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ABSTRACT: Polyelectrolyte hydrogels can reversibly swell and
shrink in response to environmental stimuli such as pH and
temperature, making them useful as smart materials with tunable
properties. However, their application has been limited by slow
response time and low power density. Here, we employ hybrid
molecular dynamics and Monte Carlo simulations to investigate
the actuation behavior of pH-responsive nanogels, explicitly
accounting for dynamic protonation and hydrodynamic inter-
actions. We find that polyelectrolyte hydrogels exhibit a closed-
loop phase behavior bounded by two critical points. Near a critical
point, nanogels undergo conformational switching on a microsecond time scale and generate work densities of approximately 10° J/
m?, exceeding those of skeletal muscles. Importantly, the power density scales as L% where L is the linear size of the gel. This
suggests that high-performance actuators can be realized by keeping L small, for example, by stacking nanoscale gel components.
These results establish a fundamental connection between microscopic structure and dynamic response, and offer quantitative

guidelines for designing responsive hydrogels.

B INTRODUCTION

Polyelectrolyte (PE) hydrogels are three-dimensional networks
of cross-linked charged polymers with widespread industrial
applications.”” Their ability to undergo large, reversible
conformational changes in response to environmental cues,
such as temperature,3_6 pH,7_9 salt concentration,'”'! and
electric or magnetic fields,'> makes them ideal components for
smart materials and devices, including drug delivery systems’
and soft robotic actuators."”'* By incorporating stimuli-
responsive elements such as ionizable groups, hydrogels can
undergo controlled deformations and perform mechanical
work.” A fundamental understanding of both the thermody-
namics and kinetics of the swelling—collapse transition is
required to rationally design conformational response and
efficient actuation in hydrogels.

Many hydrogels function as weak acids or bases, with a
charge state that depends on conformation via the charge
regulation (CR) effect.'°™*° This coupling can lead to a
discontinuous swelling—collapse transition.”** While the
equilibrium phase behavior of PE hydrogels has been
extensively studied using theory,'””*** simulations'”**~*’
and experiments,u"w_34 much less is known about their
response kinetics, particularly in nanogels where time-
resolved measurements of nanoscale conformational changes
remain experimentally challenging.’**” Nanogels, with their
large surface-to-volume ratios’”*” and fast dynamic re-
sponses,””*" are especially promising for biomedical and
nanoengineering applications such as controlled drug delivery
and miniaturized actuators. Despite their potential, the full
pH—temperature phase diagram, dynamic response, and power
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output of pH-responsive hydrogels remain incompletely
understood, especially with regard to the role of hydro-
dynamics. In particular, current hydrogel-based actuators suffer
from slow response and low power density, which is orders of
magnitude smaller than that of skeletal muscles.”'

In this work, we study the coupling between charge,
structure, and hydrodynamics in a polyelectrolyte nanogel.
Using hybrid molecular dynamics (MD) and Monte Carlo
(MC) simulations, combined with analytical theory, we
investigate equilibrium conformations and collapse—expansion
dynamics, and uncover fundamental trade-ofts among work,
power, and hysteresis. We demonstrate that the interplay of
electrostatics, hydrodynamics, and polymer elasticity enables
efficient chemical-to-mechanical energy conversion in pH-
driven actuation, and derive design principles for optimizing
the actuation performance of hydrogels.

Modeling pH-driven actuation requires accurate treatment
of both dynamic protonation and hydrodynamic interactions
(HI). We use a coarse-grained model in which all charges and
ionizable sites are explicitly represented, capturing the interplay
among protonation, gel conformation, electrostatics, counter-
ion osmotic pressure, and excluded volume effects. The gel
consists of bead—spring chains with cross-linking distance N,
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Figure 1. Equilibrium phase diagram of a nanogel. (a, b) Representative conformations of the expanded (pH — pK, = 6) and collapsed (pH — pK,
= 1) states at &,,,, = kgT, showing charged (blue) and neutral (white) monomers, free cations (red), and anions (metallic blue). (c) Average gel
volume Vi, as a function of &, and pH, revealing a closed-loop phase diagram with a central discontinuous transition. Color map indicates the
degree of ionization & and solid lines mark constant pH values at pH — pK, = 1 (blue), 3 (black), and 5 (red). (d, e) Density plots of Vet and a
showing sharp transitions at intermediate pH. Dashed black lines denote the discontinuous transition and triangles mark fluctuation peaks (see
Figure 2). (f) Free energy barrier along the transition line from (d, e), where ApH = pH — pK,. Parameters: width N, = N,=2andlength N, =6

unit cells of size N, = 10, containing a total of 1395 ionizable monomers.

and immersed in an aqueous solution (Figure 1a,b). Each bead
represents a monomer of diameter b = 0.72, nm, with short-
range van der Waals and solvent interactions modeled via a
bead—bead attraction of strength ¢, Charge—structure
coupling is modeled by allowing each monomer to undergo
acid dissociation reaction, A® = A~ + H*, where the ionization
probability @; of a monomer i at position r; is'**

a; oK. —pule
i _ 1oPH-PK~Aw(xe

1 —q (1)
with pK, the dissociation constant, y(r;) the local electrostatic
potential which depends on the global structure of the gel, and
ey the elementary charge. All charged species, including
monovalent salt ions at concentration ¢, = 107> M, are
explicitly modeled (see Figure 1ab). y(r;) is obtained by fully
solving the electrostatic Poisson equation via Ewald
summation, thus eq 1 explicitly takes into account long-range
electrostatic correlations and provides more accurate pre-
dictions compared to mean-field approximations*’ that were
commonly employed in previous studies.'”** Hydrodynamic
effects are included using the DPD solvent method™ (see
Methods section for details).

