre-
spective of Nag. We show τΛ as a function of 1/kBT in Fig. 5(b) and
confirm the Arrhenius dependence. In addition, the inset in Fig. 5(b)
shows that NΛ is also a monotonically increasing function of 1/kBT.
To the best of our knowledge, this is the first evaluation of the longest
relaxation time of unentangled surfactant micelles from the rota-
tional relaxation time τr and the average lifetime τb using molecular
simulations.

To confirm the validity of τΛ obtained by our extended method
of Faivre and Gardissat,24 we first examine the mean squared dis-
placement (MSD) ⟨Δr2⟩ of surfactant molecules. Regarding polymer
chains, the MSD of monomers is known to exhibit a subdiffusive
regime when t ≲ τ and a normal regime when t ≳ τ in DPD simu-
lations,44 where τ is the longest relaxation time of polymer chains.
Huang et al.21 reported that linear chains with a kinetic model for
scission and recombination showed a similar crossover from subd-
iffusion to normal diffusion around τΛ obtained with the original
method of Faivre and Gardissat.24 We show the compensated MSD
⟨Δr2⟩/t of surfactant molecules for various kBT as a function of t/τΛ

FIG. 5. (a) Rotational relaxation time τr

(red square) and average lifetime τb
(blue circle) as functions of the aggre-
gation number Nag with kBT = 1. Their
intersection defines the longest relax-
ation time τΛ of micelles for Nag ≳ NΛ.
The error bars denote the standard devi-
ations for three independent simulations.
(b) Longest relaxation time τΛ as a func-
tion of 1/kBT . The inset shows NΛ as a
function of 1/kBT .
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FIG. 6. Compensated MSD ⟨Δr2
⟩/t of surfactant molecules as a function of the

normalized time t/τΛ with kBT = 0.9 (blue solid line), kBT = 1 (black dashed line),
and kBT = 1.2 (red dotted-dashed line). The inset shows ⟨Δr2

⟩/t as a function
of t.

in Fig. 6. For 0.1 ≲ t/τΛ ≲ 1, ⟨Δr2⟩/t has a negative slope, indicating
the subdiffusion of surfactant molecules. In contrast, for t/τΛ ≳ 10,
⟨Δr2⟩/t is flat, indicating the normal diffusion. Thus, we confirm that
⟨Δr2⟩ shows a gradual crossover from subdiffusion to normal diffu-
sion around t/τΛ = O(1), which is consistent with the property of
the MSD in other systems mentioned above. For comparison, we
show ⟨Δr2⟩/t as a function of t in the inset of Fig. 6. It is then more
evident that τΛ serves as an appropriate timescale. However, ⟨Δr2⟩
includes the contribution from all the surfactant molecules, which
belong to micelles of different sizes. We need to conduct a more
detailed analysis of the MSD to directly prove the relevance of τΛ,
which is beyond the scope of the present study.

To summarize this section, we evaluated the longest relaxation
time τΛ of unentangled surfactant micelles from the rotational relax-
ation time τr and the average lifetime τb of micelles at equilibrium
by extending the concept proposed by Faivre and Gardissat.24 We
confirmed that the longest relaxation time serves as the relevant
timescale at equilibrium by investigating the MSD. In Sec. III B, we

focus on micelles with Nag ≳ NΛ and verify the relevance of τΛ under
shear flow by using conditional statistics based on Nag.

B. Flow-induced scission
In this section, we investigate the flow-induced scission of

wormlike micelles under shear flow. We demonstrate that flow-
induced scission occurs when the Weissenberg number WiΛ = τΛγ̇
is larger than a threshold value.

