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We present a theoretical description of actuators in prototype artificial muscle tissue by means of a self-
consistent (mean field) lattice computational scheme. The actuators are composed of pH-responsive
polyelectrolytes grafted at both ends between plate- or rod-like colloidal particles and immersed in an
aqueous solution. We build on a model developed for grafted rods [A. laniro, J. A. Berrocal, R. Tuinier,
M. Mayer and C. Weder, J. Chem. Phys., 2023, 158, 14901], but we specifically include weakly acidic
monomers to incorporate the effects of a pH variation to trigger the expansion of the material. As a first
toy model, we consider strong polyelectrolyte chains: for both plate- and rod-like colloidal particles, we
obtain pressure differences of the order of tens of MPa; sufficient to generate volume variation. During
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actuation, the system expands and contracts by approximately one third of the polymer contour length and
about 100kT of work per polymer chain is performed. Secondly, we show that for weakly charged
polyelectrolyte chains the salt concentration can be used to tune the actuation window by multiple pH units,
which is important to obtain a biocompatible range of pH values. In this scenario, we find smaller actuation
pressures than for strong polyelectrolytes, but still sufficient expansion and contraction for practical purposes.
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1 Introduction

We present a theoretical description of a prototype colloidal
actuator or artificial muscle. Artificial muscles are actuating
materials that can expand, contract, or change conformation
to generate displacement when subjected to external input.’
Because of this ability to change their shape or volume,
artificial muscles are useful for a wide variety of applications
in biomedical engineering and soft robotics. With this purpose,
a great variety of materials have been studied: in most cases,
these are soft and biocompatible materials, and the nature of
the external input which triggers actuation varies greatly,
depending on the material and the principle of the actuation.
Possible triggers are temperature, pH, light, or electric and
magnetic fields.>™* Examples of soft and biocompatible materials
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include molecular motors,>® shape-memory polymers,” or electro-
active polymers.”® Shape-memory polymers contain some segment
in the chain that can reversibly change shape when crossing some
typical transition temperature, while electroactive polymers can
undergo deformations in response to an electrically induced
transport of ions and/or solvent, or in response to Coulomb forces,
which have been employed in tissues which mimic biological
muscles, as well as in robotics.”?

Liquid crystal elastomers are another example of possible
constituents of artificial muscles.”'® In addition to the elastic
properties of the polymers, they can (reversibly) form nematic
phases upon a temperature change.’ Elastomers can be used as
part of wearable devices with prosthetic or rehabilitation pur-
poses, or in components of bio-mimetic robots, which can
manipulate objects.'*

Hydrogels (composed of water-swollen cross-linked poly-
mers) are also a good candidate for artificial muscles, due to
their softness and their ability to change their conformation,
taking up or releasing water, by responding to external stimuli
such as a light, temperature, or pH."*™*® Differently from the
swelling of hydrogels, the model actuator system described
in this paper is based on the idea of generating actuation
using linear stimuli-responsive polymers grafted to colloidal
particles.>™"”

Linear stimuli-responsive polymer chains, which can swell
or contract when changing the conditions of the surroundings,
have, for example, been used to control the diffusion of ions

This journal is © The Royal Society of Chemistry 2025
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through nano-pores,'® to make surface properties responsive to
an electrical potential,’® but also to induce displacement of
nanoparticles patched to the free end of the polymer layer.>*"*>
Santer and Riihe®* made use of a layer of polymers tethered to a
hard surface at one end (see Section 2.2). These polymer chains
consisted of either di- or tri-block copolymers or of a mixture of
linear chains of two different kinds A and B, and block-copolymers
composed of A and B blocks. The authors induced a different
topography on the polymer layer by switching between two sol-
vents. When using a good solvent for both blocks, the surface was
a more flat substrate; when using a selective solvent (good solvent
for only one of the blocks and poor for the other block), the
polymers reorganized such that the more soluble block would be
more exposed to the solvent, making the top of the layers more
irregular. As a consequence, a particle patched at the free end of
the polymer layer moved when the topography switched.

In contrast, in our present work, the stimuli-responsive
properties of the polymer chain are used to generate a direc-
tional displacement and perform work. We envision a tissue in
which the actuation units are composed of linear stimuli-
responsive polymers, grafted at both ends to two hard aniso-
tropic particles. Through an external stimulus (in this case, pH
variation), the polymer chains expand or contract, taking up or
expelling solvent, and generating a directed displacement. If
the actuating units within the tissue are properly aligned, the
anisotropy of the colloids could provide directionality to the
expansion and contraction of the full tissue too.

We explore two geometries, with rod-like and plate-like
colloidal particles. Fig. 1 shows a schematic representation of
both these systems. The doubly-grafted chains are modelled as
weak acidic polyelectrolytes, where the degree of dissociation of
the acidic groups along the backbone of the polymer depends
on the pH of the solution and can be influenced by other
factors such as the salinity of the solution.”® An example of a
weakly charged polyelectrolyte is poly(methacrylic acid) (PMAA),
which contains carboxylic acid groups that are partially deproto-
nated at neutral pH, but have a lower degree of dissociation at
lower pH values, causing the polymer to become more hydrophobic
in a more acidic solution.”*** As a “toy model”, we also consider the
case of strong anionic polyelectrolytes (also known as quenched
polyelectrolytes, e.g., partially sulfonated polystyrene).>*

Fig. 1 Schematic representation of the cylindrical system with rod-like
colloidal particles (at the top, cross section) and planar system with plate-
like colloidal particles (at the bottom).