B RESULTS AND DISCUSSION

Equilibrium pH—Temperature Phase Diagram

To understand the actuation behavior, we first calculate the
equilibrium phase diagram of a nanogel particle immersed in
an aquaous solution. We initially focus on an elongated
nanogel which is a prototypical system for hydrogel-based soft
actuators and artificial muscles.”> Based on experimental
observations*""*® and theoretical predictions,”> we anticipate
that a hydrogel containing ionizable groups exhibits a critical

940

point beyond which the collapse—swelling transition is
discontinuous.

We measure the response of gel volume Vi, and average
ionization @ to changes in pH and monomer—monomer
attraction €,,/kgT. Vi, is obtained from the convex hull of the
gel monomers and pH denotes the pH of the surrounding
solution (i, the reservoir). Interestingly, we find a sharp
collapse—swelling transition only at intermediate pH values
(Figure 1lc—e), which suggests a closed-loop phase diagram
bounded by two critical points. The discontinuous transition
arises due to charge regulation coupling between the gel
conformation and ionization [eq 1], leading to coexistence
between an expanded charged gel and a collapsed uncharged
gel. However, this charge regulation effect disappears in the
limits of high and low pH for which the charge on the gel is
constant (@ — 1 or @ — 0), see Figure ld,e. Free-energy
calculations (Figure 1f and Figure S1) show that the expanded
and collapsed states are separated by a free-energy barrier at
intermediate pH, confirming a discontinuous conformational
transition. Note that the phase diagrams in Figure 1 depend
only on the difference pH — pK, and are valid for any pH
values that are not too extreme: —logo(c,) < pH < 14 +
log;o(c,), so that the contribution from H* and OH™ do not
significantly affect the ionic strength. In our case, the salt
concentration ¢, = 107> M and so the phase diagrams are valid
for 3 < pH < 11.

Fluctuation analysis of V, and a (Figure 2) further shows
two distinct peaks that indicate tentative locations of the two
critical points (marked by triangles in Figure 1d,e). The peak
locations are consistent for fluctuations in gel volume V,, and
ionization a, indicating that these are signatures of the two
critical points. Finite-size scaling shows that the free-energy
barrier increases with increasing gel volume (Figure S2 in
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Figure 2. Equilibrium fluctuations in a polyelectrolyte nanogel.
Relative fluctuations in (a) gel volume Ve and (b) ionization degree
a. Both quantities exhibit two distinct peaks, consistent with a
discontinuous region bounded by two critical points located at pH* —

pK, = 2.5, & /kyT = 09 and pH* — pK, = S, & /kpT = 2.2.

Supporting Information), which further supports that the
conformational change is a discontinuous transition at
intermediate pH values. On the other hand, the barrier
disappears at both high and low pH values indicating that a
continuous transition occurs for both neutral (low pH, a ~ 0)
and fully jonized (high pH, @ ~ 1) nanogel (Figure 1f and
Figure S3).

The location of the transition is not significantly affected by
varying the shape of the gel or the cross-link distance (Figure
S4), which implies that the phase diagram in Figure 1d,e is
robust and is expected to apply to randomly cross-linked PE
hydrogels. The existence of a discontinuous transition in gels
due to charge is well-known,”"***>*’ but in these cases the
discontinuous region was not bounded, presumably due to a
limited range of parameters explored or the specific chemistry
of the system. A closed-loop phase diagram was previously
reported only for a polyampholyte gel.”’46 Here we show that
by exploring a full range of €,,,,/kT and pH values, a closed-
loop phase diagram arises in a purely anionic hydrogel. In fact,
this phase diagram may explain why the experimentally
observed hydrogel volume transition is sharpest at inter-
mediate temperature and pH.**™>° A closed loop topology is
also consistent with previous investigations that show

continuous collapse—swelling for both neutral’’ and fully
charged®>? gels in an aqueous solution.

The discontinuous transition at intermediate pH is
consistent with the behavior of linear polyelectrolytes, where
a pH-driven, discontinuous first-order transition was initially
predicted by theory™ and later confirmed in simulations."®>*
The common underlying mechanism in both hydrogels and
weak polyelectrolytes is a strong, nonlinear coupling between
the ionization state and the polymer conformation. Similar
phenomena have also been observed in weak hydrophobic
hydrogels under pressure.” For a gel under external stress, the
CR effect gives rise to strong mechano—electrostatic coupling,
mediated through the dependence of a and y;, eq 1. This will
be investigated below when discussing actuation performance.

