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We demonstrate a novel principle of contactless actuation for ionic membranes in salt solution based on
solvation. Actuation is driven by differential swelling of the sides of the membrane, due to comigrating
water in the solvation shells of mobile ions. We validate our theory through a series of experiments, which
unravel a strong dependence of membrane deflection on the hydration numbers of mobile ions in the
external solution and membrane. Our study suggests a critical role of solvation in the chemoelectro-
mechanics of natural and artificial selectively permeable membranes.
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Introduction.—Solvation, the interaction between solute
and solvent molecules, is a widely studied phenomenon in
physical chemistry [1,2]. Since the seminal studies of
Lewis and Randall [3], Kielland [4], and Born [5], our
understanding of this phenomenon has greatly benefited
from computational analyses across physical scales [6–8]
and experimental assays [9,10].
In water-based electrolyte solutions, water molecules

interact with dissolved monoatomic ions through hydrogen
and dipole-dipole interactions, forming solvation shells
around them [11]. Hydration numbers quantify “the
time-average numbers of water molecules residing in the
first hydration shells of ions (and in the second, if formed)”
[12]. In solution, larger ions have larger hydration numbers,
since more water molecules can fit in the hydration shells,
but the strength of the bonds is smaller due to the lower
charge density [2]. Thus, diffusivities of small univalent
cations can be lower than larger cations, in contrast with
Stokes-Nernst-Einstein’s predictions [12].
Beyond ion diffusivity, solvation plays a critical role in a

wide realm of physical and electrochemical properties of
electrolyte solutions [13], from mass density [14] to surface
tension [15] and color [16]. Biological systems are also
greatly affected by solvation, which contributes to molecu-
lar assembly, conformation, and, ultimately, functionality
of macromolecules, such as proteins and nucleic acids
[17,18]. To date, no empirical evidence has been gathered
on the effect of solvation on the mechanical response of
macroscopic systems.
Here, we demonstrate solvation-driven actuation of ionic

membranes in salt solution under an external electric field.

We draw inspiration from experimental observations of
contactless actuation of polyelectrolyte gels [19,20] and ionic
membranes [21,22]. Through theoretical insight and empiri-
cal findings, we examine this new physical phenomenon.
Theory.—To illustrate the principles of solvation-driven

actuation, we focus on cation-exchange membranes, where
negative coions are fixed to the polymer backbone and
positive counterions move in the hydrating solution [23].
Under an external electric field, cations and anions in the
external solution are forced to migrate. Because of mem-
brane coions, anions in the external solution are selectively
prevented from entering the membrane, while cations can
enter and leave the membrane. The motion of these cations
causes concentration changes within the nanometer-thick
double layers at the interface with the external solution
[24], which identify the membrane anode and cathode.
Specifically, cations in the external solution enter the
anode, forcing out cations initially inside the membrane
from the sides of the anode (Fig. 1). Concurrently,
membrane cations leave the cathode and diffuse in the
external solution due to the electric field. Water molecules
in solvation shells move with the corresponding solvated
cations [12,25,26], eliciting localized swelling and con-
traction at the anode and cathode of the membrane,
respectively. This differential volumetric deformation
causes macroscopic bending.
As a first approximation, we model the membrane as a

cantilever Euler-Bernoulli beam of length l and thickness
2H. We use a right-handed coordinate system with x and y
axis running along the beam axis and thickness, see Fig. 1.
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We consider a stress-free reference configuration for the
membrane, with uniform concentrations Cref

0 of water and
Crefþ of cations that form the hydrating solution. Following
standard practice in mixture theories [28], we exploit
incompressibility of the solution and dry membrane [29]
to relate the local volume of the mixture to changes in the
concentrations of water and cations, driven by the diffusion
of cations at the membrane-solution interfaces. We hypoth-
esize that the corresponding volumetric deformation is
isotropic, generating a spherical prestrain

εC ¼ 1

3
ðV0ΔC0 þ VþΔCþÞI: ð1Þ

Here, V0 and Vþ are the molar volumes of water and
cations, ΔC0 and ΔCþ are the concentration changes of
water and cations per unit reference mixture volume, and I
is the identity tensor. Finally, we write the axial mechanical
strain as εmec

xx ¼ −kyþ ε0 − εCxx and the corresponding
axial stress as σxx ¼ Eεmec

xx , where k, ε0, and E are the
curvature, midaxis strain, and Young’s modulus of the
membrane, respectively.
According to the proposed model, solvated cations

initially inside the membrane leave the membrane from
both the anode and cathode, while solvated cations in the
surrounding solution enter the membrane from the anode
only. We assume that variations in water concentration are
solely due to the comigration of water in the solvation

shells of cations, which are limited to the membrane anode
and cathode. If both these regions have thickness ζ, we
define

ΔCi ¼

8
>><

>>:

ΔCa
iin
þ ΔCa

iout
for y < −H þ ζ

ΔCc
iin

for y > H − ζ

0 otherwise

; ð2Þ

where i ¼ 0, þ for water and cations, subscripts “in” and
“out” indicate molecules initially inside and outside the
membrane, respectively, and a and c superscripts mark
quantities evaluated at the anode and cathode, respectively.
Solvation relates changes in concentrations of water and

cations through ΔCa
0in

¼ hinΔCaþin
, ΔCc

0in
¼ hinΔCcþin

, and
ΔCa

0out
¼ houtΔCaþout

. Here, hð·Þ is the average hydration
numbers of cations in the membrane; subscripts in and out
indicate whether the cations were initially in the membrane
or in the external solution, respectively. The positive trend
between hydration number and cations’ size in solution is
reversed when cations are in the membrane [30,31]. We
utilize as a proxy for average hydration numbers the
hydration effects in an organic solvent computed from
molecular dynamics simulations (4.0, 3.6, 3.1, and 2.6 for
lithium, sodium, potassium, and cesium, respectively [30];
see Supplemental Material for an analogous estimation of
the average hydration numbers from macroscopic thermo-
dynamics quantities of the solution [32]).
Since no external bending moment is applied to the

membrane, equilibrium requires that
R
H
−H σxxydy ¼ 0,

which yields the curvature as a function of integrals of
ΔCþy at the anode and cathode. Assuming uniform
bending moment along the membrane, curvature k and
tip displacement d are related by d ¼ 1

2
kl2.

In principle, ζ could be quantified by the Debye screening
length λ [55]; however, we consider amore realistic estimate
ζ ≈ 10λ accounting for steric effects that tend to widen the
double layers [56] (see Supplemental Material for a para-
metric analysis for different values of ζ [32]). Since ζ is
small with respect toH, we approximate

R −Hþζ
−H ΔCaþydy ≈

−10HλΔC̄aþ and
R
H
H−ζ ΔC

cþydy ≈ 10HλΔC̄cþ, where
quantities with a bar indicate averages over the correspond-
ing region, obtained by integrating the spatially varying
cations’ concentrations and dividing the result by the
thickness of the double layers. Thus, the tip deflection of
the membrane is estimated as

d ¼ 5

2

�
l
H

�
2

λ½V0ðΔC̄aþin
− ΔC̄cþin

Þhin þ V0ΔC̄aþout
hout

þ VþðΔC̄aþin
− ΔC̄cþin

þ ΔC̄aþout
Þ�: ð3Þ

Based on these considerations, we have that ΔC̄aþout
> 0,

ΔC̄aþin
< 0, and ΔC̄cþin

< 0, while ΔC̄aþin
− ΔC̄cþin

may be
positive or negative depending on whether more cations

FIG. 1. Physics of solvation-driven actuators. (a) Top view of
the undeformed membrane, whose anode (left) and cathode
(right) are delimited by dashed lines. Cations in the external
solution enter the membrane at the anode (Jaþout

) and force cations
initially in the membrane to diffuse in the external solution from
the sides (Jaþin

). Other membrane cations leave the membrane at
the cathode (Jcþin

). Solvated cations bring along water molecules
in their solvation shells (Ja0out , J

a
0in
, and Jc0in ). (b) Migration of

solvated cations causes macroscopic actuation due to localized
volume changes at the membrane anode (swelling) and cathode
(contraction). E indicates the direction of the electric field.

PHYSICAL REVIEW LETTERS 126, 046001 (2021)

046001-2



initially inside the membrane are lost at the cathode or
anode, respectively. The depletion of cations from the
membrane is bounded by their initial concentration, which
is equal to the concentration C− of coions per unit reference
volume for electroneutrality. For typical ionic membranes,
such as NafionTM, C− is on the order of 103 mol=m3 [57].
On the other hand, the concentration of cations entering the
membrane anode from the external solution is only limited
by steric effects. Electrochemical simulations in ionic
membranes provide an upper bound for ΔC̄aþout

between
C− and 10C− (103–104 mol=m3) [58]. Given the one order
of magnitude difference between the two coefficients of hin
and hout, we predict a weaker dependence on cations in the
membrane than on cations in the external solution.
When ΔC̄aþout

is one order of magnitude more than
ΔC̄aþin

− ΔC̄cþin
, we expect that pileup of cations from the

external solution at the anode is the dominant mechanism
of actuation. For these conditions, Eq. (3) suggests bending
of the membrane in the direction of the electric field. For an
increase in the cations’ size in the external solution, Eq. (3)
predicts a decrease in the tip deflection, since larger cations
from the external solution transport less water molecules in
the membrane.
The effect of the cations’ size in the membrane

depends on the sign of ΔC̄aþin
− ΔC̄cþin

. At the anode, small
cations in the external solution can pile up at high concen-
trations, causing depletion of membrane cations (ΔC̄aþin