This journal is © The Royal Society of Chemistry 2025

View Article Online

Soft Matter

For the colloidal components of the actuator system, the
particles should have an anisotropic shape to obtain directional
actuation, and a relatively large surface area to allow grafting
of the polyelectrolyte chains. We therefore focused on rod-
shaped colloids and colloidal platelets. In the former case, we
envision, for instance, cellulose nanocrystals (CNCs),>>” or
silica rods,*®**® which can form different liquid crystal phase
states. In the latter case, it would be possible to use clay
materials such as platelets of montmorillonite.>**

Theoretical descriptions of grafted polyelectrolytes have
been previously reported for singly end-grafted chains, where
the polymers are modelled as strong (or quenched) poly-
electrolytes, carrying a fixed amount of charge®*™° or as weak
(or annealing) polyelectrolytes, having a variable degree of
dissociation, depending on (local) pH.*” These studies provide
results for the structure as well as for the equilibrium thickness
of the polymer layer at the surface by making use of self-
consistent field (SCF) theory calculations.

We apply SCF theory to quantify the performance of a single
actuating unit of this prototype artificial muscle, in order to
study its actuation properties and possibly to optimize them.
We start from a model similar to the one presented in ref. 38,
but we specifically consider pH-responsive polyelectrolyte
chains and incorporate a more realistic description of the
deprotonation of the acidic groups on these chains. For the
weak polyelectrolyte case, we explicitly model the dissociating
character of the weakly charged monomers of the polyelectro-
Iytes. This allows us to account for pH variations as a trigger for
the expansion mechanism by introducing a local degree of
dissociation, depending on the local pH. We also analyse a
simpler toy model of linear strong polyelectrolytes. We model
these polymer chains as carrying a fixed amount of monomers
with charge —e, and we model the deprotonation process by
varying the number of these negatively charged monomers, to
study the actuation properties as a function of the amount of
charge in the polymer chains.

Furthermore, we extend the approach described in ref. 38 to
colloidal platelets, and we compare the models of weak and
strong polyelectrolytes in planar and cylindrical geometries and
study the effects of different parameters (such as salt concen-
tration) on the actuation properties. Section 2 summarizes the
theoretical background on polyelectrolyte chains grafted to a
hard surface. Subsequently, the main results and actuation
properties predicted by our model are described and discussed
in Section 3. In the case of weakly acidic polyelectrolytes results
obtained with these computational method are compared to
previous experimental work.'”*° Finally, some comments are
made about the limitations of the model and what could be
improved.

2 Theoretical approaches
2.1 Self-consistent field theory lattice computations

In this section, the modeling of the actuation system using self-
consistent field theory is described. First, Scheutjens-Fleer SCF

Soft Matter, 2025, 21, 7582-7593 | 7583
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(SF-SCF) theory is discussed in Section 2.1.1. Section 2.1.2
focuses on the application of SF-SCF in this work, and Section
2.1.3 describes the parameters used to predict the actuation
properties and the way they are computed. Section 2.2 sum-
marizes some scaling results of a polyelectrolyte layer grafted to
a hard surface.

2.1.1 Scheutjens-Fleer approach. The properties of the
system are determined by means of numerical SCF lattice
computations as developed by Scheutjens and Fleer.*® Here
we provide a brief summary of this model; a more detailed
explanation of SF-SCF can be found in ref. 40-45.

The system is modelled on a lattice, and the polymers are
represented as linear chains whose segments occupy one lattice
site each. Other components of the system (such as solvent
or salt ions) are also described in terms of beads that occupy
one lattice site. We use the complete filling constraint, which
means all lattice sites are occupied.

The equilibrium configuration is computed using a mean-
field approach: the system is described using the volume
fraction profiles for each component as a function of the space
coordinates ¢(x), where x is a point in the 3D (lattice) space. The
interactions between different components and the constraints
imposed by the boundary conditions result in a potential field
u(x)/kT. In the following, it is assumed that the concentrations
are constant in two dimensions (for example, x and y), so they
depend only on the z-direction.

The density profiles ¢,(z) (where 7 is an index running over
the different components of the system) directly depend on the
potentials, since the latter determine the probability for a single
monomer or component to be in a specific layer. In fact, in this
case the statistical weight corresponds to the Boltzmann prob-
ability e “@/k7,

When considering a monomer number s along a chain, the
probability of having that monomer in a specific layer z also
depends on the position of the previous monomers in the
chain. Therefore, in a polymer chain, this probability is
expressed through a propagator (or statistical weight) G(z, s),
which is a function of the spatial coordinate z and of the
position of the monomer s along the chain: G(z, s) = G(2){(G(z,
s — 1)). The latter term (G(z, s — 1)) is an average over the
current layer and the two adjacent ones, which takes into
account the number of nearest neighbours that the (s — 1)th
segment has in layer z — 1, z, and z + 1. In general, if segment
s — 1 has a fraction /, of nearest neighbours in the same layer z
and a fraction 4, and A_ in the two adjacent layers z — 1 and
z+1, (G(z, s — 1)) will be:

(G(z,s — 1)) =2_G(z— 1,5 — 1) + 1oG(z, s — 1) + .Gz + 1,5 — 1).

