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Abstract

The sclera is a soft tissue primarily consisting of collagen fibers, elastin, and proteoglycans. The proteoglycans are composed
of a core protein and negatively charged glycosaminoglycan side chains. The fixed electric charges inside the scleral extra-
cellular matrix play a key role in its swelling and are expected to cause the tissue to deform in response to an electric field.
However, the electroactive response of the sclera has not yet been investigated. The present work experimentally demon-
strates that sclera behaves similar to an anionic electrosensitive hydrogel and develops a chemo-electro-mechanical (CEM)
mathematical framework for its electromechanical response. In the numerical model, a hyperelastic constitutive law with
distributed collagen fibers is used to capture the nonlinear mechanical properties of the sclera, and the coupled Poisson—
Nernst—Planck equations represent the distribution of mobile ions throughout the domain. After calibrating the proposed
numerical CEM model against the experimental measurements, we employ it to investigate the effects of different parameters
on the scleral electromechanical response including the voltage and fixed charge density. The experimental and numeri-
cal findings of the present study confirm that sclera behaves as an electroactive hydrogel and provide new insight into the
mechanical response of this ocular tissue.

Keywords Chemo-electro-mechanical model - Finite element analysis - Electrical stimulation - Sclera - Polyelectrolyte -

Experiments

1 Introduction

The sclera, the opaque outer layer of the eye, is a tough
fibrous tissue extending from the cornea in the front to
the optic nerve head at the back of the eye. The sclera is
a structurally complex connective tissue with critical roles
for proper vision. It is mainly composed of collagen, proteo-
glycans (PGs), and elastin (Boote et al. 2020; Meek 2008).
Collagen is the main structural component of scleral extra-
cellular matrix and is responsible for its high resiliency and
mechanical properties. The collagen fibers, mainly type
I, are embedded in a hydrated proteoglycan network. The
high tensile stiffness of collagen fibers and the relatively low
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stiffness of the interfibrillar proteoglycan matrix primarily
define the mechanical response of sclera. The proteogly-
cans are attached to collagen fibers via their core proteins,
while their glycosaminoglycan (GAG) side chains behave as
bridges between neighboring collagen fibers (Cheng et al.
2013; Hatami-Marbini and Pinsky 2009; Lewis et al. 2010;
Scott and Thomlinson 1998). GAGs can be divided into two
main groups of non-sulfated and sulfated GAGs. The chon-
droitin sulfate (CS), dermatan sulfate (DS), keratan sulfate
(KS), and heparin sulfate (HS) are among the commonly
seen sulfated GAGs (Gandhi and Mancera 2008; Pomin and
Mulloy 2018). These sulfated GAGs are negatively charged
with a strong tendency to attract and retain large volume
of water molecules into the scleral extracellular matrix.
In addition to the importance of GAGs in fibrillogenesis
(Chen et al. 2020; Chen and Birk 2013; Vogel and Trotter
1987), they play important roles in hydration and mechanical
properties of ocular tissues (Hatami-Marbini 2014; Hatami-
Marbini and Etebu 2013; Hatami-Marbini et al. 2013;
Hatami-Marbini and Pachenari 2020a, b, c; Pachenari and
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Hatami-Marbini 2021; Rada et al. 1997). The GAG repeat-
ing units, called disaccharides, are composed of an uronic
acid and an amino sugar (Zhang et al. 2010). At physiologi-
cal pH, GAGs are negatively charged because of deprotona-
tion of their carboxylic acid and sulfate groups. Collagen
molecules also contain electric charges at non-physiological
pH; however, their net electric charge is almost zero at physi-
ological pH, i.e., the total net negative charge of the sclera at
neutral pH is because of the GAGs. The scleral extracellular
matrix can be considered as an electroactive polyelectrolyte
in which GAGs with a net electrical charge are chemically
bound to collagen fibers (Elliott and Hodson 1998; Huang
and Meek 1999; Loret and Simdes 2010).