To reveal the effect of flow-induced scission, we investigate the
statistical properties of the micellar lifetime under shear flow. We
show in Fig. 7(a) the survival function S(tb) of micelles for Nag = 300
with kBT = 1 for different WiΛ. For WiΛ = 4.0, S(tb) hardly differs
from S(tb) at equilibrium (WiΛ = 0), whereas for WiΛ = 8.0 and 16,
S(tb) declines with WiΛ. This indicates that, in addition to scission
through thermal fluctuations, flow-induced scission occurs more
significantly as WiΛ increases. Figure 7(b) shows the Nag depen-
dence of τb for the same WiΛ as in Fig. 7(a). As shown in Fig. 7(a),
for WiΛ = 4.0, the shear flow does not affect τb for any Nag consid-
ered here. In contrast, for WiΛ = 8.0 and 16, the shear flow reduces
τb more significantly as WiΛ increases. Note that Nag dependence
of τb remains unchanged under shear flow for all WiΛ considered
here. In other words, the shear flow affects τb of micelles such that
Nag ≳ NΛ with a factor independent of Nag. Figure 7(b) implies that
the threshold value of WiΛ for the decrease in τb is also indepen-
dent of Nag. Therefore, it is reasonable to conclude that micelles with
Nag ≳ NΛ have a common longest relaxation time, as explained in
Eq. (19), and, consequently, their scission is promoted to the same
degree by the shear flow.

Next, we demonstrate that τΛ defined as the value for which
τr(Nag) = τb(Nag) [Fig. 5(a)] serves as the characteristic timescale
in flow-induced scission. For this purpose, we consider several sys-
tems where τΛ takes different values by conducting DPD simulations
with different kBT [Fig. 5(b)]. We show τb for Nag = 300, 400, and
500 as a function of WiΛ in Fig. 8. Here, τb is normalized by the
value τ 0

b at equilibrium for a given Nag. For comparison, we show
τb/τ 0

b as a function of γ̇ in the inset of Fig. 8. The increase in

FIG. 7. (a) Survival function S(tb) of micelles with Nag = 300 for WiΛ = 0 (blue solid line), 4.0 (black dashed line), 8.0 (red dotted-dashed line), and 16 (gray dotted
line) with kBT = 1. (b) Average lifetime τb of micelles as a function of the aggregation number Nag for WiΛ = 0 (blue circle), 4.0 (black square), 8.0 (red triangle), and
16 (gray inverted triangle) with kBT = 1. The black dashed line in (b) indicates τb ∝ N−1

ag . The error bars in (b) denote the standard deviations for three independent
simulations.
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FIG. 8. Average lifetime τb normalized by the value τ 0
b at equilibrium as a function

of the Weissenberg number WiΛ for Nag = 300(○), 400(◻), and 500(◇) with
kBT = 0.9 (blue), 1 (black), 1.1 (orange), and 1.2 (red). The inset shows τb/τ 0

b

as a function of the shear rate γ̇. The black dashed line indicates τb/τ 0
b = 1. The

error bars denote the standard deviations for three independent simulations.

τb/τ 0
b with kBT for fixed γ̇ indicates that scission of micelles is pro-

moted more as the temperature is decreased for given γ̇. In other
words, the γ̇ dependence of τb/τ 0

b significantly differs depending
on kBT; micelles at a lower temperature are more likely to be bro-
ken by the shear flow. We emphasize that we can take into account
this kBT dependence by using τΛ. More concretely, all the data
for different kBT as well as for different Nag follow a single func-
tion of WiΛ (Fig. 8). The reason for this collapse is that micelles
with Nag ≳ NΛ are aligned and elongated by the shear flow with a
timescale τΛ, as we will discuss below (see Fig. 9). We have also
confirmed that if ϕ ≲ 0.1, τb/τ 0

b follows the same function shown
in Fig. 8. Since ϕ does not significantly change the properties of
micelles within the dilute regime, it is reasonable that τb/τ 0

b is inde-
pendent of ϕ(≲ 0.1). Interestingly, as shown in Fig. 8, τb ≃ τ 0

b when
WiΛ is smaller than a threshold value Wic(≃ 4), indicating that flow-
induced scission does not occur, whereas τb monotonically decreases
with WiΛ for WiΛ >Wic. However, it is difficult to discuss this

FIG. 9. Relative change (Gxx − G 0
xx)/G

0
xx of diagonal component Gxx of the gyra-

tion tensor normalized by the value G 0
xx at equilibrium as a function of the Weis-

senberg number WiΛ for Nag = 300(○), 400(◻), and 500(◇) with kBT = 0.9
(blue), 1 (black), 1.1 (orange), and 1.2 (red). The black dashed line indicates
(Gxx − G 0

xx)/G
0

xx ∝ Wi2Λ. The inset shows (Gxx − G 0
xx)/G

0
xx as a function of the

shear rate γ̇. The error bars denote the standard deviations for three independent
simulations.