(1)

For example, in a simple cubic planar lattice each segment has
4 nearest neighbours in the same layer, 1 in the layer before and
1 in the following layer:

(G(z,s = 1)) :éG(z— l,s—1) -I—%G(z,s— 1) +%G(2+ l,s—1).
)
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If the lattice is not planar, this average has to be corrected
for the number of lattice sites in each layer. In a cylindrical
configuration, for example, the number of lattice sites in each
layer increases along the radial direction. As a consequence, the
amount of contact a lattice site has with neighbouring sites also
increases along the radial direction (here for convenience also
indicated by the letter z). The factors 4 have to be multiplied by
the contact surface area between adjacent layers per unit length
of the cylinder. The number of sites in a cylindrical concentric
layer z is proportional to L(z) = n(z> — (z — 1)), so this surface
area in layer z is S(z) = 2nz. Therefore:

ol SG)
MNz) = z+m, (3a)
cyl = S(Z - 1)
B0 == (3b)
N2 =1 — 29(2) — AY(2). (3¢)

Once G(z, 1) is known from the potential , it is possible to
compute G(z, s) for any segment s along the chain. From that,
the volume fraction of any interior monomer s in layer z can be
computed by considering any segment as the end point of two
walks: the first, starting at s = 1, has s segments, while the
second, starting at s = N, has N — s + 1 segments. Therefore, the
volume fraction of monomer s in layer z is proportional to
the product of the two distributions of the two (partial) chains
(composition law):

G(z,5)G(z,N —s+1)
G(z,1)

4)

¢(z,5) ~

However, if the chains are grafted at one end, the first segment
must be in the first layer, so the statistical weight of segment

s=1is:
G(z)
Gy(z,1) =
0 if z#1

if z=1,

The segment statistical weight and the volume fraction profile
of the grafted chains are therefore:

Gy(z,5) = G(z,1)(Gylz,5 — 1)) = @,(z,5)

Gy(z,5)G(z, N — s+ 1) (5)
G(z, 1) '

~

In the case of a linear chain grafted on both sides, the same
reasoning can be applied also for the last segment of the chain
s = N. The volume fraction in layer z can then be obtained by
summing over all ¢(z, s): ¢(z) = ¢(z,s).
N

Potential profiles u(z) can also be expressed as functions of
the volume fraction profile, depending on the type of interac-
tions in the system. For example, in the system considered in
this work, the potential of a component i has three contribu-
tions. Using z as the spatial coordinate as before, the potential

This journal is © The Royal Society of Chemistry 2025
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profile for component i reads:

u(@) =)+ Y 75((0(2) = o) +equ(z)  (6)

where in eqn (6) j runs over all other components of the system.
e is the elementary charge, ¢ is the valence of the component i
and Y(z) is the electrostatic potential. The first term is a
Lagrange parameter which is introduced to meet the filling

constraint, implying: > ¢, =1 in each layer z. The second
i

Flory-Huggins term describes the excluded volume and non-
electrostatic interactions, summarized in the interaction para-
meter y between component i/ and component j. (p}’ is the bulk
concentration of component j, which is 0 in the case of the
grafted polyelectrolytes. The last term describes the electro-
static interactions. A more detailed description of how electro-
static interactions are included in the SCF framework can be
found in ref. 36, 37, 45 and 46.

The equilibrium configuration is found by minimization of
the free energy (or another thermodynamic potential, depend-
ing on the ensemble description adopted), which is expressed
as a function of these concentrations and potential profiles.
The minimization constraints with the addition of the filling
constraint result in a system of coupled self-consistent equations
(as concentrations depend on the potentials and vice versa), which
is solved numerically using a Newton-like algorithm. For this, we
use the software package sfbox developed at Wageningen Univer-
sity. A new open source version of the code is available on
Github.*

2.1.2 Description of the system. We use the SCF computa-
tional framework to describe the actuating properties of a
single unit of artificial muscle tissue, which is composed of a
colloidal particle (either a platelet or a rod) and doubly end-
grafted polyelectrolyte chains in an aqueous solution contain-
ing salt and acid/base. A schematic representation of the
systems is shown in Fig. 2. An actuation unit is modelled on
either a cylindrical lattice (resembling a rod grafted with

b) flat
configuration:

a) cylindrical il
configuration:

o (@@),

Fig. 2 Schematic representation of the cylindrical (a) and flat (b) systems.
The black dashed line represents the mirror boundary condition, while the
surface is indicated in purple. The lines denote the boundary between the
layers. Polymers are represented as chains of alternating light blue beads
(carboxylic acid groups) and dark blue beads (rest of the monomer), while
green and orange beads stand for salt anions and cations. The remaining
lattice sites in the system are filled with solvent. The lattice sites themselves
and solvent are not drawn for clarity.

This journal is © The Royal Society of Chemistry 2025
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polyelectrolyte chains) or a planar lattice (resembling a platelet
grafted with polyelectrolyte chains). In the first case, a hard
cylindrical surface is placed before the innermost layer, at the
centre of the lattice: periodic boundary conditions are applied
along the cylinder axis, while mirror boundary conditions are
applied in the radial direction, to mimic the presence of other
grafted colloidal particles around the single unit that is con-
sidered. The lattice layers are concentric cylindrical shells
surrounding the surface. In the case of planar geometry, a
three-dimensional cubic lattice is considered, with a planar
surface at one end representing the platelet and a mirror
boundary condition at the opposite end. Lattice layers are slabs
parallel to the surface. Concentrations of all components are
assumed constant within one lattice layer, so that variations are
only possible in the radial direction in the cylindrical system
and in one spatial direction (perpendicular to the surface) in
the planar one.