The primary objective of the present study was to char-
acterize the electromechanical response of the scleral tissue
using an experimental and numerical framework. For this
purpose, we used an experimental technique that has com-
monly been used to investigate the mechanical response of
electroactive hydrogels under an applied electric potential
(Bassil et al. 2011; Li et al. 2016; Morales et al. 2014; Shang
et al. 2008a, b; Shiga and Kurauchi 1990; Sun and Mak
2001; Yew et al. 2007; Zhang et al. 2020). In this approach,
rectangular-shaped hydrogel strips are placed between two
parallel carbon electrodes in a chamber filled with solu-
tion and their deformation is measured after applying the
electric potential. The applied DC electric field exerts an
effective force on the charges inside the gels and solution.
Furthermore, the external electric field causes unbalanced
local swelling of hydrogel strips leading to their bending
in response to the applied electric field (Doi et al. 1992;
Gong et al. 1994). The extracellular matrix of sclera includes
immobile GAGs that are negatively charged; thus, it is
expected that when it is placed between two electrodes in a
salt solution, it shows the same bending response that has
been documented for electroactive hydrogels. We tested this
hypothesis in the present work and characterized the param-
eters that affect the mechanical deformation of the sclera
under an external electric potential.

In addition to experimentally investigate the electroactive
response of the scleral tissue, we developed a chemo-elec-
tro-mechanical mathematical framework and numerically
described the experimental measurements. In the follow-
ing, a brief overview of the previous numerical modeling of
polyelectrolyte gels is given; refer to (Chinthala et al. 2021;
Wallmersperger et al. 2013) for more complete review. Flory
and Rehner were among the first who presented a statistical
theory for swelling of charged network structures based on
the entropy change (Flory and Rehner 1943a, b). This mac-
roscopic theory works well for chemical stimulations where
the concentration of ion species is independent of their spa-
tial position. However, it becomes cumbersome when ion
concentrations are dependent on their local position in the
gel, for example, in the presence of an electric field (Guelch
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et al. 2000). Thus, coupled multi-field formulations have
been created to express the coupling between electrical,
chemical, and mechanical fields governing the behavior of
polyelectrolyte hydrogels (Ballhause and Wallmersperger
2008; De Gennes et al. 2000; De et al. 2002; De and Aluru
2004; Grimshaw et al. 1990; Wallmersperger et al. 2004,
2007). In coupled multi-field formulations, chemical and
electrical field equations are used to numerically represent
the distribution of ion concentration and electric potential,
while mechanical field equations give the deformation of
gels. The osmotic pressure, defined based on ion concen-
tration differences, is used to couple different equations
together. The chemo-electro-mechanical (CEM) multi-field
equations have been solved using different methods for dif-
ferent purposes in the literature (Ballhause and Wallmer-
sperger 2008; De et al. 2002; De and Aluru 2004; Li and
Lai 2011; Wallmersperger et al. 2004; Yew et al. 2007). For
example, the large deformation electromechanical response
of ionic hydrogels was numerically examined by a CEM
model based on higher-order terms in the strain tensor and a
linear elastic constitutive model (Elshaer and Moussa 2014).
The bending behavior of electrically stimulated cantilevered
hydrogels was also explored using a CEM model developed
based on a linear elastic model and solved by FEM (Attaran
et al. 2015, 2018). A similar model was recently used for
characterizing the properties of electroactive hydrogels for
possible use in cartilage-tissue repair applications (Farooqi
et al. 2020). In addition to the CEM models, other models
such as multi-phasic mixture theory (Hatami-Marbini 2013)
can also be used to simulate the behavior of ionic gels (Li
et al. 2004; Yuan and Li 2013). In the present study, we
developed a novel nonlinear CEM formulation that uses an
anisotropic nonlinear hyperelastic material model for the
mechanical response of the sclera and the nonlinear cou-
pled Poisson—Nernst—Planck model for the interactions and
distribution of free ion interactions and electrostatic poten-
tial. The resulting coupled nonlinear CEM equations were
solved using the finite element method in order to numeri-
cally represent experimental measurements and investigate
the effect of various parameters on the electroactive response
of the sclera.

2 Materials and methods
2.1 Experiments

Fresh porcine eyes were collected from a slaughterhouse
and were brought to the laboratory within 1 h. In the labo-
ratory, fat and extraocular muscles were removed care-
fully from the eyeballs. Then, scleral strips of size 25 mm
by 2.5 mm were excised in superior—inferior direction in
vicinity of the equator line from each eyeball (Fig. 1a).
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Fig.1 a The scleral strips were obtained from the vicinity of the
equator line in the superior—inferior direction. b The schematic illus-
tration of the experimental setup. The scleral strips were immersed in
0.15 M NaCl solution and were fixed between clamps. The electric

The thickness of samples was measured using an ultra-
sonic pachymeter (DGH 555B—Exton, PA, USA), and
they were mounted into a custom-designed chamber in
order to measure their mechanical response under a DC
electric field.