−
ΔC̄cþin

< 0). In this case, larger cations in the membrane
would bring out less water at the swelling anode, producing
larger tip deflections, as predicted by Eq. (3). With larger
cations in the external solution, charge density at the anode is
limited by steric effects, such that we can expect cations’
depletion at the cathode (ΔC̄aþin

−ΔC̄cþin
>0). In this case,

Eq. (3) predicts that larger cations in the membrane would
beget smaller tip deflections, since less water would migrate
out of themembrane from the contracting region. Therefore,
for an increase of membrane cations’ size, we predict larger
(smaller) tip deflections for small (large) cations in the
external solution. Accounting for hydration effects, the
difference in the effective size of hydrated cations is less
prominent than for bare cations, such that we expect a weak
dependence of the tip displacement on the cations’ size
within the membrane.
Figure 2 shows the estimated range of tip displacement

for a Nafion actuator of length l ¼ 70 mm and semithick-
ness H ¼ 0.1 mm, for the four possible combinations of
lithium and cesium cations in the membrane and external
solution. Pileup of cations from the external solution is the
dominant mechanism of actuation, whereby the gradient is
almost parallel to the direction of variation of ΔC̄aþout

. As
expected, increasing the cations’ size in the external
solution causes a decrease in the tip displacement. The
largest tip deflections are on the order of 5 membrane
thicknesses. We attest a differential, less significant

effect of membrane cations’ size that depends on the
sign of ΔC̄aþin

− ΔC̄cþin
. For small ΔC̄aþout

and nonpositive
ΔC̄aþin

− ΔC̄cþin
, we predict zero tip deflection, whereby

cathode and anode are contracting equally. Further reduc-
ing the value of either concentration change leads to
negative tip deflections, against the electric field direction,
since the anode is contracting more than the cathode.
Experiments.—To verify the possibility of solvation-

driven actuation and corroborate the predictions of our
model, we experimentally study the response of ionic
membranes in four different counterions’ forms (Liþ,
Naþ, Kþ, and Csþ), in four 0.1 M electrolyte solutions
(LiCl, NaCl, KCl, and CsCl). Six membranes are tested for
each of the 16 combinations.
The experimental setup consists of a transparent box

filled with one liter of salt solution. A frame, immersed in
the solution, holds two graphite electrodes at a distance
del ¼ 12 mm. A Nafion-117 ionic membrane (semithick-
ness H ≈ 0.1 mm, free length l ¼ 70 mm, and width
b ¼ 5 mm), which previously underwent ion exchange
in a 1 M solution for at least 48 h, is mounted in a clamp
and slid between the two electrodes. A laser displacement
sensor measures the deflection of the membrane tip. A
circuit applies across the electrodes ten voltage steps of 1 V
amplitude and 60 s duration, with alternating polarity,
separated by 60 s in which electrodes are shorted.
Figure 3 shows typical time traces of the tip displacement

of the membranes for varying cations’ type in both the
external solution and membrane. For almost all conditions,
we observe a consistent bending in the direction of the

FIG. 2. Estimates of nondimensional tip displacement from
Eq. (3), for different combinations of cations in the membrane
and external solution. Displacements and cations’ concentrations
are nondimensionalized with respect to H and C−, respectively.
Positive tip displacements are in the direction of the electric field.
The red dashed line indicates zero tip displacement. Average
parameters in Eq. (3) are estimated as V0 ¼ 1.8 × 10−5 m3=mol,
Vþ ¼ 4.5 × 10−5 m3=mol, and λ ¼ 5.72 × 10−10 m for Nafion
membranes (see Supplemental Material [32]).
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electric field, similar to previous experiments [21,22].
However, when both the external solution and membrane
contain large cations, membranes bend in the opposite
direction. We attribute this behavior to the marginal role of
solvation for large cations, with other phenomena domi-
nating the membrane response [24,60].
The time profile of the tip displacement varies with the

cations in the membrane. While membranes with small
cations display an initial large overshoot with a progressive
decrease toward a constant, lower value, large membrane
cations show an initial peak followed by damped oscil-
lations around a steady-state displacement approximately
equal to the first peak; see Supplemental Material for a
dynamic model [32]. For each voltage step, we quantify the
peak displacement of the membrane from the maximum
absolute value of tip displacement in the first two seconds
after the current reaches its peak. The dataset is prepro-
cessed to remove faulty membranes and outliers.
We estimate theoretical values of peak displacement

by fitting the medians of experimental peak displacements,
utilizing Eq. (3) with varying hin and hout. We obtain the
values of ΔC̄aþin