Polymer chains are end-grafted to the surface and to the
mirror at the end of the system. We compare two different
approaches to describe the electrostatic properties of the poly-
electrolyte chains. In the first toy model, a certain fraction of
the polymer beads has a fixed valence —1, and we study the
actuation properties of the material as a function of the fraction
of charged monomers. In the second approach, these chains
are described as weak polyelectrolytes. To be consistent with
the approach of previous work,”® the chain is composed of
alternating weakly acidic monomers HA/A™ and neutral beads.
The weakly acidic monomers undergo an acid-base reaction:
HA + H,0 = H;0" + A™. In each calculation, the acidic groups’
pK, and the bulk concentration of [H;0"] are fixed parameters,
while the degree of dissociation can vary throughout the
system. The bulk concentration of H;O" is varied in the
different calculations. By applying pH = —log([H;0"]), it is thus
possible to estimate the actuation properties as a function of
the pH of the system. The pK, (of dilute, separate monomers) is
set to 4.5 (typical value for carboxylic acid groups).*® A different
pK, would lead to a shift in the pH values necessary to generate
the actuation. The pK, value based on molar concentrations has
to be converted into a ‘lattice’ value, as described in the
appendix. For a more detailed description of how the dissocia-
tion degree is calculated through the whole system, we refer to
ref. 46 and 49-52. Ref. 49 presents an extension of the original
SCF theory of Scheutjens and Fleer,*® describing the case where
monomers along a polymer chain can undergo a reaction
changing their state, such as an acid-base reaction. The code
we used to solve the equation is however based on the descrip-
tion in ref. 46.

The lattice constant is chosen as » = 0.3 nm.*® The input
parameters of the system are the grafting density of the chains
o (number of chains per unit area), the degree of poly-
merisation Np, the Flory-Huggins parameter for the interaction
between the water and the polymer segments y and the molar
salt concentration cggy;.

In order to keep the same grafting density ¢ of polymers on
the colloidal surface the same for both geometries, the number of
polymer chains Nchains in the system has to be set accordingly.

Soft Matter, 2025, 21, 7582-7593 | 7585
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Therefore, in the flat geometry, Nepains = b°0 and in the cylindrical
geometry, Nehains = onrb’e (where r is the radius of the cylinder in
units of number of layers).

To set the salt concentration, the concentration of either
cations or anions is fixed to cs,y, Whereas the other salt species
is computed to meet the constraint that the whole system is
neutral.

2.1.3 Computation of actuation properties. Since the
number of grafted polymers in the system is fixed and the salt
concentration is determined by its fixed chemical potential, the
calculations are performed in the semi-grand canonical ensem-
ble. The equilibrium configuration can be found by minimiz-
ing the partial open free energy or semi-grand potential
Qpo = F — > 1;N;, where F is the free energy, i the chemical

j

potential of component j, N; the number of molecules of the
non-grafted species j.

The partial open free energy is computed for systems with
varying numbers of lattice layers, in order to study its depen-
dency on the system size. The number of lattice layers is varied
from a maximum, corresponding to the configuration in which
the polymer chains are completely extended, to a minimum,
where the chains are completely compressed and no solvent is
present in the system. To quantify the extension of the system,
a normalized system strain is defined as 6 = A/(Amax — Amin)s
where A indicates the number of lattice layers.

From the semi-grand potential, the disjoining pressure as a
function of system strain can be derived by IT = —0Q/0V| N
where Q is the partial open free energy and V the volume of the
system, y; is the chemical potential of the non grafted species
(indexj runs over the non grafted species), N; is the number of
grafted components (index i runs over the grafted components
of the system), and T is the temperature. In the lattice system,
this is computed by taking the ratio between the change in Q
and the change in volume when removing one layer from the
system. The equilibrium strain for a system at rest is found via
I1(6) = 0.

The process to compute the actuation properties is exempli-
fied in Fig. 3. The pressure computation is performed between
two different conditions (generally indicated by A and B in the
next paragraph), such as different values of charge or pH.

Starting from the equilibrium state at IT%(J3) = 0, a sudden
increase in pH will cause deprotonation and expansion of the
system. The actuation pressure upon deprotonation is com-
puted as the difference between the two pressure curves at fixed
strain Allgep, = IT%(g) — I1°(0g). The system then relaxes by
reversibly expanding to the new equilibrium strain under the new
conditions, after which the pH is changed back again to compute
the protonation pressure: Al = IT%(8,) — IT*(3,) (which has a
negative value). The system finally relaxes back to its initial
conformation. One important assumption is that the pH chan-
ge—and the resulting pressure jump—happens instantly, i.e., the
system remains at the strain of the initial state while the pH
change occurs, and only changes in volume afterwards.

In addition to the actuation pressure jumps, the maximum
(reversible) work that can be performed by the system in the

7586 | Soft Matter, 2025, 21, 7582-7593
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Fig. 3 Example of the pressure curves and work performed during a cycle
computation for polyelectrolyte chains grafted at a planar surface. The
pressure is presented as a function of the system strain parameter

o= , where A indicates the number of lattice layers. System

Amax - Amin
parameters: Np = 100, y = 0.4, ¢, = 0.001 mol L%, ¢ = 1 nm™2.

expansion-contraction cycle is a useful quantity to quantify the
actuation properties. This work is computed by integrating the
difference between the two pressure curves over the volume
(from one equilibrium value J to the other J,), and is normal-
ized over the number of polymer chains in the system:

W = j;f (IT" — 11%)dV / Nehains. Here, the work performed by
the chains is defined as a positive quantity. The work is

indicated in Fig. 3 as the shaded area.