Whether the full closed-loop phase diagram is experimen-
tally realizable depends on the range of effective e, /kgT
values that can be probed in a specific system. The short-range
interaction €, incorporates all nonelectrostatic interactions,
such as hydrophobic, van der Waals, and hydrogen bonding.
Therefore, €., can either increase or decrease with temper-
ature, depending on the chemistry of a specific system. If the
main contribution to €,, is van der Waals or intra-PE
hydrogen bonding, we expect &../kgT to decrease with
increasing temperature and the critical point at &,,,/kgT = 1
represents the upper critical solution temperature (UCST),
while the second critical point at €,,,,/kgT = 2.2 represents the
lower critical solution temperature (LCST), see ref 56 for a
recent example. On the other hand, if the origin of e, is
hydrophobic, then ¢€,,/kgT could increase with temperature
and the critical point at &, /kgT ~ 1 would represent LCTS.*
If multiple types of chemical interactions are of comparable
strength, &.,./kgT could even be nonmonotonic with temper-
ature, potentially yielding a complicated pH—temperature
phase diagram. Regardless of these system specifics, the phase
diagrams in Figure 1 are expected to generally describe a pH-
sensitive hydrogel. We note that &, can be mapped to the
Flory y parameter of a neutral polymer by mapping the critical

point of the truncated-shifted LJ fluid, T:} ~ l.le , to the
Flory—Huggins model, y = ZTS/T ~ 226, kg T.*
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Figure 3. Polyelectrolyte hydrogel as a pH-responsive soft actuator. (a) An external force f, is applied to the ends of the nanogel. (b, c) The
response of a weak polyelectrolyte gel (pK, = 4) to pH ramping at no external load f, = 0. (d, e) The response under load f, = 9kzT/I5 (stress of
about 2.5 X 10° Pa) with the power output, P = —f,dR,./dt. (f, g) The equilibrium work performed upon gel contraction and the maximum power
P,..x as a function of external force, note 7 = 0.029 ns. The error bars show standard errors (see Figure S12 for response variance). The arrows in

(b)—(d) show the actuation direction in the hysteresis loop.
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Figure 4. Performance of a hydrogel actuator: actuation strain, work density, power, hysteresis and response time scale. (a, b) Equilibrium strain
and work density as a function of engineering stress ¢ and attraction &,,. (c—e) Strain e, mean power P [eq 2], and hysteresis (H) [eq 3] at
ramping rate @ = 0.0006/7. The red-colored star in (b), (d), and (e) marks the parameter point used in Figure 3b—e at which the nanogel
demonstrates reasonable trade-off between high power density and low hysteresis. (f) Time scales for collapse t., and expansion t,,, of a neutral gel
(squares) and a fully charged gel (triangles) as a function of size L/b. The dashed lines indicate a slope of 2. The time is scaled in terms of the

Brownian time for a free particle 73, = 7/1.5 & 0.02 ns.

Nonequilibrium Actuation Dynamics of pH-Responsive
Nanogels

Having calculated the equilibrium phase diagram, we turn to
kinetics and design a pH-responsive actuator. We introduce a
constant force with magnitude f, to the two ends of the
nanogel (Figure 3a) and apply a zigzag time-varying pH cycle
between pH, = pK, and pH, = pK, + 6 with ramp rate =
d(pH)/dt (see Methods). The total time to complete a full
cycle is t = 2(pH, — pH,)/®. Guided by the phase diagram
(Figure 1d,e) we chose €,,,,, = k3T, which is close to the peak in
equilibrium fluctuations (Figure 2) and is thus expected to
result in a sharp and fast response. Hydrodynamics is resolved
using the dissipative particle dynamics solvent (DPDS)
method*" that models an aqueous solution with time unit 7
= 0.029 ns, while the ionization kinetics is modeled using the
charge regulation-Monte Carlo (CR-MC) method'® with
realistic ionization rates k; &~ 107 71>’

We find that the end-to-end distance R, of the gel follows
the pH cycle and shows hysteresis that becomes more
pronounced at faster cycling rates (Figure 3b,d). The response
under external load remains qualitatively the same compared to
the zero-load case, but the conformations are more elongated
due to the stretching by the external force. In all cases, the
expansion is driven by the ionization of monomers and
counterion osmotic pressure (Figure 3c; also see Movies S1
and S2 for visualizations of the conformational transition).
Different cross-linking architectures, such as constant versus
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random cross-linking distance, and square versus diamond
lattice do not affect the results (Figures S6 and S7). Thereby,
our predictions are not sensitive to specific cross-linking
details.

The maximum instantaneous power of the nanogel is P, &
0.1kzT/7 obtained at the high-frequency limit (w = 0.00067~")
allowed by protonation kinetics™ (Figure 3e). The corre-
sponding power density is P™/V, ~ 10° W/cm?, which is
about 6 orders of magnitude larger than that of skeletal
muscles. For the gel to complete the transition through the
characteristic pH interval ApH ~ 3 (from pH — pK, = 1—4),
the required response time scale can be estimated as 7, =
ApH/® = 3/w. The response time of the gel at a lower rate @
=0.00027 "' is 7, & 0.4 s, using the DPD time scale 7 = 0.029
ns,”* which is at least 4 orders of magnitude faster than typical
values for mammalian skeletal muscles®”®" or macroscopic soft
actuators.””®® The fast response and high power density are a
consequence of the nanoscale width of the gel which permits
fast transport of solvent. Moreover, a comparison with
Langevin dynamics, which assumes a static solvent, shows
that hydrodynamic interactions reduce the response time
(Figure S8), demonstrating that solvent flow improves the
responsiveness of nanogel actuators.