− ΔC̄cþin
and ΔC̄aþout

that generate the
experimental peak displacements, assuming changes in
cations’ average concentrations are independent of cations’
sizes in both the external solution and membrane. This
hypothesis is justified by the averaging process over the
double layers, which smears profiles’ variations due to
cations’ sizes (see Supplemental Material [32]). To account
for other forces that do not depend on solvation, such as
osmotic pressure and Maxwell stress [60], we leave the

constant term of Eq. (3) free and focus on trends underlying
the dataset.We obtain a large adjustedR2 value of 0.68, with
estimates ΔC̄aþin

− ΔC̄cþin
≈ 4.14 × 103 and ΔC̄aþout

≈
4.17 × 104 mol=m3 in line with our estimates on concen-
tration changes.
In Fig. 4, we display box plots of peak displacement of

membranes for each combination of cations in the external
solution and membrane, alongside the theoretical trend.
Our model can reconstruct the role of cations in the external
solution, as indicated by the large R2 value. However, our
model cannot correctly predict the effect of cations in the
membrane, due to the hypothesis that ΔC̄aþin

− ΔC̄cþin
is

independent of cations’ size. In the Supplemental Material
[32], we show that this is only due to the elementary fitting
approach summarized herein.
We test our hypotheses by fitting a generalized linear

mixed-effects model with Gamma family link functions
[61], with cations’ forms in both the external solution
and membrane as explanatory variables, along with their
interaction, and membrane number as random effect. We
use two-way analysis of variance and Tukey’s honest
significant difference as a post hoc test [61], at a significance
level of 0.05.
As expected, we record a significant effect of the cations’

type in both the external solution and membrane, along
with their interaction (p < 0.001 for all). For almost all
combinations, post hoc analyses show a decrease in peak

FIG. 3. Typical time traces of the tip displacement of mem-
branes in different external solutions, following the application of
a step voltage of 1 V across the external electrodes at 1 s. Solid,
dashed, dotted, and dash-dotted lines indicate the response of
membranes in Liþ, Naþ, Kþ, and Csþ form, respectively. Positive
tip displacements are in the direction of the electric field.
Displacements are nondimensionalized with respect to H.

FIG. 4. Box plot of peak displacements of membranes in
different counterions’ form in LiCl, NaCl, KCl, and CsCl external
solutions, as a function of the hydration number of cations in the
external solution, and theoretical predictions (dashed red line).
The thick line in the box indicates the median, the box limits
identify the first and third quartiles, the whiskers delimit the 1.5-
interquartile range, and crosses indicate outliers. Displacements
are nondimensionalized with respect to H.
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displacement for larger ions in the external solution, for the
same cations in the membrane (p < 0.001), as predicted by
our theory [62]. Post hoc tests corroborate our hypotheses,
whereby increasing the cations’size in themembrane causes
an increment in peak displacement for LiCl and NaCl
external solutions (p < 0.011) [63] and a decrease for
KCl and CsCl external solutions (p < 0.001) [64]. In
agreement with predictions from ourmodel, the dependence
of cations in the external solution is stronger than that of
cations in the membrane. Supplemental Material contains
experimental details and statistical analysis [32].
Our results challenge previous explanations of contactless

actuation of ionic membranes in salt solution. Steady-state
displacement with no current flow (Fig. 3) defies the theory
that cations from the external solution pass through and drag
themembrane in the direction of the electric field [21]. Other
potential explanations entail osmotic pressure [65] and
Maxwell stress [60], but these phenomena are likely to play
a secondary role; see Supplemental Material [32].
Conclusions.—Here, we offered theoretically backed,

empirical evidence of the role of solvation in the mechani-
cal response of macroscopic systems. From first principles,
we established a simplified model that explains solvation-
driven actuation, across a range of experimental conditions.
Future research should seek to refine the theoretical model
by including a continuum description of solvation [66].
Simulations of this extended model with realistic param-
eters will require nontrivial numerical treatments, due to the
variety of scales that must be resolved. Other microscopic
phenomena modulated by the strength of cation-membrane
interactions [67] could also contribute to the mechanical
response of the membrane, as detailed in the Supplemental
Material [32]. A quantitative understanding of these phe-
nomena could be achieved through atomistic-level simu-
lations [68].
Our Letter calls for an assessment of the effects of

solvation on selectively permeable membranes, widely
used in fuel cells and electrolyzers [23]. Deformations
caused by solvation could cause fatigue in repeated voltage
applications, potentially reducing membrane operational
life [69]. Solvation could also affect natural selectively
permeable membranes, including cell membranes. Given
their small thickness, on the order of 10 nm, solvation may
significantly affect their mechanics even with cell potentials
of only 70 mV. This phenomenon has potential repercus-
sions on cell physiology, including cell volume regulation
[70], which warrant additional efforts to extend Goldman-
Hodgkin-Katz equations [71] to solvation effects.
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