2.2 Analytical approximations

The equilibrium thickness of polyelectrolyte chains tethered to
a surface can also be described by means of analytical theories.
The extension of these chains from the surface is influenced by
the grafting density, which determines the distance between
the grafted groups. In the so-called mushroom regime, the
chains are sparsely grafted so that they are far enough from
each other to not interact; each chain will just coil up along the
surface. However, if the grafting density of the chains is high
enough, the coils will stretch to minimize contact between
segments of different chains. Such a system of densely grafted
polymer chains is called a polymer brush, and it can be
compared to the polymer layer in our system, where the chains
are grafted at both ends. In this section, two analytical
models for strong and weak polyelectrolytes are described
and compared.

An analytical description for a polyelectrolyte brush with a
fixed amount of charge of the polymer chains at a single solid
surface is provided in ref. 33-36. According to this framework,
the polymer concentration is approximated as being constant
as a function of the distance from a solid surface. Conse-
quently, the number density p of polymer segments in the
grafted polymer layer and the thickness of the grafted chain H
(brush thickness) are related by the expression: p = No/H, where
o is the anchor density. This approximation is defined as the

This journal is © The Royal Society of Chemistry 2025
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‘box model’. In Section 3.2, we compare our results with
predictions from this model to investigate the (qualitative)
difference between single- and double-grafted systems.

Within this framework, the brush structure depends on the
system conditions, and it is possible to identify different
regions of the system parameters where the brush thickness
shows different trends.*® The most important parameter in
determining the transition from one regime to another is the
amount of salt present in the solution. This is expressed by the
volume fraction of the salt ¢4, which is the volume occupied by
the salt molecules over the total volume of the system. In a
lattice scheme, this is related to the salt concentration ¢, (in
mol L) by: ¢, = ¢,-10°N, b°, where N, is the Avogadro number,
b the lattice size in m® and the factor 10? is necessary to convert
m?® into L. The chosen value of ¢, determines whether the
polymer-solvent interactions dominate over the electrostatics
and the osmotic pressure of the counterions in the system.
More specifically, at low salt concentrations, the Debye screen-
ing length is high, and deprotonation of acidic groups on the
chain would lead to strongly unfavourable electrostatic repul-
sion. Therefore, the amount of charge on the polyelectrolyte is
still negligible, and the brush can be treated as neutral (neutral
brush regime). In this case, the scaling relation for neutral
brushes derived using the box model can be applied, and the
brush thickness is given by H ~ N(v¢)"? (with v the excluded
volume parameter).>*>*

When the salt concentration increases, the osmotic brush
regime is reached: the salt screens the interaction between the
weakly acidic groups, which start to dissociate, leading to an
increase in the charge fraction in the brush. In this regime, the
resulting counterions are still trapped inside the brush, causing
it to swell under the osmotic pressure; the relation between H
and the charge density can be expressed as:

H ~ Nm™ 2, )

View Article Online
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where m is the distance between two charged groups inside the
brush. Finally, in the salted brush regime, the excess of salt
screens the electrostatic repulsion between charged groups on
the chains, leading to a decrease in the brush thickness. The
equilibrium thickness then scales as H ~ ¢'>m =3¢,

A similar division in brush regimes can also be used to
predict the equilibrium properties of a weakly charged single-
grafted polyelectrolyte brush.*” In this case, the brush equili-
brium height H is expressed as a function of the degree of
dissociation o rather than as a function of the fraction of
charged monomers along the chain f = 1/m. In the neutral
regime both « and f are 0. With increasing salt concentration,
the osmotic brush regime is reached and the degree of dis-
sociation increases following a sigmoid curve given by:

with ¢y o+ the bulk volume fraction of H;0" and o the grafting
density®’). When the salt concentration is further increased, the
brush enters the salted brush regime and o ~ 1. The bound-
aries of these different regimes are determined by the grafting
density g, the pK, of the acidic groups and the pH of the system
(via the bulk concentration of H;O"). Fig. 4 shows the degree of
dissociation « as a function of the salt volume fraction ¢y for
different pH values for two different systems for pK, values 4.5
(solid curves) and 7.0 (dashed curves). The left graph was
obtained using parameters which describe our system: grafting
density ¢ = 1 nm™?, N, = 200, x = 0.4, pK, = 4.5 (solid curves) or
pK, = 7.0 (dashed). For comparison, the dashed curves in the
right figure refer to polymer chains with pK, = 7.0 and grafting
density ¢ = 0.0056 nm *: these trends agree with those of
Israéls et al.’’

Furthermore, scaling relations can also be derived for the
brush equilibrium thickness H in the different regimes, as in
the case of the strong polyelectrolyte. The osmotic brush height

pxg
_ET -
5-E -0 OO OO

{m=3=8-8-

1073 1072 107!

®s

107 1074

Fig. 4 Salt concentration dependence of the dissociation degree of the weakly acidic groups on the polymers o for different pH values, in a planar
configuration. Left: N = 200, ¢ = 1 nm™2, ¢ = 0.4, lattice constant 0.3 nm, pK, = 4.5 (solid curves, closed symbols) or pK, = 7.0 (dashed curves, open
symbols). Right: N = 500, ¢ = 0.0056 nm~2, = 0, lattice constant 0.6 nm, pK, = 4.5 (solid curves, closed symbols) or pK, = 7.0 (dashed curves, open

symbols).
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H scales as H ~ N+/a, while in the salted brush regime the
equilibrium thickness scales as H ~ (oveg)"*, so the brush can
then be described as a neutral brush with a higher ‘effective’

excluded volume parameter veg = v + o/@s.

