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We present a validation case study of the Shinoda-DeVane-Klein (SDK) coarse-grained force field in the
context of non-ionic surfactant phase behavior, as included in the MiMo software suite in RheoCube. We
present a brief overview of the newly-released features (including automated coarse graining from SMILES
strings and setting parameters from a database). We test the C12EO6 system to ensure that previous known
results with the SDK force field are still obtained. We go on to show that the automatically-generated
coarse-grained representation of 1-monoolein reproduces known phases from the experimentally-known phase
diagram at room temperature. As the aqueous 1-monoolein system was not used in the development of the
SDK force field, this test provides solid evidence that the SDK force field can be successfully applied across
a broad range of systems. We also discuss some limitations and their physical origins.

I. INTRODUCTION

Despite enormous progress in the field of atomistic
simulations of molecular-scale dynamics, simulating the
behavior of complex fluids in a reasonable time frame
remains a challenge.1 A large part of the issue stems
from the fact that the length and time scales involved for
these systems span multiple orders of magnitude. With
time steps on the order of femtoseconds, it is often pro-
hibitively difficult to reach the microsecond timescales
needed to observe the formation of certain structures.
Taking the example of surfactant chemistry, the lyotropic
liquid crystal structures that surfactants can form typi-
cally do so on timescales on the order of hundreds of
nanoseconds.2 With atomistic simulations using force
fields such as CHARMM,3 reaching these timescales
could take multiple weeks on typical high performance
computing hardware, although advanced hardware such
as GPUs can be used to bring this time down.

A common way to address the issue of large length and
time scales is to coarse grain the simulation. This usually
means collecting groups of atoms together into “beads”,
with a corresponding force field that is tuned to repro-
duce certain physical phenomena. The specifics of how
to coarse grain a system in order to retrieve quantita-
tive predictions from coarse-grained molecular dynamics
simulations (CGMD) is, of course, a highly challenging
problem, with a correspondingly large body of research
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on the topic.4 Most academic lines of inquiry, however,
typically target specific systems, and the force fields are
rarely transferable to other systems or physical properties
without reparameterization. Other difficulties include
the difficulty of automating bead selection,5 especially
for force fields such as MARTINI.6

One popular force field and coarse graining scheme is
known as the SDK force field (after the original authors
Shinoda, DeVane and Klein).7–9 In this scheme, beads are
predefined in a library, and the interbead interactions are
tuned to reproduce a combination of properties derived
from atomistic simulations, as well as information from
experimental data such as surface tension. The result-
ing simulations of surfactant behaviors have been shown
to be remarkably accurate in reproducing experimentally
observed phase behavior at room temperature.10 Recent
efforts have also extended this force field (with a corre-
sponding renaming to the SPICA force field) with new
bead definitions,11 as well incorporating effects such as
temperature dependence.12

The main advantage of the SDK force field for
RheoCube is the definition of beads in terms of unam-
biguous collections of atoms. In this white paper, we
discuss how this database of beads allows us to automate
the coarse graining process, and hence directly apply the
force field to a very wide range of possible molecules of
relevance to industrial formulation scientists. We vali-
date the SDK force field and the automated coarse grain-
ing by first reproducing known results from studies on
the phase behavior of the non-ionic C12EO6 surfactant in
water,10 before exploring the ability of the force field to
reproduce other experimentally known phase diagrams.
We choose aqueous 1-monoolein as our test candidate, as



this has widespread industrial application (particularly in
the pharmaceutical industry), and is a very well-explored
system in the literature.13 We demonstrate a satisfac-
tory performance of the force field across both systems,
although the timescales involved to find the global mini-
mum structures are still too long to reach with the cur-
rent default choices of run time.

II. METHODS

Within RheoCube, a primary goal of the software suite
is to automate as many aspects of simulations as pos-
sible. One medium-term ambition, for example, is to
use automated molecular dynamics simulations to inform
mesoscale SPH fluid dynamics simulations14 via a two-
way coupling scheme to provide robust multiscale simu-
lations. By removing the need for expert-level, domain-
specific knowledge of simulations, we can democratize
simulations to further promote research and development
in industry, as well as facilitating cloud-based collabora-
tion and exchange of information.

