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Abstract

This study aims to investigate the physical properties that govern polymer adsorption and desorption
on chemically structured surfaces. These surfaces are considered biomimetic of natural ones that specifically
exhibit a combination of hydrophobic and hydrophilic domains, like those found on hair surfaces. Understanding
these processes is especially crucial when designing and developing new eco-sustainable polymers for industrial
applications such as cosmetic products. In this work, we developed computational models of the hair surface and
two polymers with different architectures. The first polymer studied was a semi-flexible, linear polysaccharide
of natural origin, which offers potential for sustainable formulations. The second, and more complex model,
was a stiff, comb-like cationic polyelectrolyte similar to petroleum-based polymers traditionally used in hair
care cosmetics. We conducted coarse-grained molecular dynamics simulations to study the adsorption of the
polymers onto the substrate and we found that increasing polymer concentration enhanced adsorption. The
branched copolymer led to a thicker coating and exhibited a more random coverage pattern compared to the
linear polymer. Furthermore, we analyzed the stability of the polymer coating by running Brownian dynamics
simulations of the adsorbed polymers under a linear shear flow. These simulations revealed a correlation
between flow strength and polymer desorption, thereby highlighting the importance of low desorption time
for performing coatings in cosmetic applications. Despite both polymer types presenting improved resistance
with longer polymer chains, the branched polymer layer exhibited higher stability. This finding demonstrates
the key role of polymer architecture in assessing the coating formation, properties and performance of new
eco-sustainable polymers in industrial applications.

Introduction
Research in eco-friendly cosmetic formulations is a
growing field due to an increasing consumer demand
for innovative products that establish a compromise
between efficiency and sustainability. It is critical to
align this research with the principles of green chem-
istry,1 emphasizing the design and production of safe,
biodegradable, and efficient polymers, and minimizing
the use of harmful compounds. Certain ingredients
currently used in cosmetic products, like silicones and
cationic polyelectrolytes, such as polyquaterniums,2
present considerable ecological challenges.3 These dif-
ficulties have driven the cosmetic industry to improve
sustainability in their formulations. However, transi-
tioning from existing polymers to greener alternatives
is non-trivial, as the new components must meet the
performance standards expected by consumers. Still,
progress has been made in this direction, since some
polysaccharides have already been incorporated into
makeup formulations.4 Indeed, carbohydrates represent
promising sources of sustainable monomers. Despite
the economic challenges they pose when competing with
petrochemical-derived polymers, there are many oppor-
tunities to improve their value in high-demand applica-
tions through targeted property enhancements.5 Rec-
ognizing these opportunities, the cosmetic industry has
been actively conducting research on the synthesis and
application of such green polymers.6 Certainly, an in-
terdisciplinary collaboration between fundamental and
applied research is crucial for achieving this objective.

A part of this effort must be dedicated to identifying
the physical parameters that govern polymer adsorption
onto hair-like substrates. The first challenge is therefore
to have a good knowledge of the hair surface, which is
made of many layers.7 The most external layer, that
acts as physical and chemical protection for the hair,
is called the F-layer.8 It is formed by fatty acids and
it is hydrophobic.9 This layer can be partially dam-
aged by several factors, including ageing and external

aggressions such as solar radiation, bleaching, and var-
ious treatments.10–13 The cuticle degradation exposes
hydrophilic layers of hair, resulting in a surface that
exhibits both hydrophobic and hydrophilic areas.14,15
Surface heterogeneity can significantly influence the dy-
namics of molecule adsorption, thereby affecting the
physical properties of the resulting coatings.16,17 In the
context of cosmetics, the diverse physicochemical char-
acteristics across different regions of the hair surface
make uniform polymer adsorption a considerable chal-
lenge. Addressing this substrate complexity, Llamas et
al.18 conducted experimental research on the adsorp-
tion of polymer and surfactant mixtures for personal
care products, focusing on the interaction with differ-
ent hair surfaces. They introduced systems capable of
adhering to negatively charged surfaces, paving the way
for new methods of applying cosmetic ingredients.