The work W performed during the contraction of the gel is
W = f,AR,,, with the change in the end-to-end distance AR, =
R..(pH,) — R.(pHy). W reaches a maximum at force

fe>i< ~ 18kpT/ly and decreases at larger forces that prevent
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Figure S. Power density of the hydrogel actuator and schematic design of a patterned gel. (a) Power density of the actuator. The solid black line is
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(b) and collapsed (c) state. Upon actuation, solvent flow occurs only locally within the unit cell (dashed lines). Orange and green bars denote

flexible electrodes that are a source and sink of H* ions.

the gel from fully collapsing (Figure 3f). The optimal load
translates to engineering stress ¢ = f,/A & § X 10° Pa, with the
maximal cross-section area, A = N;NxNyb2 = 400b%, under
which conditions the gel can elongate 2-fold. Moreover, the
maximum work W* at the force fj is W* 400kgT,
corresponding to a work density of W*/V, &~ 150 kJ/m?.
Thus, the maximum strain of the pH-driven gel actuator is
comparable to that of skeletal muscles, while the stress and
work density are an order of magnitude larger.’’ The
maximum instantaneous power P_. at the high frequency
limit (@ = 0.00067 ") also exhibits a peak close to fe>l< (Figure
3g), suggesting that the nanogel actuator can yield favorable
performance in terms of both work and power even at fast
cycling rates.

~

Optimal Design Strategies: Work, Power and Hysteresis
Effects

To explore the optimal design of the nanogel actuator, we
calculate the end-to-end distance, work, power, and hysteresis
over a full spectrum of working conditions (Figure 4). The
equilibrium strain ¢, = AR,./R..(pH,) and work density, W(®
= 0)/Vg = 06AR.(w — 0)/R,, are largest in the
discontinuous region of the phase diagram (Figure 4ab).
The exact definition of the work density depends on whether
we normalize by the volume of the collapsed or the expanded
configuration. We use the later which provides a lower bound
for the work density with R, = N.N,b being the fully
extended end-to-end distance. At fast cycling rates the
response is limited by the viscous drag (Figure 4c),
consequently, the mean power per contraction,

[0

— pH, (2)

is maximal at intermediate stress ¢ and interaction strength
€mm (Figure 4d). This observation underscores the crucial role
of hydrodynamic effects: the slow relaxation dynamics at €,/
kgT > 2 fail to keep pace with the pH ramping rate (also
compare Figure 4a,c and Figure S9). The power density was
obtained at the high-frequency limit allowable by protonation

943

kinetics, @ = 0.0006/7,%° thus the work and power plots in
Figure 4b,d effectively show the low and high-frequency limits
of the actuator performance. A stronger monomer—monomer
attraction leads to a larger stall force (Figure 4a), which
represents the critical load above which the conformational
transition is suppressed. This trend arises because a higher
attraction strength stabilizes the collapsed gel.

To quantify the hysteresis H(w) of the hydrogel response
we calculate the effective width between the forward and
reverse process,

1

) = R @)

ngee d(pH) )

as the integration area of the closed loop on the R,.—pH plot
divided by the total change in size AR.(w) (Figure 4e).
Hysteresis is lowest at &,,,/kgT < 1, which coincides with the
continuous region of the phase diagram (Figure 1d). These
findings indicate that the overall optimal condition for actuator
performance is close to a critical point, specifically the weak-
interaction critical point at €,,,/kgT & 1, resulting in fast size
changes with appreciable power output, but without strong
hysteresis effects. The corresponding raw data is provided in
Supplementary Figure S10.

The hysteresis arises from the free energy barrier (Figure 1f)
as well as the viscous drag. In the discontinuous region (&,,/
ksT =~ 1.5) the barrier is high and we find a large hysteresis,
whereas in the continuous region (&,,/ksT < 0.9) the barrier
disappears leading to low hysteresis (Figure 4e). At very strong
interaction (&,,,/kgT > 2) the polymer—polymer friction also
contributes to drag leading to enhanced hysteresis. A very
similar pH-response hysteresis has recently been reported in an
experimental system of weak polyelectrolyte brushes®* and we
expect the underlying mechanism that causes the hysteresis
(solvent drag and free-energy barrier) are the same in both
systems. Furthermore, to alleviate the reswelling hysteresis,
preserving residual solvent in the collapsed nanogel may be
helpful to avoid staling.”® A practical strategy for promoting
such solvent retention could involve moderately increasing the
lower bound pH, of the operational pH window.
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Collapse/Expansion Time Scales and Power Density