Bearing in mind these overarching goals, the automa-
tion of our molecular dynamics simulations using the
SDK force field proceeds through two stages: the au-
tomated coarse graining of all the molecules present in
the system, and the automated setup of the simulation.

A. Automated Coarse Graining

Coarse graining is the act of removing extraneous de-
tails from a theoretical description, while retaining as
much of the salient physics to reproduce desired results.
In the context of molecular dynamics, this most often
implies the grouping of several atoms in a molecule to-
gether into a “bead”. A molecule is then modeled as a
collection of beads joined together by harmonic bonds, as
well as harmonic constraints on angles to ensure struc-
tural properties are well reproduced. In so doing, the
main effect is to average over the fastest motions in a sys-
tem (such as certain high-frequency vibrational modes),
significantly increasing the time step that a simulation
can be run with. On top of this, the total number of
beads required for the simulation is reduced, making each
time step faster, as well as reducing the configurational
space that needs to be sampled. The parameters associ-
ated with the beads and their interactions are optimized
to reproduce quantities of interest; the SDK force field
in particular fits these parameters to all-atom molecular
dynamics simulations, as well as some input from exper-
imental quantities.

Many available force fields do not have cross-system
transferability, and as such do not have a “library” of
bead definitions that can be relied on. Other force fields,
such as MARTINI,6 forego an explicit definition of the
force field entirely, and instead rely on human input to
coarse grain specific molecules or molecular fragments

FIG. 1. Coarse-grained (transparent spheres) and all-atom
(solid spheres) representations of the C12EO6 surfactant. The
coarse-grained representation is composed of the CT2 (or-
ange), CM (yellow), EO (light blue) and OA (dark blue)
beads.

appropriately. The SDK force field, however, does have
a consistent set of bead and bond definitions, complete
with non-bonded interactions, that has been built upon
through a variety of studies. Note that the SPICA force
field11,15 is based upon the SDK force field, and could in
time provide a wider selection of beads.

A library of beads defined explicitly in terms of con-
stituent atoms provides a unique opportunity for auto-
mated coarse graining of molecules, provided that a suit-
able atomic representation is known. In RheoCube, we
use SMILES (simplified molecular-input line-entry sys-
tem) strings,16 which are a convenient way of repre-
senting molecules as text. Using the open-source tool
RDKit,17 we translate the SMILES string into a set of
atomic coordinates. From this atomic representation,
we obtain a coarse-grained representation by applying
a trial-and-error-style recursive algorithm using RDKit’s
substructure search function, which is done by repre-
senting the SDK beads in terms of a SMARTS string
(SMILES arbitrary target specification).18 The basic idea
for the algorithm is simple: generate a list of possible
bead matches with an atom situated at the current start-
ing point, attempt to place this bead while making sure
there is no overlap with other beads, then recursively call
the function again with the starting point moved to the
next free atom. If a bead cannot be placed, and no more
matches are available, the algorithm goes back one level
and attempts to place the next bead on that level. This
way, the full coarse-grained representation is built up one
bead at a time until the first successful full molecule is
created. The example of the C12EO6 surfactant molecule
is shown in Fig. 1, as automatically generated by the
coarse-graining algorithm. This coarse graining matches
the choice by the original authors of the force field in
their own studies.

The above algorithm is not without its caveats. We
note that the complexity of this algorithm (and the cor-
responding time taken) scales poorly with the number
of atoms, and the algorithm is therefore not suitable for
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FIG. 2. Coarse-grained (transparent spheres) and all-atom
(solid spheres) representations of the 1-monoolein molecule.
The coarse grained representation is composed of the CT2
(orange), CM (yellow), CMD2 (yellow), COOH (light blue)
and OA (dark blue) beads.

coarse graining very large molecules with many branches.
For linear chain polymers or surfactants, however, the
algorithm is remarkably fast and accurate. Due to the
limited number of bead definitions in the SDK library,
it is also sometimes difficult to coarse grain seemingly
simple molecules when using the exact definitions pro-
vided in the literature. As a remedy to this, we use a
slightly more liberal SMARTS specification of the beads
for cases where the exact literature definition fails. These
bead definitions have been used somewhat flexibly even
by the original authors. Typically, the modifications sim-
ply include an extra heavy atom (usually of any type), or
an extra bond that would not otherwise be included in
the original paper. One such case is the example of the
1-monoolein molecule, where the OA bead definition was
expanded to include an extra carbon atom. While the
same accuracy of the simulation results are not expected
to be exactly comparable to the published coarse graining
definitions, the more flexible bead definitions should still
be good enough to provide a close match to experimental
phase behavior, as we shall see in the results sections for
the 1-monoolein system.