3 Results and discussion

This section is divided into three parts: firstly, results for the
toy model of strong polyelectrolytes are presented. Secondly, a
comparison is drawn between our weak polyelectrolyte model
with double-grafted chains and previous studies on weak
polyelectrolytes,®” and finally, the last subsection is dedicated
to our results for the actuation properties using weak
polyelectrolytes.

Flat

View Article Online
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3.1 Toy model: strong polyelectrolytes

We will first discuss polyelectrolytes with a fixed amount of
charge. Here, a negative charge —e is assigned to a fraction f =
1/m of the polymer beads, which is varied. The system strain,
the actuation pressure between neutral and partially charged,
and the work performed in one expansion—contraction cycle are
computed as functions of the fraction of charged segments
along the polymer chain.

In Fig. 5, results for the equilibrium strain .4, disjoining
pressure AIT and work per polymer chain Wep,i, are plotted for
different values of salt concentrations. The disjoining pressure
and work show a roughly parabolic increase with the charge
fraction, both in the flat and cylindrical case. In general, it can
be noticed that the amount of salt plays only a modest role, in

Cylindrical

300
'& 400
— 200
c
£
§U 100 200
O e ] O 1IN e
0.00 0.25 050 0.75 1.00 0.00 0.25 050 0.75 1.00
charge fraction charge fraction
Cs: Cs:
—e— 0.001 M —— 01M 0.0001 M —— 0.1M
0.01 M 1.0M —e— 0.001 M 1.0M
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Fig. 5 SCF results of the equilibrium strain, the disjoining pressure and the work performed per polymer chain in an expansion and contraction cycle, for
the system with strongly charged polyelectrolytes, as a function of the fraction of charged groups on the polymer chain. For example, a charge fraction of
0.1 means that 1 in 10 segments carries a charge —e. In the first graph, the horizontal dashed line corresponds to the equilibrium system strain in the

neutral case. Open symbols: cylindrical. Filled symbols: flat. Parameters: N =
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200, ¢ = 1 nm~2, 5 = 0.4, lattice constant 0.3 nm.
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agreement with previous results.*® Consequently, actuation is
still possible at rather high salt concentrations.

In both flat and cylindrical configurations, the system strain
Jeq follows the same trend of brush height for single-grafted
chains in the osmotic brush regime J ~ N\/f (see eqn (7)),
indicated by the black dashed curve. Most of the parameter
combinations considered in this study fall into the osmotic
brush regime, except for very low values of f. The actuation
pressures during expansion (AIl > 0) have significantly large
absolute values, due to the counterions, compared to the
contraction (AIl < 0), which is mainly driven by entropy
(neutral brush going back to its equilibrium position). In the
flat case, the pressure increase is noticeably higher than in the
cylindrical one. Finally, the work depends similarly on the salt
concentration but attains higher values in the cylindrical case.
We believe that this is due to the fact that for the cylindrical
configuration the integration is carried over a much larger
volume than for the planar one.

The screening effect of the polyelectrolytes in the system
only starts to affect the actuation performance to a small extent
at 1 mol L™ salt concentration in the flat configuration, where
deq and the work per chain are noticeably lower. The salt
concentration has a small influence on the disjoining pressure.
A similar dependence on the salt concentration can be observed
in the cylindrical configuration, although the effect of the ionic
strength is larger: the system strain is considerably lower
already at a salt concentration of 0.1 M. The greater effect of
salt on the cylindrical case is probably due to the fact that, due
to the lattice shape, the available volume increases towards the
radial ends of the system, and thus the chains are relatively
more diluted between the cylindrical layers at fixed grafting
density.

3.2 Comparison with singly end-grafted weak polyelectrolytes

To justify our approach for weak polyelectrolytes described in
Section 2.1.2, we compare the equilibrium strain ¢ in the
flat configuration to the equilibrium thickness H of a singly

View Article Online
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end-grafted weak polyelectrolyte brush (Section 2.2) as derived
using SCF by ref. 37.

We perform this comparison in the flat geometry using two
different parameters: the equilibrium strain J.q and the root-
mean-square brush thickness, H,,s. Here, H, s is defined as

where z is the direction normal to the surface. The root-mean-
square thickness was computed for a singly and a doubly-
grafted brush. In the latter case, we computed the equilibrium
strain J.q and then used the corresponding concentration
profile to calculate H,,s in the equilibrium dimension of the
system.

The results of our comparison are shown in Fig. 6, illustrat-
ing that the equilibrium strain é.q behaves similarly as H;n, for
both singly and doubly-grafted brushes. This indicates that the
loss in entropy due to the grafting at both ends of the brush
does not significantly affect the brush equilibrium thickness.
Moreover, it follows that d.q and H;m,s depend on ¢ and pHin a
similar fashion. In the doubly end-grafted case, we roughly find
that .q &~ 1.7Hms. Therefore, we conclude that the analytical
models of Section 2 for singly grafted brushes can also be
applied to our system.

3.3 pH-Responsive actuators: weak polyelectrolytes

In this section, results for weak polyelectrolytes are presented.