threshold Weissenberg number Wic in more detail due to the limited
accuracy of τb. We examine Wic in another way, as described below
(see Fig. 11). Since τr monotonically increases with Nag [Fig. 3(b)],
it may be counterintuitive that the threshold shear rate for flow-
induced scission is independent of Nag for fixed kBT. As mentioned
in Sec. III A, since the considered micelles satisfy τb(Nag) < τr(Nag)
(i.e., Nag > NΛ), the slower relaxation timescales (τr > τΛ) disap-
pear as a result of scission faster than the rotational relaxation, thus
leading to a common threshold shear rate. In other words, the seg-
ment of size NΛ determines the effects of shear flow on micelles
with Nag ≳ NΛ.

We investigate the gyration tensor defined by Eq. (17), which
characterizes the micellar structure, to demonstrate that τΛ plays a
vital role in the orientation and elongation of micelles under shear
flow. Figure 9 shows the relative change (Gxx −G 0

xx)/G 0
xx of the diag-

onal component Gxx corresponding to the flow direction, where
G 0

xx is the value at equilibrium for fixed Nag. All the data for dif-
ferent kBT and Nag approximately collapse on a single function
of WiΛ, which indicates that WiΛ determines the orientation and
elongation of micelles under shear flow. This is consistent with the
previous study,25 which used linear chain models including scis-
sion and recombination kinetics. Therefore, we conclude that WiΛ
determines the effects of the shear flow on micelles, such as orien-
tation and elongation, thus determining the degree of flow-induced
scission, i.e., τb/τ 0

b , because the elongation of micelles causes their
scission.19,45 For comparison, we show (Gxx −G 0

xx)/G 0
xx as a function

of γ̇ in the inset of Fig. 9. Without considering τΛ, (Gxx −G 0
xx)/G 0

xx
depends on γ̇ differently for each kBT; its γ̇ dependence varies
greatly depending on kBT. Therefore, τΛ is an important property for
understanding the shear-rate dependence of the micellar dynamics
under shear flow. In addition, (Gxx −G 0

xx)/G 0
xx is independent of Nag

for fixed kBT and γ̇. This is consistent with our claim that micelles
with Nag ≳ NΛ have a common longest relaxation time for given kBT.
In Fig. 9, we find that (Gxx −G 0

xx)/G 0
xx ∝Wi2

Λ holds for WiΛ ≲ 1,
which is a well-known characteristic of polymers.46 This indicates
that micelles behave similarly to polymers under shear flow for
moderate WiΛ.

Here, note that τb/τ 0
b and (Gxx −G 0

xx)/G 0
xx do not completely

follow a single curve, as shown in Figs. 8 and 9, indicating that
there exist other relevant factors. For example, regarding semiflex-
ible polymers, stiffness significantly affects their properties under
shear flow.47 In addition, although we do not consider the effect
of branched micellar structures, these complex structures may also
play a role in the micellar dynamics as demonstrated in a pre-
vious study.48 Thus, topological characterization of micelles using
the recently developed method49 can provide valuable information
about the detailed mechanism of flow-induced scission. This is an
important near-future study.

We have seen that our analysis of the lifetime using condi-
tional statistics clearly reveals how flow-induced scission affects
individual micelles. Next, to examine how flow-induced scission
affects the distribution of Nag, we focus on the WiΛ dependence
of the probability density function P(Nag) of Nag. Figure 10 shows
P(Nag) for several values of WiΛ with kBT = 1. For WiΛ <Wic(≃ 4),
P(Nag) is independent of WiΛ. This indicates that flow-induced
scission does not occur for WiΛ <Wic, which is consistent with
the results shown in Fig. 8. For WiΛ larger than Wic, in con-
trast, P(Nag) for large Nag decreases and the distribution shifts to
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FIG. 10. Probability density function P(Nag) of the aggregation number Nag for
WiΛ = 0 (blue solid line), 4.0 (black dashed line), 8.0 (red dotted-dashed line),
and 40 (gray dotted line) with kBT = 1.