B. Automated Simulation Setup and Computational
Details

Once the coarse-grained structures are obtained, setup
of the force field for the simulation is a simple case of
looking up the relevant SDK parameters in a database.
The database we use contains parameters obtained from
numerous papers, and includes Lennard-Jones parame-
ters for non-bonded interactions, constants for harmonic
bonds, and constants for harmonic angular bonds. Un-
fortunately, however, not all bonded and non-bonded in-
teractions have parameters that have been explicitly de-
fined in the literature. For these missing parameters, we
develop the following procedures.

The case of the non-bonded interactions is the simplest
to resolve. Non-bonded interactions between two beads

of the same type are always available, therefore we simply
use the well-known Lorentz-Berthelot combining rules:19

ϵij =
√
ϵiϵj (1a)

σij =
σi + σj

2
, (1b)

where σ is the zero-crossing distance of the Lennard-
Jones potential, ϵ is the well depth, and i/j label the
bead types.
For the radial bonds, we need both a spring constant

k and an equilibrium distance r0. The spring constant
cannot be reasonably set in a physical way without more
information on the system from an external source such
as an all-atom simulation, hence we simply choose a de-
fault value, small enough to avoid limiting the motion
of the beads but large enough to keep the beads to-
gether near the equilibrium distance. For the equilibrium
distance, we use the value obtained from the optimized
coarse-grained structure predicted by RDKit; if multi-
ple instances of the bond exist for that structure, the
final equilibrium distance is taken to be the average over
those instances. A similar approach is taken for the an-
gular bonds, where a default value is used for the spring

constant k̂, and the equilibrium angle θ0 is taken from
the RDKit structure prediction.
With the bead parameters defined and the force field

parameters set, we turn to the details of the actual
CGMD simulations. Before we specify the computational
details, however, we introduce a few concepts that help
generalize our simulations. In order to define the relevant
run times in the system, we define the “bead relaxation
time” for bead i to be

τi =
mid

2
i

6ξk̃BT
, (2)

where mi is the bead mass, di is the bead diameter,
ξ is the time damping factor for the relevant thermo-
stat (for which we use a value of 1000 fs, following the
SDK literature), kB is the Boltzmann factor, and T is
the temperature. The “maximum bead relaxation time”
τmax = max {τi} therefore defines the slowest relevant
timescale in the set of beads. To set a useful minimum
timescale in the system, we also introduce the Nyquist
frequency fij of the bond between beads i and j in the
system such that

fij = 2

√
k

µij
, (3)

where µij is the reduced mass between the two beads. For
all simulation runs, the time step is taken to be half the
inverse of the Nyquist frequency, in order to guarantee
stable simulations.
The simulations are performed using the LAMMPS

MD software,20 which includes an implementation of the
SDK force field. The simulations themselves are bro-
ken down into an equilibration phase, and a production
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phase. The equilibration phase is designed to stabilize
the initial random configuration and gradually bring the
simulation as close to thermal equilibrium as possible, as
well as to precalculate any thermal averages required for
equilibrium calculations in the production phase. This
phase is therefore broken down into a minimization, fol-
lowed by three MD runs: a short NPT simulation of du-
ration 2τmax at a temperature of 380 K, a NPT simula-
tion of duration 20τmax with the temperature gradually
reduced from 380 K to 293 K, and a final NPT run for
2τmax. This simulated annealing procedure is typically
enough to bring the system close to the expected equilib-
rium phases, although more run time is usually required
to fully observe specific liquid crystal structures.