The equilibrium properties of polymer coatings and
the dynamics of polymer adsorption have sustained in-
terest from the scientific community for years. Pioneer-
ing experimental work, such as the study conducted by
Frantz and Granick on the adsorption-desorption kinet-
ics of polymers at a solid surface,19 has provided in-
sight into the factors that influence the dynamics of ad-
sorbed polymer chains. However, theoretical and com-
putational methods can offer some advantages over ex-
perimental research, including reduced cost and time,
or improved precision and scalability. For instance,
Polotsky and Ivanova conducted a series of analytical
studies on the adsorption of single polymer chains onto
stripe-patterned surfaces to investigate the adsorption-
desorption transition. They developed different theoret-
ical models for homopolymers20,21 and copolymers,22
and analyzed the effect of parameters such as temper-
ature, chain stiffness or polymer composition on the
adsorption on these heterogeneous surfaces. Milchev
and Binder23 conducted molecular dynamics simula-
tions to clarify how chain stiffness influences the adsorp-
tion transition and structural properties of adsorbed
semiflexible polymer chains. With a focus in cosmetic
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applications, Banerjee et al.24 investigated the depo-
sition of cationic polyelectrolytes from micellar solu-
tions containing surfactants onto hair-like surfaces. Us-
ing self-consistent field calculations, they found that
polyelectrolyte adsorption is typically governed by the
molecular details of the species in solution as well as
the specificities of the surface. They highlighted the
critical role of molecular modeling in optimizing the ad-
sorption processes in industrial applications. Molecu-
lar dynamics was also used by Zhou et al.25 to investi-
gate how the strength of substrate attraction and poly-
mer chain length affected the behavior of adsorbed and
non-adsorbed chains in substrate-supported thin films.
They found an influence zone beyond which the diffu-
sion of polymer chains remained unaffected by the sub-
strate. The adsorbed polymer layer comprised a frac-
tion of weakly adsorbed chains with tails that extended
vertically, penetrating the non-adsorbed chains. Inter-
estingly, the ends of these chains were found to have a
notable impact on the dynamics of the free polymers in
the bulk.

Studying the rheological effects of polymer adsorp-
tion and desorption in flowing systems represents a rel-
evant area of interest, especially within the context
of hair and skin cleaning products. These cosmetics
are typically applied under the influence of a shear
flow. In general, it is expected that the flow enhances
the desorption of the adsorbed polymer layers, while
hydrodynamic forces could potentially inhibit the ad-
sorption of polymer chains onto surfaces from flowing
solutions.26 Recent computational studies have made
progress in understanding polymer adsorption and des-
orption in flowing systems. Panwar and Kumar27 uti-
lized coarse-grained Brownian dynamics simulations to
analyze the adsorption of a polyelectrolyte onto an op-
positely charged surface. They examined adsorption be-
havior with respect to screening length in presence and
absence of shear flow. Under shear flow, they observed
the polymer chain aligning with the flow direction, in-
creasing surface contact. An investigation by Ibáñez-
García et al.28 focused on how attractive surfaces affect
the stretching of confined tethered polymers under shear
flow. They observed unique stationary cyclic dynamics,
varying with the shear flow intensity and surface poten-
tial strength. Their results indicated that a stronger at-
tractive potential decreased polymer stretching, deviat-
ing from scaling predictions for non-adsorbed polymers.
They also found the shear flow intensity to enhance the
adsorption process. Šindelka et al.29 employed dissipa-
tive particle dynamics simulations for study of the inter-
action between two main components of personal care
products and the human hair surface. Their work in-
cluded analysis both above and below the fluid-gel tran-
sition temperature and both in- and out-of-equilibrium
conditions. Interestingly, under shear stress, they found
that beyond a certain threshold, both types of adsorbed
layers began to lose their attached molecules. In the
fluid layers, this was due to increased shear overpower-
ing the hydrophobic interactions, while in the gel lay-

ers, it resulted from the collapse of the hair lipid brush,
causing a significant desorption.

Understanding the friction between hair fibers and
polymer-coated hair surfaces is also of significant sci-
entific and industrial importance. The degree of fric-
tion influences the tactile sensation, manageability, and
combing of hair, which are primary factors in con-
sumer perception of hair care products. Recently,
Weiand et al.30 investigated the nanoscale friction be-
tween biomimetic hair surfaces using experiments and
coarse-grained molecular dynamics simulations. In the
simulations, friction was monitored between hair sur-
faces with different levels of chemical damage. They
found that the increase in nanoscale friction in chemi-
cally damaged hair is primarily due to changes in the
hair surface chemistry, not because of changes in either
its roughness or damage beneath the surface. On the
other hand, Coscia et al.31 investigated the tribological
behavior of diffferent polymers in surfactant solutions
in contact with the hair surface, comparing the aggre-
gation behaviour and lubrication properties of a generic
functionalized polysaccharide with two petroleum-based
polyelectrolytes used in shampoo formulations.

In our previous work, we examined the adsorption
of hydrophilic flexible homopolymers to surfaces that
chemically mimic human hair.32 By merging experimen-
tal imaging data with coarse-grained molecular dynam-
ics simulations, we explored the impact of polymer chain
length and concentration on the adsorption process. We
observed that an increase in concentration led to longer
polymer tails and loops, reducing the length of the chain
sections attached to the surface. We also tested the sta-
bility of these polymers under a linear shear flow. Ad-
vancing from this foundation, our current study serves
as a natural extension, introducing more complex and
realistic polymer models to verify the robustness of the
computational framework. Our research includes the ef-
fect of different polymer architectures, concentrations,
and chain length on polymer adsorption. Simulations of
rinsing under a linear shear flow were also performed.
By considering various flow strengths, we systematically
probed the desorption dynamics. This investigation rep-
resents a significant step in the construction of models
for complex macromolecules interacting with realistic
biological surfaces, with the ultimate goal of promoting
the design of more eco-friendly industrial products.