As the time scales of collapse, ¢, and expansion, t,,,, directly
determine the maximum power, it is also essential to
understand the impact of gel size L on the swelling—collapse
dynamics. We consider a cubic nanogel where N, = N, = N, =
N at cross-linking distance N, = 10 and calculate the
expansion/collapse time scales as a function of the linear size
L/b = NN, for both fully charged and neutral gels (see
Methods section for detailed protocols of collapse/expansion
dynamics). Interestingly, we find that both the collapse and
expansion time scales exhibit scaling with the gel size L as ¢, ~
L* and t,,, ~ L* (Figure 4f) for both charged and neutral gels;
also see Figure S11 for details on the determination of time
scales. This scaling agrees with a theoretical prediction® and
experimental measurements’”*" for a swelling time scale of a
neutral gel. Here we found that the same L? scaling also applies
to fully charged gels. The expansion of a neutral gel is slower
than its collapse (Figure 4f) in agreement with experimental
data.’” Moreover, based on Figure 4f, we infer that for a
neutral nanogel of diameter 200 nm, the collapse time scale is
t & 107¢ s, while for microgels with a diameter of 2 and 600
um, the predicted expansion times are, respectively, f.,, & 2 X
10™* s and tap & S s. These values are in the range of recent
: . 37,40,66

experimental time scales.

Since the work per cycle is W = f, AR, with the stress 6 = f,/
L? and the change in length AR,, is proportional to L, it
follows that the work density, W/ Ve ~ 0, is a constant.
Because the temporal response scales as L?, the power density

of the actuator scales as P/V ~ L~ Vg_i/s. For the
simulated nanogel actuator (Figures 3f and 4d), the mean
power is about 0.04k;T/7 ~ 0.5 X 10" W and the gel volume
is Vo » NxN),Nleglo3 ~ 107° pm’, thus the power density is
Prax/ Vel & 0.5 X 107% W/um?. Using this data and the scaling
we can predict the power density for an arbitrary gel size,

P pr—
‘/gel

cL™?
4)

with the prefactor value C ~ 2 X 10™* W/m obtained from
simulation data, see Figure S.

Comparing the prediction, eq 4, to recent experimental data
on the maximal achieved hydrogel power density,*>*>®" we
find excellent aggrement (Figure S). The raw data of refs 66
and 67 is obtained at a higher driving voltage of Ay = 6V,
whereas in our simulations the change in pH is pH, — pHy = 6
(Figure 3), which corresponds to the change in electro-
chemical potential of Ay = k;T(pH,; — pH,)In(10)/¢, = 350
mV. Rescaling by the ratio of driving voltages we find perfect
agreement between experimental data and theoretical
prediction (empty diamonds in Figure 5). The model is
consistent with both simulations and the available experimental
data, and thus appears to be able to predict the power density
over a range of at least 10 orders of magnitude.

To determine how the power density depends on the
physical and chemical properties of the gel, we calculate the
response time scale by extending the theory of Tanaka™ to gels
under external stress. The power density can be estimated
theoretically by considering that the gel exhibits maximum
(equilibrium) stress 6™, which depends on the chemical
details and electrochemical driving. Upon actuation, this stress
is balanced by the external (working) stress o, the viscous drag
of the solvent 04,, and inertia 0, due to the mass of the
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actuator: 6™ = 0 + Ogyq + O To estimate the drag force we
consider Stokes drag on each cross-link, f; = 371{v, obtained
by considering a flexible cross-link with R; ~ ¢ and a Zimm
model. The same result is obtained by considering a straight
cross-link with force exerted on each monomer of the cross-
link f; = 3znbv and multiplying by the number of monomers
per cross-link, f, = f;(/b. The total stress due to drag is thus
Oarag ~ fcL/ &3 = 3anLv/&% This underestimates the number of
cross-links per ¢* by about a factor 2, while it overestimates
drag per cross-link by about a factor 2 because, due to global
solvent flow, not every cross-link experiences solvent speed v.
Thus, the two approximations partially cancel out, yielding a
reasonably accurate estimate of the drag. The actuation speed v
determines the time scale for collapse/expansion t., = Le,/v ~
3mL%,/ (64:0l?), with e, = AR,./L the actuation strain. The
inertial term can be estimated as o,, ~ Le,p/ t2,, with p the
mass density. Since the response time is ¢, > 1 ns, even for the
smallest possible nanogels (Figure 4f), inertia is always
negligible compared to viscous drag, and we can approximate
Odrag X 0™ — 0. The power density can therefore be estimated
as

P _oe _ Co(6™ — o) =
‘/gel tcol 371‘77 (5)
This equation reveals that the physical origin of the L™
scaling we found in simulations [eq 4] is solvent drag, with the
prefactor C"*°¥ = (%6(6™>* — 6)/(3717). The maximum value
of power density occurs at ¢ = ¢™*/2. For the simulated
actuator we found 6™ = § X 10° Pa (Figure 3) and using the
water viscosity 77 = 107 Pa s and { ~ S nm yields a prediction
ctheoy = 17 x 107" W/m, which is remarkably close to the
value obtained directly from simulations, C =~ 2 X 10™* W/m,
see Figure S.

Equation 5 shows that increasing the maximum power
density can be achieved by reducing the solvent viscosity # or
increasing the product ¢™¢?. Since the maximum strain and
cross-link distance are not independent (we can argue that 6™
o {7?), the product 6™*¢* could be increased by decreasing ¢
or by increasing the driving voltage or pH range. However,
these parameters cannot be optimized arbitrarily due to
physical constraints and in fact are already chosen to be close
to optimal. Therefore, the main route to substantially increase
the power density is by reducing the size L.