The production is a single NPT run to accumulate
average quantities (such as autocorrelation functions re-
quired for Green-Kubo calculations of viscosity21) and
observe the formation of liquid crystal structures. A
shear flow can also be introduced here, whereupon the
NPT run is replaced by an NVT run (with the volume
taken to be the final volume of the final frame of the
previous NPT run) with a deformed triclinic box, using
the SLLOD method to integrate the equations of mo-
tion. This shear flow can serve as a useful way of biasing
certain simulations to accelerate the formation of certain
structures, although it must be noted that the resulting
steady-state phases are not necessarily the same as the
equilibrium phases that are expected to form.

We typically use 30 000 beads in our simulations, al-
though some structures occasionally require larger num-
bers of beads to overcome edge effects.

III. VALIDATION CASES AND RESULTS

The original SDK force field was principally designed
to reproduce the correct liquid crystal phase behavior
of surfactant systems. A key goal to validate the au-
tomated procedures in Rheocube is therefore to ensure
that the correct phases can be simulated across a range
of different systems. To this end, we select two test
cases: the water-C12EO6 mixture, and the aqueous 1-
monoolein mixture. The C12EO6 molecule is part of a
popular class of ethoxylate surfactants that are used in a
wide range of chemical products in industry, and have
well-known phase diagrams that can be usefully com-
pared against simulation results.22,23 These ethoxylate
systems, however, were used as part of the original SDK
force field development,7 and one would therefore expect
the phase behavior to be well reproduced. The aqueous
1-monoolein system is therefore a more stringent test of
the force field’s transferability to other systems, which
were not specifically targeted during the force field devel-
opment. In the following sections, we detail the findings
of these specific validation cases.

FIG. 3. Lamellar phase of a C12EO6 – water mixture with
18% w/w of water, without shear, at a time of 20.5 ns after
equilibration. SDK beads are colored according to the same
color scheme as shown in 1; water is not shown.

A. Water-C12EO6

The phase diagram of the water-C12EO6 system, as
with many ethoxylate surfactants, contains spherical mi-
celle phases, cubic phases, hexagonal phases, and reverse
micelle phases, thus providing a versatile test bed for ob-
serving different types of liquid crystals. The formation
of these phases has previously been explored by the orig-
inal authors of the SDK force field, and given that the
automated coarse graining algorithm we apply has suc-
cessfully reproduced the same coarse-grained structure,
our simulations are essentially identical to those docu-
mented in the literature. Nevertheless, reproduction of
a selection of these results provides an important health
check for our software.

The first phase we consider is the lamellar phase, which
occurs when there is more surfactant than water in the
mixture. Fig. 3 shows the resulting snapshot at the end of
a simulation containing 82% C12EO6, clearly showing the
expected lamellar phase. The hydrophilic head groups
(composed of the ethoxylate groups) are lined up against
the water, while the hydrophobic tail groups (the alkyl
chain) form the core of the lamellae.

The second phase we present here is the hexagonal
phase, as shown in Fig 4. In this phase, the surfactant
forms micellar rods that line up and arrange themselves
evenly across the simulation box. This phase is more
challenging to reproduce as a result of the timescales in-
volved being much longer (previous studies found this
phase to form spontaneously after about 150 ns). In or-
der to accelerate the formation of this phase, we have
applied a shear rate of 5× 108 s−1, which helps to align
the wormlike micelles as they coalesce into the rods, thus
providing a useful shortcut. Of course, one must be care-
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FIG. 4. Hexagonal phase of a C12EO6 – water mixture con-
taining 55% w/w of water, with an applied shear rate of
5×108 s−1, at a time of 52 ns after equilibration. SDK beads
are colored according to the same color scheme as shown in
1; water is not shown.

TABLE I. Comparison of phase boundaries predicted by our
CGMD simulations and experimentally measured phases,23

as functions of the water mass fractions. Phases marked by
a single asterisk were observed under shear in order to accel-
erate the formation of these structures. Phases marked by a
double asterisk were not satisfactorily reproduced by the sim-
ulations.

Lower phase Upper phase Prediction Experiment

L1 S 6% 5%

Lα L1 ** 14%

V1 Lα 29% 30%

H1* V1 40% 35%

L1 H1* 60% 62%

ful with interpreting this in the context of equilibrium
structure formation, as the resulting phase is a non-
equilibrium steady-state phase, rather than an equilib-
rium phase. Nevertheless, we do not expect significant
departures from the corresponding equilibrium results,
were these to be run for a sufficiently long time.