The structure of this manuscript is as follows. After
this introduction, we detail the models and methodolo-
gies employed in our study. This includes descriptions
of the substrate and polymer models we have devel-
oped, as well as the simulation techniques implemented
to model polymer adsorption. The subsequent section
presents our findings in the context of the various vari-
ables explored, namely polymer architecture, monomer
concentration, chain length, and flow strength. We pro-
vide interpretations and discuss these results. Finally,
we draw conclusions and propose possible directions for
future research.
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Model and methods

Substrate model
The essential simulation setup consisted of a polymer so-
lution with a substrate at the bottom of the simulation
box. Based in real dynamic Chemical Force Microscopy
images, the substrate was modeled to represent a realis-
tic bleached human hair surface.14 Therefore, 60% was
composed of damaged areas, which were hydrophilic,
while 40% was composed of healthy hydrophobic zones.
Figure 1 shows the substrate model used in this work.
It was made of spherical beads with the same size as
polymer beads, labeled as G (hydrophilic) and H (hy-
drophobic). For more detailed information regarding
the construction of this model, we refer the interested
reader to to the previously published paper by Moro-
zova et al.32

Linear polymer Branched polymer

AB

C D

E

F

GH

Figure 1: Computational models for the (left) linear and
(right) branched polymers. Snapshots on top show (left) a
section of the linear polymer with 15 beads, each one repre-
senting one monomer, and (right) a dimer of the branched
polymer with 17 beads per monomer. Bottom pictures show
a single polymer composed by N=150 monomers adsorbed
onto the heterogeneous substrate.

Polymer models
We developed two polymer models that correspond to a
semi-flexible linear polymer of natural origin and a stiff
branched polymer with a bottle-brush structure, similar
to those currently used in cosmetic formulations. The
former was modeled after chitosan, a linear polysaccha-
ride composed of randomly distributed deacetylated and
acetylated units. For the latter, we took inspiration
from polyquaterniums, a family of polycationic poly-
mers with quaternary ammonium centers.

Linear block copolymer

We modeled a semi-flexible linear block copolymer
where each bead represents a monomer: either D-
glucosamine (GlcN) or N-acetylglucosamine (GlcNac)
proving the notion of the length-scale in simulations as
the size of the monomer is approximately 0.5 nm.33
In this model, GlcN units are described by positively
charged A beads, while hydrophobic electroneutral B
beads stand for GlcNac monomers34(see Figure 1). In

experiments, polymers like chitosan are composed of
80% GlcN. In our model we have preserved this same
fraction of A beads, which are randomly distributed
along the chain. We considered good solvent conditions
for the chains, resulting in a purely repulsive Weeks-
Chandler Andersen (WCA)-type interaction among all
monomers

UWCA(rij) = 4ε

[(
σ

rij

)12

−
(

σ

rij

)6
]
+ε, rij < rc = 21/6σ,

(1)
where ε is the interaction strength, and rij is the dis-
tance between i and j monomers. For distances rij ≥ rc,
UWCA(rij) = 0. In addition, neighboring monomers
were connected via the finitely extensible nonlinear elas-
tic (FENE) potential

UFENE(rij) = −1

2
κr20 ln

[
1−

(
rij
r0

)2
]
, (2)

where we employed the standard Kremer-Grest param-
eters to prevent unphysical bond crossing, i.e. the maxi-
mum bond extension is set to r0 = 1.5σ, and κ = 30ε/σ2

is the spring constant.35 Chitosan is a semiflexible poly-
mer with persistence length of approximately lp ≃ 9 nm
for the chain composition investigated.36 Thus, we in-
troduced a bending potential of the harmonic form

U(θ)bend =
1

2
k(θ − θ0)

2, (3)

where θ0 = 2π, and the potential constant k =
18 ε/rad2. The value of k was chosen in a such a way,
that the resulting lp of a chain in simulations is close to
the experimental value, i.e., lsimp = 18σ.

Furthermore, under experimental conditions, i.e., pH
4.5, chitosan is positively charged through the proto-
nation of its GlcN monomers.34 Hence, we assumed
that each A bead carries a positive elementary charge,
zA = +1. We used the experimentally determined
value of the surface charge of a hydrophilic zone of
bleached hair11 to estimate the charge of hydrophilic
G beads. According to our calculations, each G bead
has zG = −0.11 elementary charge. Since under exper-
imental conditions the aqueous solution contains salt
ions, we described the effective interaction between two
charged beads through the Debye-Hückel screened elec-
trostatic potential,

UDH =
zAzGlB

r
e−κr, (4)

where lB =
e2

4πεε0kBT
is the Bjerrum length, and κ

is the inverse Debye length. We adopted experimental
values of lB = 0.7 nm, and 1/κ = 1.0 nm.