Results for the cylindrical and flat configurations are shown
in Fig. 7. For each salt concentration, all the relevant quantities
(equilibrium strain, disjoining pressures in expansion and
contraction, and work) are computed for a switch between
the current pH and the lowest pH considered at that salt
concentration. In both the cylindrical and flat case d.q shows
a sigmoid-like dependence on the pH of the system: at low pH,
most of the carboxylic acid groups are protonated and the
system is contracted; with increasing pH, the weakly acidic
groups deprotonate and the system expands due to the repul-

.
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Fig. 6 Comparison between the system equilibrium dimensions in our computations with weakly charged polyelectrolytes (a) and the equilibrium brush
thickness for a singly end-grafted weak polyelectrolyte brush, reprinted with permission from ref. 37 (b). The left picture shows the equilibrium dimension
of the system deq in units of layers. The centre picture shows the H,n,s for the singly end-grafted and doubly end-grafted weak polyelectrolyte brush. In
this picture, the continuous lines and the dots represents the H, s for singly end-grafted chains, the dashed lines and the squares represent the H,,s for
doubly end-grafted chains. System parameters: N = 500, ¢ = 0.0056 nm~2, y = 0, lattice constant 0.6 nm, pK, = 7.0.
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Fig. 7 SCF results of the system equilibrium strain, the disjoining pressure and the work performed per polymer chain in an expansion and contraction
cycle, for the system with weakly charged polyelectrolytes, as a function of pH. In the strain graph, the horizontal dashed line indicates the equilibrium
strain at the lowest pH possible at each salt concentration. Open symbols: cylindrical. Filled symbols: flat. Parameters: N = 200, ¢ = 1 nm™2, = 0.4, lattice

constant 0.3 nm, pK, = 4.5.

sion between charges and the pressure of the counterions,
which are still mostly inside the brush. A plateau is reached
when the fraction of dissociated groups does not increase any
more with increasing pH.

The case of pH-responsive polyelectrolytes shows that the
actuation pH range depends sensitively on the salt concen-
tration cg, shifting to higher pH values as cg decreases. This is
because at low salt concentrations, the dissociation is hindered
by the proximity of other groups: electrostatic repulsion sup-
presses the (further) release of counterions from the poly-
electrolytes. As a result, the pH actuation range is shifted to a
higher pH.

Although the flat and cylindrical cases are qualitatively
similar, there are some quantitative differences. In the flat
configuration, for all salt concentrations, all three parameters

7590 | Soft Matter, 2025, 21, 7582-7593

show a plateau at approximately the same value. This is not
the case for the cylindrical configuration, where especially the
0.1 M case differs significantly. We believe that this can be
explained by the fact that in a cylindrical geometry the polymers
are more dilute further from the cylinder surface; as a conse-
quence, the screening effect of the salt is higher.
Furthermore, when comparing the results obtained with
planar and cylindrical geometries in both strong and weak
polyelectrolytes models, the flat configuration gives larger dis-
joining pressure than the cylindrical configuration for both the
deprotonation Allge, and protonation Al steps. Especially
Al is markedly lower in the cylindrical case. However, the
cylindrical configurations do have a larger stroke. We believe
that the ‘radial dilution’ of the charges in the cylindrical
systems leads to a lower actuation pressure than for the flat

This journal is © The Royal Society of Chemistry 2025
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configuration. At the same time, as the polymer chains are
more dilute, we think these give less ‘entropic resistance’
against swelling. In turn, these effects combined cause smaller
internal pressure jumps AIT and larger strokes in the cylind-
rical configuration. The work performed in the cylindrical case
is almost double the planar one as the volume expansion scales
in a quadratic way with the radial expansion, which compen-
sates for the smaller pressures in the cylindrical system.

Our results for the brush extension (for singly-grafted poly-
electrolytes) and equilibrium strain (for doubly-grafted poly-
electrolytes) for the weakly acidic case are in line with previous
experimental results with grafted weak polyelectrolytes.**>> For
example, Parnell et al** measured the brush height of
poly(methacrylic acid) grafted to a substrate when changing
PH of the solution in the range from 7 to 11. They observed an
increase in the brush height of roughly 3-4 times, similar to our
results in Fig. 7. Furthermore, their results indicate that high
salt concentrations lead to a less pronounced swelling of the
brush, as we also obtained (even though only for the cylindrical
case) for the higher salt concentration 0.1 M in Fig. 7.

On the other hand, comparing the work per cycle that we
obtain with experimental results is somewhat more difficult
due to the lack of comparable experimental systems. Howse
et al.,"”” however, presented a prototype of a synthetic muscle
based on block copolymers with hydrophobic end blocks of
poly(methyl methacrylate) and a central block of poly(metha-
crylic acid), which swells and contracts upon changing pH.
Each cycle in their system takes roughly half an hour, and the
peak power is reported to be 20 mW kg~ ', translating into a
peak power of roughly 5kT per hour per polymer chain,
although it should be noted that the average power is much
lower. Nevertheless, assuming that each cycle in our system
also takes half an hour (performing 50kT of work per chain), a
very rough estimation of the power of our system would be
100kT per hour per polymer chain. There are probably many
factors contributing to this large difference, one for instance
being that in our highly idealized system pH jumps are
assumed to occur instantaneously, while in ref. 17 they occur
on a much slower timescale. Nevertheless, the comparison
allows our results to be placed in some experimental context.

Finally, both the fixed-charge ‘toy model’ and the pH-responsive
model predict actuation properties of about the same order of
magnitude, suggesting that the fixed charge approximation can
serve as a useful first approximation to estimate the actuation
properties of these systems.