The custom-designed chamber was made up of two elec-
trodes, 5 cm apart, and a clamp in the middle for holding one
end of the samples firmly in place. The scleral strips were
placed in the testing chamber from their superior side end,
i.e., all samples were clamped from the same side. The free
end of the strips was marked with a small red dot of size
about 1 mm in order to track the movement of their tips. The
chamber was filled with 0.15 NaCl solution, and an electric
potential was applied using a DC power supply (BK Preci-
sion 1666, CA, USA) for 60 s. All experiments were done
at 37 °C temperature, and the temperature of the solution
was monitored using a thermometer (OMEGA HHO11T, CT,
USA). We used an electric potential of 10, 12.5, and 15V
and tested five scleral strips at each voltage. We selected
these voltages in order to induce a measurable deformation
and characterize the dependence of bending deformation of
sclera on voltage. However, these voltages may not be physi-
ologically relevant.

Because of the application of the voltage, the strips were
bent. The deformation of specimens was recorded using
a high-resolution digital microscope (Koolertron SMP
20-300X, Shenzhen, China) that were mounted perpendic-
ular to the testing device (Fig. 1b). The bending angle was
defined as the rotation, measured in degrees, of the line pass-
ing through the point at the clamped end of the samples and
the point at their free end. A Python code using OpenCV was
written to automatically extract the movement of sample tips
from these recordings (Bradski and Kaehler 2008), i.e., the
bending angle of scleral strips was calculated automatically

1: Anode

2: Cathode
3: Camera
4: Clamp

S: Electrode
6: Container

voltage was applied and a digital camera recorded the deformation of
strips. The bending angle was defined as the angle that a straight line
connecting the free and clamped ends of scleral strips before and after
deformation

and in real time. Figure 1 shows the main components of the
experimental setup schematically.

The experiments were performed in NaCl solution in
order to have only two mobile ion species in the bathing
solution and avoid unnecessary complications in the pro-
posed numerical model. We used a universal pH indicator
(Bogen’s universal pH indicator solution) to monitor the
propagation of pH waves upon applying the voltage inside
the custom-designed chamber filled with saline solution.
These tests were used to choose the duration of electrical
stimulations such that pH waves do not reach the samples
and influence experimental measurements.

2.2 Numerical model

The nonlinear coupled Poisson—Nernst—Planck (PNP) sys-
tem describes the concentration of charged ion species under
the influence of both an ionic concentration gradient V¢ and
an electric potential ¢ (Attaran et al. 2015; Ballhause and
Wallmersperger 2008; Chen and Ma 2006; De and Aluru
2004; Luo et al. 2007; Wallmersperger et al. 2004),

dc, + -
=V (D Vg + 1oFzyc, V), @ = Na*,Cl
ey
V2¢ = _L Z 2qCq
180 pona® CI" fixed

where ¢ is the time, D,, is the diffusivity of ionic species, ¢,
is the concentration of species, z, is the valence of species,
u,=D,/RT is the mobility of ionic species, F is the Faraday
constant, 7 is the temperature, R is the gas constant, ¢ is
the electrical permittivity of vacuum, and ¢, is the relative
permittivity.
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The theory of linear elasticity has often been used to
describe the mechanical field in previous numerical models
proposed for simulation of electroactive hydrogels (Attaran
et al. 2015; Ballhause and Wallmersperger 2008; Luo et al.
2007; Wallmersperger et al. 2004, Mehr and Hatami-Marbini
2022). However, the sclera has a complex nonlinear hyper-
elastic behavior and the orientation of collagen fibers should
play a key role in defining its mechanical response. Thus, we
herein used the following strain energy function, which is the
summation of strain energy of the matrix F,(1,) and that of the
collagen fibers F;(1), to represent the mechanical properties of
scleral tissue (Girard et al. 2009a; Hatami-Marbini and Maulik
2016; Holzapfel 2000; Wang and Hatami-Marbini 2021; Weiss
et al. 1996),

z
(1p+5

w=F,d)+ / P(a)F(A)da + g(ln J)? (2a)

a,—

[SIE]

where

Fm(il) = Cl(jl - 3)
Fp(2) = ¢3(e(Ei(c, ) — Ei(cy)) — In ) (2b)
2 =1I,=aya) C-aya),

and P(a) is the semicircular von Mises fiber distribution
function defined as,

ekr cos Z(a—a,,).