Lastly, the excluded-volume interactions between
charged A beads and two types of the substrate beads,
as well as between hydrophobic B beads and G (hy-
drophilic) substrate beads, are given by WCA poten-
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tial introduced above. Interaction between hydrophobic
monomers and hydrophobic beads of the substrate in-
cludes attractive part and is described by the Lennard-
Jones (LJ) potential

ULJ(rij) = 4εms

[(
σ

rij

)12

−
(

σ

rij

)6
]
, rij < 3σ,

(5)
where the value of the energy well was taken from our
former study of the homopolymer adsorption and results
in εms = 0.3ε.32

Branched bottle-brush copolymer

We also modeled a cationic polyelectrolyte like those
currently used in hair cosmetics. It has a stiff comb-
like architecture in which each monomer is made of 17
beads. Figure 1 (right) shows a dimer of this polymer.
The backbone of the chain is made of amphiphilic C
beads, while the branches contain charged hydrophilic
D beads, hydrophobic E and electroneutral F beads.
As for the other polymer model, we considered good sol-
vent conditions, that results in a purely repulsive inter-
actions among all monomers modeled via WCA poten-
tial. Neighboring monomers are connected via FENE
potential. Amphiphilic C beads of the monomer in-
teract via LJ potential with all substrate beads with
the strength εms = 0.3ε. Charged D beads interact
only with charged beads of the substrate (G) using
Debye-Hückel potential, where the charge for D beads
zD = 1.4 is adopted. All other interactions between
monomeric and substrate beads are described by the
excluded-volume interactions (WCA potential). In Ta-
ble 1 we summarize all monomer types employed in this
study.

Table 1: Description of monomer beads employed including
their physical nature and type of attractive interaction with
the substrate.

Name Polymer Physical nature Interactions
A Linear Charged UDH

B Hydrophobic ULJ

C

Branched

Amphiphilic ULJ

D Charged UDH

E Hydrophobic ULJ

F Neutral UWCA

Simulations
With these two polymer families and the modeled sub-
strate we performed coarse-grained molecular dynamics
simulations with implicit solvent. The simulation box
had periodic boundary conditions in x and y directions
and was confined in z direction, normal to the surface.
All the simulations were performed within the canonical
NV T ensemble. To model the dynamics of the poly-
mers in bulk and adsorbing onto the substrate we used

a Langevin thermostat, while the effect of a linear shear
flow on the adsorbed polymer chains was simulated ap-
plying Brownian dynamics. Simulations were run by
means of the simulation package HOOMD-blue.37

Table 2 summarizes the sets of system parameters
explored in the simulations, namely: polymer archi-
tecture, concentration and length to study the adsorp-
tion onto the substrate, as well as flow strength to test
the stability of the adsorbed layer. First, as described
above, we chose two distinct polymer types with dif-
ferent architectures: a semi-flexible linear block copoly-
mer, henceforth referred to as the linear polymer, and
a stiff comb-like cationic polyelectrolyte, which we shall
designate as the branched polymer. We studied three
monomer concentrations ranging from dilute solutions
to semidilute ones, c/c∗ = {0.1, 0.5, 1.0}, being c∗ the
overlap concentration,

c∗ =
N

4
3πR

3
g0

, (6)

where N is the number of monomers per chain and Rg0

is the polymer gyration radius at infinite dilution. To
assess the effect of the degree of polymerization on the
dynamics of polymer adsorption and on the stability of
the polymer coating, we considered three different poly-
mer lengths, characterized by the number of monomers
per chain, N = {150, 250, 500}. To have statistically
significant results, for each system configuration we ran
three independent simulations.

Table 2: Polymer architecture, concentration and length,
as well as Weissenberg numbers explored in the simulations
performed in this study.

Simulation Polymer c/c∗ N Wi

Adsorption Linear
Branched

0.1
0.5
1.0

150
250
500

Desorption Linear
Branched 1.0

150
250
500

0.5
1.0
5
10

The stability of the resulting polymer coating was an-
alyzed applying a linear shear flow along the x-axis to
the adsorbed polymers chains. Theoretical and compu-
tational details of these calculations can be found in our
former work.32 To examine the desorption of polymer
chains under applied shear flow, we selected a sample
from all the adsorption simulations we conducted, as
summarized in Table 2. The concentration was set to
c/c∗ = 1.0, based on the assumption that the density
within the adsorbed polymer layer is uniform, a require-
ment for solving the Brinkman equation.38,39 The poly-
merization degrees studied during the desorption simu-
lations were the same as those used in the adsorption
simulations, namely N = {150, 250, 500} monomers per
chain. To characterize the strength of the flow we used
the Weissenberg number Wi = γ̇τ0, where γ̇ is the ap-
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plied shear rate and τ0 is the chain relaxation time at
infinite dilution.40 Further details regarding the com-
putation of τ0 are provided in the Supplementary In-
formation. Since the Weissenberg number provides the
degree of anisotropy generated by the flow, we assume
that Wi > 1 implies a strong shear flow, while Wi ≤ 1
indicates a weak perturbation.