4 Concluding remarks

We have presented a theoretical model for an actuator unit
of muscle-like tissue, which consists of pH-sensitive poly-
electrolyte doubly end-grafted between two plate- or rod-like
colloidal particles. In a previous model,*® the polyelectrolytes
were modeled as chains with a fixed amount of charge. Here, a
new model is introduced where the local degree of dissociation
is also a variable and only the bulk pH is imposed as an external

This journal is © The Royal Society of Chemistry 2025
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parameter to the system. This is also compared with a ‘toy
model’ for strong polyelectrolytes, where the fraction of
charged monomers along the chain is fixed. Our results show
that it is possible to generate actuation using weakly acidic
polymer chains. This could be used as a prototype for the
development of actuating materials, for example, for prosthetic
devices. The two cases of strong and weak polyelectrolytes show
results for the functionality of the actuator of the same order of
magnitude. The strong polyelectrolyte model with fixed charges
could be used for a rough estimate of the actuation properties
of a given system, provided the degree of dissociation is known
a priori. On the other hand, the weak polyelectrolyte model can
predict pH range where the actuation is possible, which, we
show, depends strongly on salt concentration and the pK,.
We show that it is possible to tune the system parameters to
attain the desired biocompatible pH range, or to get the desired
actuation properties. For the weak polyelectrolyte case, we also
checked that the equilibrium system strain for doubly-grafted
polymer chains follows the same trends as the H,,; for a singly-
grafted brush.

In the future, some limitations of the model could be further
examined. First of all, the values of the disjoining pressure are
considerably higher than common human muscles.’® This is
probably due to the fact that the lattice model employed for the
calculations does not include any chemical detail and assumes
that the sizes of all species (water, ions and monomer units) are
the same, in this case 0.3 nm. This value was chosen to roughly
reproduce the dimensions of a water molecule. However, a
single unit of the polymer (whether it is a monomer or some
other representative unit, for example based on the Kuhn
length) can be much higher. Chain stiffness is not taken into
account: the polyelectrolytes are modelled as fully flexible
chains, where part of the segments can carry a negative charge.
Furthermore, the flexibility is neither affected by the charge nor
by the salt concentration, and we are not considering any
dynamics in the system: we assume a sudden jump in pressure,
followed by a reversible expansion (or contraction) of the
system. Finally, note that we presented a model for a single
actuating unit of the artificial muscle tissue. In order to study
the full system, the alignhment between the rods or platelets is
of major importance, as well as the correlation between the
motion of the different blocks, as the expansions and contrac-
tions should be coordinated. Still, our model does allow us to
explore how changing parameters (such as salt concentration,
pH, chain length) affect the actuation properties and can
help to pave the way to the experimental realization of such
actuators.
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Appendices
Appendix A

To perform SCF lattice computations, the equilibrium con-
stants K, for acid-base reactions (as well as the pK, values)
should be expressed in terms of dimensionless (lattice) volume
fractions, and not in terms of molar concentrations. The
equilibrium constant K)' based on molar concentrations is
related to the ‘lattice’ equilibrium constant based on volume
fractions K2 vig:

Pry0+Pa-  c[H30%|c[A"]  [H30*][A7]

latt __ _ _
K" = = =c

KM,
PHA c[HA]

[HA] !

In this expression, the constant ¢ is given by 10°h°N,,, where
N,y is Avogadro’s number, b the lattice size in m® and the factor
1 x 10’ is necessary to convert from mol L' to mol m . Using
b =3 x 10 '° m, ¢ has a value of approximately 0.016294. For

the pK,, the value of pk>" can be calculated as:

Pk = —log)y K" = — logyo(cKy")
= —log;o KM —log,yc = pKM — log, ¢ =~ 6.28.
In a similar way, the equilibrium constant of the autoionization

of water Ky (given by K = [H;0"][OH ) is converted in ‘lattice’
equilibrium constant K2% by:

K& = ou,0:0on- = ((H;0"]([OH ] = *[H;0"][OH ] = ¢°Kyy.
pK then becomes:

pK\l;m = —logy K\lfu = *IOglo(C’zKé\v/l) = —logg K — 2logyyc

w

pkM —2log,,c ~ 17.58.

Appendix B

The value of the pK, of the weakly acidic chains that we
mentioned in this work is the one of dilute chains. However,
if the monomer density increases, we expect the pKj, to shift to
higher values because of the presence of other acidic groups
along the chain, which oppose dissociation.
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Fig. 8 Dissociation degree as a function of the grafting density of the
polyelectrolyte chains. N, = 200, ¢ = 0.001 M, x = 0.4.

Fig. 8 shows the degree of dissociation of a brush grafted to
a flat surface as a function of varying grafting density ¢. Every
other monomer A of the polymer chain can dissociate accord-
ing to the reaction HA + H,0 = H3;0" + A™, with a pK, of 4.5.
Therefore, we have the same system as in the planar configu-
ration case presented in Section 3.3, but using singly end-
grafted chains. The degree of polymerization is kept constant
at N, = 200 and the salt concentration is ¢; = 0.001 M, a
relatively low value so that the effect of the increasing grafting
density is not ‘hidden’ by a large Debye screening constant. As
can be seen from the graph, the ‘effective pK,’ approximately
corresponds to the dilute pK, in the dilute case (low grafting
density), but it shifts to higher values when the grafting density,
and therefore the monomer density in the brush, is increased.
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