smaller Nag as WiΛ increases. Therefore, it is clear that when WiΛ
exceeds Wic, flow-induced scission occurs, and then the population
of large micelles declines. Note that for WiΛ = 0, P(Nag) cannot be
expressed by a single exponential function, whereas the model pro-
posed by Cates23 predicts the exponential distribution of micellar
length. As shown in Fig. 4(b), micelles with Nag ≲ 300 do not sat-
isfy the assumption that chains can break with a fixed probability per
unit length per unit time. Therefore, it is reasonable that P(Nag) does
not obey a single exponential function, although we focus on Nag
instead of micellar length. Dhakal and Sureshkumar50 also reported
that P(Nag) did not obey an exponential function for charged
micelles when the salt-to-surfactant concentration ratio was smaller
than 1.

Before closing this article, we focus on the average number Nmic
of micelles in the system and the mean aggregation number Nag,
which reflect the onset of flow-induced scission, as discussed below.
Figure 11(a) shows Nmic normalized by the value N 0

mic at equilibrium
as a function of WiΛ. We find that Nmic/N 0

mic is expressed by a single
function of WiΛ irrespective of kBT. In addition, Fig. 11(a) pro-
vides clear evidence that flow-induced scission occurs for WiΛ >Wic

(≃4). These observations are also valid for Nag shown in Fig. 11(b).
These results support the conclusion that τΛ is a relevant timescale of
unentangled surfactant micelles. In the case of the parameters used
in the present study, the average properties of the system, such as
Nmic and Nag, are also determined by WiΛ. Since more than 65% of
surfactants in the system belong to micelles with Nag ≳ NΛ at equi-
librium with kBT = 1, it is quite reasonable that τΛ has a dominant
influence on the average properties. Therefore, if we conduct exper-
iments on the surfactant solutions where most surfactant molecules
belong to micelles with Nag ≳ NΛ, the longest relaxation time τΛ will
be a relevant timescale of the system. In other words, the experi-
mentally obtained bulk properties such as viscosity are likely to be
characterized by τΛ. Indeed, as shown in Appendix B, WiΛ deter-
mines the rheological properties of the considered solutions. Note
that we take full advantage of molecular simulations to evaluate the
longest relaxation time. We propose a method to obtain τΛ through
the Nag dependences of τr and τb, which are usually unavailable in
experiments.

IV. CONCLUSIONS
In the present study, we have investigated flow-induced scission

of wormlike micelles in nonionic surfactant solutions under shear
flow with DPD. Although flow-induced scission may be intuitively
obvious, a quantitative understanding of this phenomenon has been
unsatisfactory. This was mainly due to the difficulty of obtaining a
large amount of micellar scission data for various aggregation num-
bers Nag and the lack of methods to estimate the relevant timescale of
individual unentangled micelles. With the aid of the DPD method,
which allows us to simulate large systems for long timescales, we can
obtain a sufficient amount of data to discuss the statistical properties
of micellar scission in detail.

In order to elucidate flow-induced scission in terms of micel-
lar timescales, we have proposed a method to estimate the longest
relaxation time τΛ of unentangled surfactant micelles from the rota-
tional relaxation time τr (Fig. 3) and the average lifetime τb (Fig. 4)
at equilibrium in the absence of shear flow. Using the concept pro-
posed by Faivre and Gardissat,24 which originally assumed the Rouse

FIG. 11. (a) Average number Nmic of micelles in the system normalized by the value N 0
mic at equilibrium as a function of the Weissenberg number WiΛ. The black dashed

line indicates Nmic/N 0
mic = 1. The inset shows Nmic/N 0

mic as a function of the shear rate γ̇. (b) Mean aggregation number Nag normalized by the value N 0
ag at equilibrium

as a function of WiΛ. The black dashed line indicates Nag/N 0
ag = 1. The inset shows Nag/N 0

ag as a function of γ̇. Different symbols correspond to different values of kBT :
blue circle, 0.9; black square, 1; orange triangle, 1.1; red inverted triangle, 1.2.
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chain with scission and recombination processes, we have evalu-
ated τΛ from the intersection of τr(Nag) and τb(Nag) [Fig. 5(a)].
This concept means that relaxation modes such that τr ≳ τΛ dis-
appear because the timescale of micellar scission is shorter than
that of rotational relaxation for these modes. In fact, as shown
in Fig. 6, the MSD of surfactant molecules has provided evidence
that τΛ is a crucial timescale at equilibrium. More concretely,
τΛ is comparable to the crossover time from subdiffusion to normal
diffusion for different temperatures. These results are in agree-
ment with the previous study using linear chains with a kinetic
model for scission and recombination.25 Thus, we have found that
the concept proposed by Faivre and Gardissat24 is also applicable
to unentangled surfactant micelles when we develop the method
to evaluate the longest relaxation time using data from molecular
simulations.