The complete workflow of this study is summarized
in Figure 2. First, the adsorption of the polymer so-
lution onto the heterogeneous substrate was simulated.
Non-adsorbed polymers were then removed to obtain
the resulting coating. Subsequently, a linear shear flow
was applied to the adsorbed layer. Figure 2(c) shows
the desorbed polymers colored in pink. The final state
of the coating with the remaining adsorbed polymers
is presented in Figure 2(d). It is worth noting that
during the simulation of a linear shear flow applied to
the system, the longest polymer chains were stretched
under strong flow regimes which led to polymer self-
interaction within the simulation box. To address this
issue, the simulation box was duplicated in the flow di-
rection.

a) b)

c) d)

Figure 2: Snapshots of different stages of the simulations for
linear polymers of length N = 250 at concentration c/c∗ =
1.0. (a) Adsorption of the polymer solution on the substrate.
(b) Resulting adsorbed polymer layer. (c) Simulation of the
applied shear flow on the adsorbed layer, where desorbed
polymers have been colored in pink. (d) Final state of the
coating with the remaining adsorbed polymers.

Results and discussion
To ensure that the results obtained from the simulation
of two distinct polymer types with different architec-
tures were comparable, we first conducted simulations
of polymers in solution for all the system configurations

explored in this study. We measured the radius of gy-
ration in bulk, as shown in Figure 3, and confirmed
that the sizes of the polymers were similar for a given
degree of polymerization N . The obtained results al-
low us to confidently compare the behavior of these two
polymer types and gain insights into the properties of
the adsorbed layers. Additionally, by fitting the data to
a linear function we determined the value of the radius
of gyration of the polymer at infinite dilution Rg0 from
the y-intercept, used in the calculation of the overlap
concentration in equation (6).

20

40

60

80

0.1 0.5 1.0

Linear

<
R

gb
u
lk

>
 [

σ
]

c/c*

0.1 0.5 1.0

N=150

N=250
N=500

Branched

c/c*

 
 
 

Figure 3: Radius of gyration of both polymer types as a
function of concentration for different chain lengths. Left
plot represents the linear polymer, while the right plot rep-
resents the branched polymer. The red triangles, green cir-
cles, and blue squares in each plot correspond to the data for
the chains with degree of polymerization N = 500, N = 250,
and N = 150, respectively.

After confirming that both types of polymers were of
comparable size, we proceeded to examine their adsorp-
tion strength with the substrate. To do so, we calculated
the mean potential energy uads between a monomer
from an adsorbed chain and the substrate. This calcu-
lation was performed on the polymer coatings obtained
at the end of the adsorption simulations, after all non-
adsorbed chains had been removed from the simulation
box. The results revealed that the adsorption strength
per monomer for both polymer models was nearly iden-
tical: uads = (0.46 ± 0.02)ε for the linear polymers
and uads = (0.44 ± 0.01)ε for the branched polymers.
The similarity in adsorption strength suggests that any
observed differences in the properties of the coatings
formed by these polymers could be attributed to other
factors, such as differences in polymer architecture.

As the first step in the characterization of the poly-
mer coatings, we started by computing the concentra-
tion profiles of the adsorbed chains as a function of the
distance to the substrate. These profiles are plotted in
Figure 4(a) at three different concentrations for three
types of polymers with N = 500 monomers per chain:
the linear and branched copolymers modeled in this
study, and the linear flexible homopolymers analyzed
in our previous study.32 To enable comparison of the
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Figure 4: Concentration profiles of polymers as a function of the distance from the substrate. (a) Profiles of only the adsorbed
polymers for three polymer types with a chain length of N = 500 at three different concentrations. (b) Concentration profile
of the three different polymer solutions normalized by the bulk concentration at c/c∗ = 1.0.

resulting layers, the distance in the figure is normalized
by the mean radius of gyration of chains in solution.
We found that the shape of the profiles remained con-
stant with concentration for all polymer types, while
polymer adsorption increased with concentration. Nev-
ertheless, we could expect the concentration to reach a
threshold value that saturates the substrate, preventing
more polymers to adsorb. When comparing the poly-
mer types, it was observed that the semi-flexible linear
copolymer generated a significantly less thick coating
with respect to the average chain length compared to
the flexible homopolymer and the branched copolymer.
This is because both the linear homopolymer and the
branched copolymer, when adsorbed on the substrate,
still had long tails that were not adsorbed, contribut-
ing to the concentration profile far from the substrate.
Conversely, for the linear copolymer, the portion of
chain adsorbed onto the substrate was larger, leading
to shorter tails in comparison to the average size of the
polymers in solution. These findings demonstrate the
importance of considering not only polymer architecture
but also the specific monomer-substrate interaction in
understanding the adsorption dynamics and properties
of polymer coatings. Figure 4(b) contains the concen-
tration profiles normalized by the bulk concentration of
the three polymer solutions at c/c∗ = 1.0 as a function
of the absolute distance to the substrate. The rapid
rise in the concentration profiles at small distances con-
firms that, in all cases, chains exhibit a preference for
adsorption onto the substrate rather than dispersion in
the bulk. Furthermore, the concentration profiles also
indicate that the branched copolymer is notably more
voluminous than the linear polymers, which contributes
to the formation of a thicker polymer layer.