Both theory and experimental data show that large gels
suffer from low power density (Figure Sa). To overcome this
deficiency of bulk gels, we propose that a high power density in
a bulk gel can be obtained by using a structured gel, stacking
strips of a hydrogel together with a proton source (e.g., flexible
electrodes; see Figure Sb for a schematic demonstration). Such
a patterned structure does not require bulk solvent flow, but
only local flow within each unit cell and therefore the response
time and power density are determined by the pattern size L,
and not the bulk size of the gel. For example, to attain a power
density similar to that of skeletal muscle requires a pattern
width L, ~ 30 ym (Figure S). This width indeed corresponds
to the width of individual muscle fibers, suggesting that solvent
drag and chemical diffusion are the fundamental limiting
factors on power output in both synthetic and biological
systems.
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Effects of lon Diffusion and Protonation Kinetics

The time scale for ion diffusion across the hydrogel is ty = L/
(2D), which, for typical ion diffusivity D ~ nm?/ns, is faster
than the fastest ramping rates considered in Figure 3 and
Figure 4 (L,/b = NN, = 20). Note that H* ions diffuse even
faster, D &~ 10 nm?/ns, due to Grotthuss mechanism. Since the
time scales of collapse/expansion (Figure 4f) and ion diffusion
show the same scaling (~L?), we predict that ion diffusion
across the gel is not expected to be a limiting process, even for
bulk gels, which is consistent with previous studies.®® However,
depending on the gel chemistry, it is possible that ion
diftusivity in the gel would be very slow. In this case, the
collapse time scale in eq S would be limited by the diffusion
time, t. ~ tgg = L*/(2D) and consequently the prefactor C in
eq 4 that determines the power density would be limited by C
< 2Dce,. Thus, the effect of slow ion diffusion would reduce
the prefactor C but would not change the scaling with gel size.

The gel actuator is driven by protons and requires a proton
source snd sink, e.g., an electrode, and ions are supplied by an
electrolyte reservoir. Thus, ion/proton transport from the
source to the gel, which is not taken into account by our
simulation setup, could be another limiting factor on the
kinetics and could be important especially at low ion
concentration. To minimize the transport time scale and
achieve fast response time, the proton/source sink should be
placed next to the gel, and it could itself be a soft electrode,
e.g,, a conducting polymer (Figure Sb,c).

The power scaling prediction [eq 4] is limited at low L by
the ionization or protonation kinetics, P/V,, < oceky (see
Figure S). The protonation dynamics is governed by typical
weak acid dissociation rate ky 10° s7' — 107 s7! and
association rate k, ~ 107" s71 ¥77>% which do not depend on
the gel size. For example, the actuation power in Figure 4d is
obtained at the high-frequency limit allowable by proton
dissociation dynamics. Since the response time due to solvent
drag scales as L?, we conclude that the protonation dynamics
can be a limiting factor only for nanoscale gels (L < 200 nm)
or extremely weak PEs where, for a weak acid gel, the collapse
occurs at high pH. Thus, our predictions for power output of
gels larger than 200 nm are not affected by changing k4 and k,
within experimental range.

~

B CONCLUSIONS

In this work we dynamically modeled the coupling between
charge and structure in polyelectrolyte nanogels by explicitly
simulating the protonation of individual dissociable groups.
This approach allowed us to compute the pH—e,, /T and
Vgel—€mm/ T conformational diagrams, revealing a closed-loop
phase diagram with a discontinuous swelling—collapse
transition bounded by two critical points. By explicitly
incorporating hydrodynamic interactions, we calculated the
response dynamics and demonstrated that hydrogels can act as
efficient pH-driven actuators. The maximum strain achieved is
comparable to that of skeletal muscle, while the tensile stress
and work density exceed it by an order of magnitude.
Combining insight from simulation data, analytical theory,
and comparison with experiments, we identify two key design
principles for obtaining high actuation performance: (a)
optimal actuation that combines high power density and low
hysteresis occurs near a critical point on the pH—temperature
phase diagram, and (b) the power density scales inversely with
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the square of the gel size, P/ Vel = CL™2, with the prefactor, C
~ 107" W/m, that depends on chemical and structural details.

These results highlight a key limitation of bulk hydrogels:
their response time is fundamentally constrained by solvent
drag and ion diffusion. To overcome this, we propose a
biomimetic architecture composed of nano or microscale
hydrogel strips integrated with a local proton source (e.g.,
flexible electrodes). Similar to the fibrillar structure of
biological muscles, the patterned arrangement ensures the
solvent transport occurs only locally within each cell (Figure
Sb,c), thereby circumventing the slow kinetics of bulk solvent
flow. The power density of the patterned gel is not limited by
the size of the material, but is instead determined by the cell
width L. Such a structured material could achieve millisecond-
scale actuation with high power output, which should be very
useful for applications in soft robotics and artificial muscles. If a
gradual, well-controlled response is required, a composite gel
that incorporates polymers with distinct chemical properties
may provide a promising strategy for engineering program-
mable response. More broadly, our study provides mechanistic
insight into the nonequilibrium response of hydrogels,
revealing the dynamic interplay among conformation, ioniza-
tion, and solvent flow. The modeling framework that combines
charge regulation with dissipative particle dynamics offers a
platform for studying charge—structure—hydrodynamic cou-
pling in a variety of macromolecular systems and soft materials.