Both phases considered for this system are in excellent
agreement with the experimentally-measured phases, as
well as the results from previous computational studies.

Beyond the qualitative behavior of the surfactant
phases, it is also informative to compare the quanti-
tative phase boundaries of the water-C12EO6 system
with the experimentally measured boundaries at room
temperature. We ran simulations at 5% intervals be-
tween 0% and 100% of volume fractions of water, in
order to obtain the phase boundaries to the nearest
2.5%, and converted these to mass fractions. Table I
shows that the phase boundaries agree very well with the
experimentally-measured values, with the caveat that the
inverse micelle phase is not observed between the lamel-

FIG. 5. Experimental phase diagram of aqueous 1-monoolein,
as taken from Ref. 24 Note that the ”Pn3m + water” phase
extends to 100% w/w water at room temperature.25

lar and solid phases, which is observed over a very narrow
window. The rest of the phase boundaries agree to within
a few percent of the experimental values; we note that
the predicted phase boundaries have an uncertainty of
approximately 2.5 %.

B. Aqueous 1-Monoolein

The aqueous 1-monoolein system is a more stringent
test of our automated coarse graining and simulation
setup procedures, because not only does the resulting
coarse-grained representation not adhere to the strict def-
initions of the beads, but the system is also untested with
this force field. The system is also of particular indus-
trial interest, and has a rich literature that includes a
well-studied experimental phase diagram, shown in Fig 5.
One of the features of note of this phase diagram is the
existence of different cubic phases, notably the Pn3m cu-
bic phase (which is notable for having water channels
permitting water to flow easily in a single direction) and
the Ia3d phase. The observation of both these phases
goes beyond the tests of cubic phases that have been
demonstrated in the SDK literature. The phase diagram
for this system is particularly complex due to the coex-
istence of certain phases that would be hard to capture
in our simulations without very large simulation boxes.
Nevertheless, we are able to observe the formation of the
expected phases, as we show below.
The simulation of the Pn3m cubic phase is shown

in Fig 6. Here, a volume fraction of 50% 1-monoolein
was used (corresponding to a 44% mass fraction), which
places this in the part of the experimental phase diagram
labeled as “Pn3m + water” (indicating that a larger sim-
ulation box should have some pockets of pure water as
well). The water channels are clearly seen in the bottom
left hand part of the figure, where the structure forms a
square on the side of the simulation box.
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FIG. 6. Pn3m cubic phase of aqueous 1-monoolein, with 56%
w/w of water at a time of 9 ns after equilibration. SDK beads
are colored according to the same color scheme as shown in
2; water is not shown.

FIG. 7. Ia3d cubic phase of aqueous 1-monoolein, with 35%
w/w of water at a time of 136 ns after equilibration. SDK
beads are colored according to the same color scheme as shown
in 2; water is not shown.

For the Ia3d cubic phase, seen in Fig 7, a longer run
time (200 τmax) was required in order to observe the
structure. Even with this longer run time, we find that
the Ia3d phase is not perfect. However, the exact point
on the phase diagram is labelled as a Lα + Ia3d, so a par-
tial lamellar phase could also be the cause of deviations
from the perfect Ia3d cubic structure. Nevertheless, the
observed phase is in close agreement with the experimen-
tal results, and there is a very clear difference between
the two cubic phases tested, as expected.

IV. CONCLUSIONS

The development and automation of a coarse-graining
scheme that is transferable across disparate systems is a
challenging task, and many schemes work well within a
certain range of systems while failing once tested against
more challenging systems. Given that the original SDK
force field was developed against, amongst others, the
CnEOm systems, one would have perhaps expected the
simulations of aqueous 1-monoolein to fail to reproduce
the expected phase behavior. The two types of system
exhibit very different phase diagrams, and the coarse-
grained representation of the 1-monoolein molecule does
not match the precise definitions of the SDK beads used.
Instead, we have seen in the previous section that the
agreement remains excellent compared to the experimen-
tally determined phases.
We have shown that the combination of the automatic

coarse graining algorithm with the SDK force field, as
implemented in the RheoCube platform, is capable of
quantitatively reproducing experimental results. In par-
ticular, the critical points between phases for the water-
C12EO6 system are in quantitative agreement with ex-
periment, and aqueous 1-monoolein (which was not part
of the original force field development) reproduces the
cubic liquid crystal phases expected from experiment.
These validation studies therefore provide confidence to
our customers that the simulations that are carried out
with our platform are correct and accurate. This also
highlights the flexibility of the RheoCube’s range of possi-
ble simulations, and validates their transferability across
multiple systems.