To determine the uniformity of the polymer coverage
on the substrate, we performed a novel analysis method.
The simulation box was partitioned into several slabs
along z-axis and the monomer density profile was cal-
culated in each point in the slab. These profiles were
then integrated over the slab thickness to obtain two-

dimensional density profiles, which were averaged over
multiple snapshots of the simulation trajectory. Fur-
ther details, including an explanatory figure of this slab
analysis method, can be found in the Supporting Infor-
mation. Figure 5 shows the results obtained by divid-
ing each adsorbed polymer layer into four slabs of equal
thickness. The first slab starts at a distance zero from
the substrate and the last slab ends at a distance hads,
which is the average thickness of the adsorbed polymer
layer. It is observed that as the chain length increases,
the polymer coating becomes denser and it is easier to
keep track of the chains at further slabs from the surface
due to reduced mobility and longer tails. For branched
polymers the effect of chain length is more significant
due to their bulkier nature. Analysis of the slabs close to
the substrate shows that for short chains the branched
polymers can accommodate in the substrate, while for
chains with N > 150 mobility seems to be significantly
restricted due to overcrowded substrate. The figure
also reveals that linear polymers exhibit a higher degree
of memory of the substrate compared to the branched
ones. The linear chains adhere more strongly to the
hydrophilic areas of the substrate and clearly follow its
heterogeneous pattern, resulting in a clear correlation
between the polymer layer and the substrate. This ef-
fect is particularly evident for long chains. Conversely,
branched polymers show a more homogeneous distri-
bution on the substrate. This effect can be attributed
to the difference in the chain architecture between lin-
ear and branched copolymers, as well as to the specific
monomer-substrate interactions. The linear chains have
a semi-flexible structure and are made mostly of posi-
tively charged monomers, so they are strongly attracted
by the hydrophilic beads of the substrate and can also
easily adapt to the pattern. Instead, the stiff and volu-
minous structure of branched polymers limits their mo-
bility and the intricate architecture of each monomer
leads to a more complex overall monomer-substrate in-
teraction.
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Figure 5: 2D monomer density profiles obtained by dividing the polymer coating in four slabs of height one fourth of the
average thickness of the adsorbed polymer layer (hads). For each system configuration, the first slab starts at a distance zero
from the substrate and the last slab ends at a distance hads. The color scale represents the total monomer density, with
warmer colors indicating higher density. Note that the color scale limits vary across panels, with the maximum and minimum
values adjusted to best show the range of density in each panel. In this figure we have selected one system for each polymer
family and chain length at concentration c/c∗ = 0.5.
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Figure 6: (a) Mean radius of gyration of the adsorbed poly-
mers normalized by their values in bulk as a function of chain
length. (b) Diagonal components of the gyration tensor as
a function of chain length (N) for three different concen-
trations. Green symbols correspond to c = 0.1c∗, orange
symbols to c = 0.5c∗ and violet symbols to c = 1.0c∗. Filled
squares, circles and triangles represent Gxx at the three men-
tioned concentrations, while empty squares, circles and tri-
angles represent Gyy. The values for Gzz are indicated with
empty diamonds, pentagons and inverted triangles.

Figure 6(a) displays the mean radius of gyration of the
adsorbed polymers normalized by the bulk values as a
function of chain length N for three different concentra-
tions. We found that the radius of gyration is larger for
polymers when they are adsorbed on the substrate than
when they are free in bulk, in all cases. This increase in
size can be attributed to the change of the chain geome-
try when adsorbed. We also observed that the degree of
polymerization of the chains does not make a significant
difference in any case, except for very long branched
polymers at very low concentrations. To further un-
derstand the change in the geometry of the polymers
when adsorbing, we examine Figure 6(b), which shows
the diagonal components of the gyration tensor. These
quantities provide information about the dimension of
the polymer along the Cartesian axes. The component
Gzz is normal to the substrate and, since we are con-
sidering only adsorbed chains, it is expected to have a
low value in most cases. Indeed, as seen in Figure 6(b),
the Gzz components are typically the smallest. With in-

creasing concentration, we have already mentioned that
the adsorption of polymers was enhanced. Therefore,
the Gzz component increases due to chains having to
compete for the available space on the substrate, thus
leading to larger tails and chain loops in the z direc-
tion. On the other hand, the gyration tensor compo-
nents Gxx and Gyy that are parallel to the substrate
show a decrease with increasing concentration. Since
for large concentrations chains were crowded together
on the substrate, their geometry became more rounded
and there were no preferred orientations. However, the
case of the longest branched polymers at the lowest con-
centration is noteworthy, as the Gxx component is very
large. This occurred because only a small number of
polymers were adsorbed, which allowed the chains to
fully adsorb onto the substrate. Additionally, it is im-
portant to note that since the sample size was smaller
in these cases, it is possible that the stretching of the
chains was overestimated.