B METHODS
Model Details

We employ a standard coarse-grained model where ions and
monomers are represented as spheres of diameter b, interacting via
a shifted and truncated Lennard-Jones (LJ) potential,

12 6
w [b] . [b] ‘o
Uy = i i

0 rl] > Teut

r. <r

ij = "cut

(6)
where € is the coupling constant and r; represents the distance
between particles i and j. We use a cutoff 7., = 3b and constant shift C
= 37% — 37! for intra-PE interactions, while all other LJ interaction
are purely repulsive, corresponding to Weeks—Chandler—Andersen
(WCA) potential with r., = 2'/°b and C = 1/4. The coupling constant
for ion—ion and ion—monomer interactions is set to &; = &, = kT,
whereas the monomer—monomer interaction €, captures all short-
range interactions (van der Waals, hydrophobic, and excluded
volume) and can be mapped to the effective y parameter of a neutral
polymer y ~ 2.2€,./kT, which determines the solvent quality.'®
Neighboring monomers are bonded via a harmonic potential
Ubond(r,.}.) = Kbond(r,.}. — 1,)* with spring constant Kyo,q = 200k T/b?
and bond length r, = 2'/%b.

The system configurations are evolved employing the standard
velocity-Verlet MD algorithm, while ionization states [eq 1] and ion
exchange are sampled using an efficient charge regulation MC (CR-
MC) solver'® which is equivalent to the grand-reaction method.®” We
model all charged entities explicitly and perform grand-canonical MC
exchange of dissociated ions (H*) and monovalent salt cations (S*)
and anions (S”) with a reservoir at a given pH and monovalent salt
concentration ¢, = 10> M. The Bjerrum length, which sets the
strength of electrostatic interactions, is Iy = fes/(47e,,), where § =
1/(kgT), kg is Boltzmann constant, T is the absolute temperature, and
€1 is the solvent permittivity, resulting in Iy = b = 0.72 nm for a
hydrogel at room temperature. Electrostatic interactions are calculated
using particle—particle particle—mesh (PPPM) algorithm”® with
relative force accuracy 1072,
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To investigate the equilibrium phase diagram, we employ the
standard Langevin dynamics simulations. The phase transition
dynamics of PE are influenced by hydrodynamic interactions
(HI).”'~7* Thus, for the study of nonequilibrium collapse/expansion
dynamics of nanogels, we account for HI by combining the CR-MC
solver with a method based on dissipative particle dynamics (DPD)”*
that couples the solute (gel) particles to the DPD solvent (DPDS).**
Simulations were conducted using the LAMMPS package,76 where
the CR-MC method'® and the DPDS method** are implemented.

Langevin Dynamics Simulations

For the investigations of equilibrium phase diagram, we employ the
standard Langevin thermostat with damping time 74 that is equal to
the simulation time scale 73 = by/m/kgT, with m the mass of the
monomer. The integration time step of Langevin simulations is At =
0.00574. The simulation cell is a cubic box of size L = 160b with
applied periodic boundary conditions (PBC), we use pK, = 3 and pH
range from 4 to 11. We perform a chain of nyc = 50 MC steps
(reaction steps including ion insertion/deletion and acid dissociation/
association) every Nevery = S00 MD time steps in Langevin dynamics
simulations. To equilibrate the system, we conduct simulated
annealing for 2.5 X 1074 using a linear temperature ramp from
starting temperature T, = 2T and ending with temperature T. The
production runs of 3 X 10*z, are carried out to sample the equilibrium
properties at constant temperature T during which the configurations
are sampled every 257,. Free-energy calculations are performed using
the metadynamics method’””® where we use a bin size 0.4b and a
“Gaussian-hill” weight 0.01kzT with hills deposited every 100 MD
steps. To obtain sufficiently smooth free-energy profiles, we conduct
longer production runs which last for 2.5 X 10°7,. For producing the
equilibrium structure we use PPPM force accuracy of 1073, whereas
for free energy calculations we utilize higher force accuracy of 107,
To demonstrate a sharp transition in phase diagrams (Figure 1) we
utilize a fine grid near the transition line with lattice spacing 0.1 in pH
and 0.0S in e, whereas outside this region a coarser grid with 0.2
in pH and 0.1 in fle,,,,, is employed to reduce the total computational
cost.

Dissipative Particle Dynamics Simulations

The incorporation of hydrodynamic interactions (HI) is essential for
accurately modeling the nonequilibrium kinetics of the system. To
study the actuation performance, we therefore employ a hydro-
dynamic solver based on dissipative particle dynamics (DPD).”> Our
method explicitly accounts for HI by coupling the ions and hydrogels
to a DPD solvent (DPDS).** The method introduces explicit coarse-
grained DPD solvent particles and ensures momentum conservation.