1D. Frenkel and B. Smit, Understanding Molecular Simulations:
From algorithms to applications (Academic Press: New York,
1996).

2G. J. T. Tiddy, Phys. Rep. 57, 1 (1980).
3B. R. Brooks, R. E. Bruccoleri, B. D. Olafson, D. J. States,
S. Swaminathan, and M. Karplus, J. Comp. Chem. 4, 187 (1983).

4S. Y. Joshi and S. A. Deshmukh, Mol. Sim. 47, 786 (2021).
5T. Bereau and K. Kremer, J. Chem. Theory. Comput. 11, 2783
(2015).

6S. J. Marrink, H. J. Risselada, S. Yefimov, D. P. Tieleman, and
A. H. de Vries, J. Phys. Chem. B 111, 7812 (2007).

7W. Shinoda, R. Devane, and M. L. Klein, Mol. Sim. 33, 27
(2007).

8R. DeVane, W. Shinoda, P. B. Moore, and M. L. Klein, J. Chem.
Theory Comput. 5, 2115 (2009).

9C. M. MacDermaid, H. K. Kashyap, R. DeVane, W. Shinoda,
J. B. Klauda, M. L. Klein, and G. Fiorin, J. Chem. Phys. 143,
243144 (2015).

10W. Shinoda, R. DeVane, and M. L. Klein, Soft Matter 4, 2454
(2008).

11S. Seo and W. Shinoda, J. Chem. Theory Comput. 15, 762
(2019).

12M. Z. Griffiths and W. Shinoda, J. Chem. Inf. Model. 59, 3829
(2019).

13C. V. Kulkarni, W. Wachter, G. Iglesias-Salto, S. Engelskirchen,
and S. Ahualli, Phys. Chem. Chem. Phys. 13, 3004 (2011).

14J. J. Monaghan, Annu. Rev. Astron. Astrophys. 30, 543 (1992).
15S. Kawamoto, H. Liu, Y. Miyazaki, S. Seo, M. Dixit, R. DeVane,
C. MacDermaid, G. Fiorin, M. L. Klein, and W. Shinoda, J.
Chem. Theory Comput. xx, xx (2022).

16D. Weininger, J. Chem. Info. Comp. Sci. 28, 31 (1988).

6



17G. Landrum, “Rdkit: Open-source cheminformatics,” (2022).
18“SMARTS - A Language for Describing Molecular Patterns,”
https://www.daylight.com/dayhtml/doc/theory/theory.

smarts.html, accessed: 2022-05-11.
19M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids
(Oxford University Press: Oxford, 1987).

20A. P. Thompson, H. M. Aktulga, R. Berger, D. S. Bolintineanu,
W. M. Brown, P. S. Crozier, P. J. in ’t Veld, A. Kohlmeyer, S. G.
Moore, T. D. Nguyen, R. Shan, M. J. Stevens, J. Tranchida,

C. Trott, and S. J. Plimpton, Comp. Phys. Comm. 271, 108171
(2022).

21R. Zwanzig, Annu. Rev. Phys. Chem. 16, 67 (1965).
22M. J. Rosen, Surfactants and Interfacial Phenomena (Wiley:
Hoboken, NJ, USA, 2004).

23K. Holmberg, B. Jönsson, B. Kronberg, and B. Lindman, Sur-
factants and Polymers in Aqueous Solution (Wiley: Chichester,
England, 2003).

24H. Qiu and M. Caffrey, Biomaterials 21, 223 (2000).
25E. S. Lutton, J Am Oil Chem Soc 42, 1068 (1965).

7