In the following, we analyze the effect of applying a
linear shear flow on the adsorbed polymer layer. Figure
7 contains the final values of the diagonal components
of the gyration tensor after running the rinsing simu-
lations. The data is normalized by the Gxx, Gyy and
Gzz values computed for the adsorbed polymer coating
before applying the shear flow, already shown in Figure
6(b). In this way the first thing we can observe is that
the component Gzz normal to the substrate always de-
creases with respect to its initial value when the flow
is applied, while the parallel and vorticity components
(Gxx and Gyy) experience very different changes. Gxx

is the component in the direction of the flow and it al-
ways have a higher value after the rinsing than before.
On the other hand, for the component in the vorticity
direction we always observe Gyy/G

0
yy ∼ 1. This general

trend can be attributed to the effect of the flow applied
in the x-direction. It causes the adsorbed structures,
such as chain tails and loops, to tilt towards the surface,
thereby altering their overall geometry. Consequently,
the diagonal component of the gyration tensor in the
flow direction increases while the component in the nor-
mal direction decreases. In addition, depending on how
stretched where the chains originally, the component in
the vorticity direction may slightly increase or decrease.
When analyzing the effect of flow strength, we observe
significant differences between weak and strong shear
flow regimes, particularly for branched polymers. In
all cases an increase in flow strength resulted in more
pronounced changes on the geometry of the adsorbed
polymers. However, within the same regime, the varia-
tion in Weissenberg numbers does not appear to have a
significant impact on the trend of the values in the plot.
Figure 7 also reveals that the way the flow affects the
adsorbed coating highly depends on the polymer archi-
tecture. Linear polymers were found to be responsive
to the flow in all scenarios, even under weak flow condi-
tions. The flow stretched the chains and tilted them to-
wards the substrate, leading to a nearly flat coating with
no polymer tails normal to the substrate in the strong
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flow regime. In this case, the chains were accommo-
dated on the substrate aligned with the flow direction,
which explains the high increase of Gxx for the longest
chains. On the other hand, the branched polymers were
practically unaffected by the flow in the weak regime,
which can be attributed to the denser and bulkier ad-
sorbed layer they had created compared to the linear
polymers. Indeed, the degree of polymerization plays an
important role in the behavior of these polymers under
strong flow regime. In Figure 7(d) we can observe that
as chain length N increases the diagonal components of
the gyration tensor approach their original values, that
is, the initial polymer coating is less affected by the ap-
plied shear flow for longer chains. Nevertheless, below
we will discuss the effect that simulation time may have
if we had run the simulations for longer times.
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Figure 7: Diagonal components of the gyration tensor after
applying a shear flow to the adsorbed polymers normalized
by the initial value as a function of chain length. Left plots
(a,c) show results for linear copolymers and right plots (b,d)
for branched ones. Results under weak shear flow regime are
shown colored in blue in top pannels (a,b), while strong flow
is represented by red symbols in bottom panels (c,d). For
each regime, two different Weissenberg numbers have been
considered. Within each color, the light shade corresponds
to the smallest Weissenberg number, while the intense shade
corresponds to the highest Wi. The symbol scheme for each
panel is as follows: squares represent Gxx, circles represent
Gyy, and triangles represent Gzz.

The analysis of the time evolution of the fraction of
adsorbed polymers can provide important insights into
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Figure 8: Fraction of adsorbed polymers on the hetero-
geneous substrate as a function of time. Left plots (a,c)
show results for linear copolymers and right plots (b,d) for
branched ones. Evolution under weak shear flow regime is
shown in top pannels (a,b), while strong flow corresponds
to bottom panels (c,d). For each regime, two different flows
have been applied, characterized by the Weissenberg num-
ber. The color scheme for each panel is as follows: blue
squares represent N = 150, green circles represent N = 250,
and red triangles represents N = 500. Within each color, the
light shade corresponds to the smallest Weissenberg number,
while the intense shade corresponds to the highest Wi. As a
guide, the relaxation time at infinite dilution τ0 of chains of
length N = 150 is indicated by a vertical dashed line.

the dynamics of polymer coatings under shear flow. Fig-
ure 8 shows the ratio between the number of adsorbed
chains at a given time and the initial value of polymers
adsorbed on the substrate for all the system configu-
rations considered in this study, listed in Table 2: lin-
ear and branched copolymers of three different chain
lengths and under weak (Wi = {0.5, 1.0}) and strong
(Wi = {5, 10}) flow regimes. The evolution of the sys-
tem was found to be more time demanding under weak
flow conditions and for longer polymer chains. In par-
ticular, the branched polymer was observed to evolve
at a much slower rate compared to the linear polymers,
requiring a longer time to reach a steady state due to
its more complex architecture. As a consequence, it was
impossible to carry out the simulations of the branched
polymers under shear flow for the same amount of time
with respect to the polymer relaxation time at infinite
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dilution τ0 than for the linear polymers. However, this is
not necessarily a drawback, since our aim is to compare
the behavior of two different types of polymers with cos-
metic applications in mind. To ensure a fair comparison,
we report the absolute simulation times in Figure 8. Ad-
ditionally, we include the value of the chain relaxation
time at infinite dilution τ0 for the smallest polymers to
provide context for the overall simulation time. From
the plots, we can see that some chains desorbed from the
substrate in all cases studied, with a stronger flow lead-
ing to more detachment. The linear polymers desorbed
much faster than the branched polymers, and stronger
flows resulted in even faster desorption. Both linear
and branched polymers resulted in more stable coatings
when longer chains were used. Lastly, the branched
copolymer was found to be more resistant to the ap-
plied shear flow in all regimes. These findings are note-
worthy because while given a certain flow strength the
final count of adsorbed polymers may not differ signifi-
cantly for very long simulation times, the characteristic
desorption time at which polymers detach from the sub-
strate plays a crucial role in the performance of polymer
coatings for cosmetic applications.
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Figure 9: Fraction of adsorbed polymers on the heteroge-
neous substrate as a function chain length for different flow
strengths, characterized by the Weissenberg number.