Pla) = ——
(k) (2¢)

In the above equations, k; is the fiber concentration factor
controlling the collagen fiber alignment along a preferred fiber

orientation a, and (k) is the Bessel function of the first kind,

a

1 Ccosx
Io(ky) = - / eRreosxqy. 2d)
0

Furthermore, 7, and I, are the first and fourth invariants of
the isochoric right Cauchy—Green deformation tensor C, 1 is
the deviatoric part of the stretch along the fiber direction, J
is the determinant of the deformation gradient, ay(a) is the
unit vector representing the collagen fiber direction, Ei is
the exponential integral function, K is the bulk modulus, c,
is the exponential fiber stress coefficient, and c, is the rate
of uncrimping collagen fibers (Grytz and Meschke 2009).

The coupling of chemo-electro-mechanical fields was
defined through the differential osmotic pressure Az and
its relation to the body force b that appears in the linear
momentum equation (Ballhause and Wallmersperger 2008;
Bassetti et al. 2005; De and Aluru 2004; Doi et al. 1992;
Shang et al. 2008b; Shiga and Kurauchi 1990; Wallmersper-
ger et al. 2004)
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where A7, and A7, are the normalized differential osmotic
pressures at the anode side and cathode side, respectively.
The normalized differential osmotic pressure is defined as

. Arx
Az = ﬁ = [(Ci)sclera - (Ci)solulion]' (4)
i=Na*,CI~

After deriving the weak forms of PNP and mechanical
partial differential equations, we discretized them in time
using backward Euler scheme and linearized them using
Newton's method (Langtangen and Mardal 2016). We then
implemented them in the open-source platform FEniCs in
order to solve them using the finite element method (Alnaes
etal. 2015; Logg et al. 2012). Two different solution strate-
gies have been commonly used in the literature. One could
solve chemo-electrical fields at a given time step, use the
results for solving the mechanical field equations, then
update the geometry (based on the solution of mechanical
fields), and solve chemo-electrical fields in the next time
step, and keep repeating this procedure at all time steps. This
method is called a fully coupled approach and is computa-
tionally expensive. In the second solution method, chemo-
electrical fields are first solved to obtain the ion concen-
tration and electric potential distribution in the sclera and
surrounding solution at all time steps without updating the
simulation domain geometry. Then, mechanical field equa-
tions are solved in order to obtain the deformation of the
scleral region. The latter method, which we used in the pre-
sent work, does not require the geometry of the simulation
domain to be updated at each time step and thus is compu-
tationally less involved. This semi-coupled solution method
has often been used for problems where the deformation of
the solid domain is not very large.

We first validated our implementation of the fiber consti-
tutive model, Eq. (3), in FEniCs by comparing our numerical
solution of a biaxial extension test on a hexahedron element
with its analytical solution (see “Appendix 1””). We also vali-
dated our implementation of the above coupled CEM model
in FEniCs against a previous study (Wallmersperger et al.
2004) in which a linear elastic theory has been used (see
“Appendix 2”). Figure 2 shows the geometry that was used
to represent experimental measurements in our numerical
simulations. In the present work, we used a 2D geometry,
because of existing symmetries, for solving chemo-electrical
fields and a 3D geometry, including the collagen fiber ori-
entation, for solving mechanical equilibrium equations. The
solution of the PNP system gave the chemical and electrical
fields. The Lagrange elements were used, and the required
mesh resolution was found such that the number of elements
had no significant effect on the numerical results. The mesh
density was increased significantly at the sclera—solution
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Fig.2 a Schematic 2D illustra-
tion of computational domains
including the solution and scle-
ral strips. b Scleral strips were
modeled in 3D with ,, defining
the orientation of collagen fib-
ers in the yz-plane: o, =0 and
a,=90° correspond to when
collagen fibers are aligned in the
y- and z-axis, respectively

interfaces in order to be able to capture the steep gradient
of mobile ion concentrations at this region (Fig. 2a). The
following boundary and initial conditions were used for
the PNP system (chemo-electrical field). The molarity of
the NaCl solution in experiments was 0.15; thus, we used
Cop- = Cnyt = 150 mol/m? in the solution domain. Further-
more, half of the applied electric potential in the experi-
ments was applied at the anode and — ¢/2 was applied at the
cathode. The initial concentration of mobile species inside
the scleral domain was obtained from the ideal Donnan
equation (Gu et al. 2004; Lanir et al. 1998):