The monomers and ions are immersed in a DPD solvent
characterized by parameters typical for an aqueous water solution:

particle density p = 3., cutoff distance r. = A = 0.646 nm, friction
parameter y = 4.5k;T7/r?, with 7 = A/m/(kT) the standard
molecular dynamics simulation time unit (also the time unit in
DPD simulation), m the mass of the particles, and interaction
prefactor a; = 78kyT**). The coupling between the solute
components (monomers and ions) and the DPD solvent is achieved
by friction parameter y, = Sy and cutoff distance r, = r.. This setting
yields the typical diffusion constant of ions and monomers D =
0.0782%/t &~ 1 nm?*/ns (7 &~ 0.029 ns = 29 ps). Details on the DPD
interaction potentials can be found in ref.*" The system is evolved
using the velocity-Verlet integrator with a time step of At = 0.01257.
The simulation box size is L, = L, = 80b, [, = 100b with PBC and we
employ pK, = 4 and pH range from 4 to 10. When plotting the
collapse/expansion time scales in Figure 4f), we scale the time in
terms of the Brownian time for a free particle 74, = b%/(24D) (b =
0.72 nm; 7 & 1.57p).

To model ionization kinetics we perform a chain of nyc = 300
attempted MC reaction steps (including ion insertion/deletion and
acid dissociation/association) every Nevery = 5000 MD time steps in

DPD simulations. The rate of acid dissociation moves in a gel with N

~ 1400 monomers is thus kg ~ %nMCF/(neveryAtN) ~ 270107 s
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with I" the MC acceptance ratio. Since I' ~ 0.5, we get the
dissociation rate that is at the upper limit of experimental values k; ~
10° s ~ 107 s71.>"7% The acid association rate depends on the pH
and is k, ~ 10"'7PHs™1 59 however, we consider a gel that is a typical
weak acid where the collapse occurs at pH ~ 4 and we thus
approximate k, ~ k; (the number of attempted dissociation and
association MC moves is the same). Since the gel conformational
response is slower than ionization for gel size L > 50 nm, the local
charge distribution is expected to be in quasi-equilibrium and thus
changing ionization rates or Monte Carlo sampling details is not
expected to significantly affect the gel response dynamics.

Protocol for pH Ramping and Inducing
Collapse/Expansion

The pH-ramp simulations (Figure 3) are performed under a constant
extensive force with magnitude f, applied to the two ends of the
hydrogel. The external force is applied to the terminal beads in the gel
network along the primary axis of deformation. We have performed
complementary simulations where the end points are grafted to the
two walls and the loading force is applied to the two walls. We
observed no statistically significant differences in the resulting
actuation response between the two setups (Figure SS). Thus, the
model details of the gel end tethering has a negligible effect on
response dynamics. We use a zigzag time-varying pH cycle with ramp
rate

pH, + wt

pH(t) =
PH, — ot — t/2) /2 <t<t

0<t<t/2

(7)

where @ is the ramping rate, pHy = 4 is the initial pH value, pH, = 10
the value at ¢ = t;/2, and the total time to complete a full cycle is t; =
2(pH, - pHy)/®.

In Figure 4d, we examine the impact of nanogel size on the collapse
and expansion dynamics of both neutral (a = 0) and charged (a = 1)
nanogels. In the study of gel collapse, we first equilibrate the gel in the
expanded state using purely repulsive WCA short-range interaction
between monomers, and the collapse is induced by introducing an
attractive L] interaction &, = 3kgT (for @ = 1) or &, = kgT (fora =
0). Conversely, for investigating gel expansion we follow the reverse
process; equilibrium structures are initially generated with &, = 3kgT
(for @ = 1) or &y, = kgT (for a = 0), followed by a change to WCA
interaction to initiate the expansion. We used a salt-free solution (only
counterions for the charged gel) to investigate the two limits: neutral
gel and full electrostatic repulsion. We anticipate that increasing the
salt concentration would screen electrostatic interactions, but since
both charged and neutral gels show the same scaling, we conclude
that changing salt concentration would not affect the scaling.

Model Limitations

The coarse-grained model does not capture the effects of varying
dielectric polarizability and the orientational ordering of water near
ions,””~*" which can enhance electrostatic coupling at small ion—ion
distances. Ion and water diffusion are generally enhanced in
polarizable compared to nonpolarizable models.*> We also approx-
imate the Bjerrum length as a constant independent of temperature, Iy
= 0.72 nm, which is supported by the fact that the relative permittivity
of water g, decreases from £, & 82 to &, & 65 as the temperature
increases from T = 10 °C to T = 60 °C,*” resulting in I being; only
weakly affected across the typical temperatures of hydrogels.” For
example, at 60 °C we underestimate the Bjerrum length I by a factor
1.07. Thus, our model employs a lower bound for electrostatic
interaction strength. A more accurate description of water ordering,
polarizability, and Bjerrum length dependence on temperature is
anticipated to enhance the transport and the response of charge to
conformational changes, potentially improving the actuator’s perform-
ance. Furthermore, we did not consider ion-specific short-range
interactions or multivalent ions, which may cause deviations from our
prediction.”*® Establishing whether using multivalent ions can lead
to even higher power density of the hydrogel presents a compelling
direction for future research.
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