Further details about the final fraction of adsorbed
polymers can be found in Figure 9, where the ratio be-
tween the final and initial number of adsorbed chains
is plotted as a function of the degree of polymeriza-
tion N for the four different flow strengths applied to
the systems, characterized by the Weissenberg number.
As previously mentioned, in all cases the length of the
polymer chains was found to increase the stability of the
polymer coatings. The final number of adsorbed chains
clearly depends on the strength of the applied shear
flow, although within the same regime there are not
significant differences for the two values of Wi consid-
ered. While both polymer types desorb similarly under
a weak shear flow, the combined effect of chain length
and architecture was found to play an determinant role
in the stability of the polymer coating in the strong flow

regime. Except the smallest branched polymers under
very strong shear flow, all the systems preserved more
than 50% of the adsorbed chains. In addition, the layer
formed by the largest branched polymers seemed to be
unaltered for all the applied flows.

Conclusions
Developing novel sustainable formulations presents sig-
nificant challenges for the industry, since replacing
harmful polymers by others with natural origin is not
straightforward. For cosmetic applications polysaccha-
rides may be viable alternatives, but identifying suitable
molecules requires additional research into their phys-
ical and chemical attributes. Most importantly, dis-
cerning the physical properties that influence polymer
adsorption to hair-like surfaces is crucial. To investi-
gate this issue, we generated a computational substrate
mimicking a real microscopy of the external F-layer of
the hair and we created models of two polymers with
different architecture. We implemented coarse-grained
molecular dynamics simulations with implicit solvent to
observe polymer adsorption on the substrate and we ex-
ecuted Brownian dynamics simulations of the adsorbed
polymers under a linear shear flow to evaluate the sta-
bility of the polymer coating. We characterized the
polymer coating by computing concentration profiles of
adsorbed polymers as a function of their distance from
the substrate. Our data indicated that higher polymer
concentration increased adsorption, and polymer chains
showed a clear tendency to adsorb onto the substrate.
Notably, the shape of the density profiles did not de-
pend on the concentration but on the polymer type,
and the branched copolymer yielded a thicker coating.
To assess the uniformity of polymer coverage on the
substrate, we conducted an innovative analysis, split-
ting the simulation box into slabs and computing two-
dimensional density profiles. This analysis revealed the
heterogeneous substrate pattern in the case of the lin-
ear copolymer, whereas the branched copolymer exhib-
ited more random coverage. When assessing coating
stability, we tracked the fraction of adsorbed polymers
over time and found that even under weak shear flow,
some chains desorbed. Under strong flow conditions,
the rate and magnitude of polymer desorption increased
significantly. This is a key result since desorption time
can significantly impact cosmetic applications. We also
noted that longer polymer chains resulted in more re-
sistant coatings for both linear and branched polymers,
although the branched layer was found to be more sta-
ble.

The findings of our study emphasize that the archi-
tecture of polymers, whether linear or branched, plays a
critical role in their adsorption onto heterogeneous sub-
strates. Interestingly, even polymers with comparable
properties in bulk such as gyration radius, and similar
adsorption energies with a given substrate, can display
distinct behavior due to differences in architecture. This
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is particularly evident when evaluating their resistance
to applied shear flow. Hence the transition towards sus-
tainable new formulations in industry is not as simple
as replacing a synthetic polymer with a natural one and
expecting similar results. This change requires thorough
research in both polymer physics and chemistry to iden-
tify feasible polymers that can effectively replace harm-
ful ingredients without compromising performance. Our
study highlights the importance of considering not only
the simple bulk properties of polymers, such as density
or texture, but also their structural design, as well as
the chemical complexity of the target substrate, when
seeking sustainable alternatives for industrial applica-
tions.

Future studies could enhance our understanding of
polymer coatings in several ways. Introducing surface
roughness into the substrate model could offer a more
realistic approximation of natural surfaces, providing
more accurate predictions of polymer adsorption and
desorption. Refinement of simulations could also in-
volve the incorporation of additional ingredients, such
as surfactants. Given their prevalence in cosmetic and
industrial formulations, surfactants could substantially
alter adsorption dynamics and influence the stability of
polymer layers. Thus, their inclusion would provide a
more detailed understanding of multi-component solu-
tions. Furthermore, exploring the friction behavior of
adsorbed polymer layers could provide insights into the
sensory effects associated with different polymer coat-
ings, a factor of critical importance in cosmetic applica-
tions.
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