One of the most important conclusions of the present study is
that τΛ is a crucial timescale for flow-induced scission of wormlike
surfactant micelles under shear flow. Our analysis relies on condi-
tional statistics based on the aggregation number Nag, which reveals
the shear flow effect on individual micelles in detail. Indeed, the
survival function S(tb) of micelles for fixed Nag has demonstrated
that flow-induced scission occurs for high shear rates [Fig. 7(a)].
We have also found in Fig. 7(b) that for large Nag, τb ∝ N−1

ag holds
even under shear flow, similarly to the equilibrium state [Fig. 4(b)].
To demonstrate the role of τΛ in the shear-rate dependence of τb,
we have conducted DPD simulations for different temperatures. We
have shown that the Weissenberg number WiΛ, which is defined
as the product of the longest relaxation time τΛ and the shear
rate γ̇, determines τb under shear flow (Fig. 8). To the best of our
knowledge, this is the first attempt to show that τb can be char-
acterized by the nondimensionalized shear rate. Since WiΛ also
determines the diagonal component Gxx of the gyration tensor Gij
(Fig. 9), the WiΛ dependence of τb is associated with the elonga-
tion of micelles. However, since the collapse is slightly unclear in
Figs. 8 and 9, our numerical results suggest that, in addition to WiΛ,
there exist other important factors, such as stiffness and branched
micellar structures. We have examined the WiΛ dependence of
the micellar distribution (Fig. 10), the average number of micelles
[Fig. 11(a)], and the average aggregation number [Fig. 11(b)]. We
then conclude that flow-induced micellar scission occurs when
WiΛ is larger than a threshold Weissenberg number Wic. Although
Wic ≃ 4 in the examined system, we speculate that Wic depends on
various factors, such as the conservative force coefficients aij in the
DPD method.

In the present study, we have revealed the shear-rate depen-
dence of flow-induced scission focusing on nonionic surfactants.
However, further studies are required. First, our results are restricted
to the case of nonionic surfactant micelles. Regarding the scis-
sion of ionic surfactant micelles, we must consider the effect of
counterions.19 However, the proposed method to evaluate τΛ from
τr and τb is applicable to molecular simulations of unentangled
surfactant micelles regardless of the kind of surfactant. Thus, it is
an interesting future study to investigate flow-induced scission of
different kinds of surfactant micelles and reveal their differences,
which will provide helpful insight into the practical applications
of surfactant solutions. Second, we have not revealed the phys-
ical mechanism behind the statistical properties of flow-induced
scission. To overcome this deficiency, it is necessary to reveal the

dynamics of individual micelles, such as alignment and elongation.19

Flow-induced scission is expected to have a great impact on micel-
lar dynamics, thus leading to complicated behavior different from
that of polymer chains (i.e., chains without scission kinetics). In
addition, it is essential to understand flow-induced scission in terms
of mechanics such as stress and energy.18,19 Third, we should take
into account the structural diversity in micelles. Here, we focused
on conditional statistics based on aggregation numbers. However,
as shown in Appendix A, micelles can form different structures
even for a given aggregation number. It is, therefore, important to
conduct a more detailed conditional analysis considering micellar
structures.
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APPENDIX A: STRUCTURAL PROPERTIES
OF MICELLES AT EQUILIBRIUM

We adopt conditional statistics based on the aggregation num-
ber Nag. In this appendix, we show the relationship between the
micellar structure and Nag.

First, we show snapshots of micelles for various Nag in Fig. 12,
which qualitatively demonstrate how micelles grow with Nag. Sur-
factants form spherical, rodlike, wormlike, and branched wormlike
micelles as Nag increases. Note, however, that micelles can form vari-
ous structures even for a given Nag. In particular, for Nag ≳ 200, both
linear and branched micelles exist.
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FIG. 12. Snapshots of micelles for (a)
Nag = 40, (b) 70, (c) 200, (d) 300, (e)
400, (f) 500, (g) 600, and (h) 700.

Next, to quantitatively investigate the structures of micelles, we
focus on the gyration radius Rg and relative shape anisotropy51 K2.
These quantities are expressed as

R2
g = Gxx +Gyy +Gzz (A1)

and

K2 = 1 − 3
GxxGyy +GyyGzz +GzzGxx −G2

xy −G2
yz −G2

zx

(Gxx +Gyy +Gzz)2 (A2)

in terms of the gyration tensor Gij defined by Eq. (17). The relative
shape anisotropy K2 can take values between 0 and 1. A spheri-
cal structure is characterized by K2 ≃ 0, and a rodlike structure is
characterized by K2 ≃ 1. Figure 13 shows Rg and K2 as functions of
Nag. Figure 13(a) shows that Rg ∝ N1/3

ag for Nag ≲ 50. This behavior
changes around Nag = 50. Since Rg ∝ N1/3

ag holds for spherical
micelles,31 the structural transition of micelles occurs around
Nag = 50. In addition, Fig. 13(b) demonstrates that K2 ≃ 0 for
Nag ≲ 50, and K2 becomes much larger for Nag ≳ 50. Therefore,
micelles are spherical for Nag ≲ 50, whereas micelles are rodlike
for Nag ≳ 50. Note also a gradual decrease of K2 for Nag ≳ 200
[Fig. 13(b)]. This is because micelles for Nag ≳ 200 are wormlike
and flexible. These quantitative results are consistent with the visu-
alizations of micellar structures shown in Fig. 12. Thus, Rg and K2

enable us to estimate the structure of micelles (i.e., spherical, rod-
like, or wormlike). According to these criteria for micellar structures
in terms of Nag, we mainly deal with rodlike and wormlike micelles
in the present study. We need to conduct a more detailed analysis to

characterize branched structures. This is an important near-future
study.

APPENDIX B: RHEOLOGICAL PROPERTIES
OF SURFACTANT SOLUTIONS

In this appendix, we show the rheological properties of the con-
sidered surfactant solutions. The stress tensor σ can be calculated
using the Irving–Kirkwood equation,52

σ = − 1
V
⟨

N

∑
i=1

mvivi +
N

∑
i=1

N

∑
j>i

rijFij⟩, (B1)

where V is the volume of the system. Then, the viscosity η and the
first normal stress coefficient Ψ1 are evaluated by

η = σyx

γ̇
and Ψ1 = σxx − σyy

γ̇ 2 , (B2)

respectively. Figure 14 shows the WiΛ dependences of η and Ψ1
for several kBT. Here, η is shown in the form of (η − ηs)/(η0 − ηs),
where ηs is the viscosity of water at a given kBT and η0 is the viscosity
of the solution at the lowest shear rate. The value of Ψ1 is normalized
by Ψ1,0 at the lowest shear rate. Both η and Ψ1 decrease with WiΛ
when WiΛ ≳ 1. One might think that flow-induced scission causes
this shear thinning. However, since the alignment of micelles in the
flow direction also contributes to the shear thinning, a more detailed
analysis is required to identify the effect of flow-induced scission on
rheological properties. As shown in Fig. 14(b), the first normal stress

FIG. 13. (a) Gyration radius Rg and
(b) relative shape anisotropy K2 as func-
tions of the aggregation number Nag with
kBT = 1. The dashed line in (a) indicates
Rg ∝ N1/3

ag .
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FIG. 14. (a) Increase in viscosity η − ηs
of the solutions from the solvent vis-
cosity ηs normalized by the value
η0 − ηs at the lowest shear rate and
(b) first normal stress coefficient Ψ1 nor-
malized by the value Ψ1,0 at the lowest
shear rate as functions of the Weis-
senberg number WiΛ. Different sym-
bols correspond to different values of
kBT : blue circle, 0.9; black square, 1;
red inverted triangle, 1.2. The error bars
denote the standard deviations for three
independent simulations.

difference is positive, indicating that the surfactant solutions have
viscoelasticity.
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