2 2
Clixed T \/Cﬁxed + 4(CNH+ )solution

(CNa+ ) sclera

&)

2
—Choq A/ +4 (c - ) g
fixed fixed CI™ / solution
(C o ) = .
sclera 2

Furthermore, we used F=96,487 C/mol, g,=8.85X 10712
F/m, €,=75, 2yt =—201- =—Zfxea = 1, R=8.3143 J/mol K,
T=310 K, Dy,+=1.16x107°, and D¢-=1.6x 1072 (Gu
et al. 2004; Liu et al. 2005). The mechanical field was solved
by constructing a 3D bar-shaped geometry representing
scleral strips with length of 20 mm, width of 2.5 mm, and
thickness of 0.75 mm. We assumed collagen fibers to be
distributed in the yz-plane. The scleral strips were clamped
at the top in the experiments; thus, zero Dirichlet displace-
ment boundary conditions were applied at the top of the
scleral domain.

In order to find the material constants, i.e., fixed charge
density (FCD), ¢y, c3, ¢,, and k;, we used the differential evo-
lution optimization algorithm to find the closest numerical
fit to experimentally measured bending angles (Price et al.
2006). The cost function h was defined as

h Ly 0 O 6
- % & < iexp i,num) ( )

1

vI IELEE

| /-QSolution \ 1
T — . e - \— Al

X

(b)

where Ei’exp and 5i’num are average bending angles at time
i obtained experimentally and numerically, respectively.
We fitted the numerical model to the average bend-
ing angles obtained from the experiments conducted
at 10 V, 12.5 V, and 15 V separately. Furthermore, we
selected 10 KPa<c; <500 KPa, 5 KPa<c; <100 KPa,
50<¢,<1000, 0.1 <k<10 as model parameter ranges in
the differential evolution algorithm (Feola et al. 2016; Girard
et al. 2009a, b). In all numerical simulations, the bulk modu-
lus K=10 MPa was used to ensure incompressibility (chang-
ing K to higher values had very little impact).

3 Results and discussion

The average thickness of 15 scleral samples was
0.78 £ 0.03 mm which agrees with previous studies (Pache-
nari and Hatami-Marbini 2021). There was no significant
change in the weight and thickness of samples before and
after the experiments. All experiments were done at 37 °C
temperature, and no significant change in the temperature
was observed. The following chemical reactions at the vicin-
ity of the electrodes occur because of the external electric
field:

2H,0 + 2¢” — H, + 20H"
6H,0 — O, + 4H,0" + 4e”

(Cathode)

(anode).

The hydroxide and hydronium ion transfer into the solu-
tion creates pH waves that propagate from each electrode
with a velocity proportional to the magnitude of the external
electric field (Glazer et al. 2012). The penetration of pH
waves into scleral strips could affect their bending response
by altering the amount of their fixed charges; however, the
proposed numerical model does not include the variation
of fixed charges due to the pH variation (O’Grady et al.
2009). The influence of pH gradient has previously been
reported in electroactive hydrogels (Glazer et al. 2012; Kim
et al. 1999; O’Grady et al. 2009; Shang et al. 2008b). The
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interpretation of experimental measurements becomes diffi-
cult if the electric potential is applied long enough for the pH
waves to reach scleral strips. Here, we limited the duration
of the experiments such that pH waves did not influence the
measured scleral deformation. For this purpose, we used the
universal pH indicator (Bogen’s universal pH indicator solu-
tion) and characterized the propagation of pH waves inside
the solution upon applying the voltage. Figure 3 indicates
that it took more than one minute for the pH waves to reach
the center of the testing chamber, i.e., the location of the
samples. This observation confirms that the penetration of
pH waves did not affect the measured bending response of
scleral strips. Figure 3 also suggests that hydroxide ions
moved faster compared to hydronium ions, which agrees
with previous studies (Glazer et al. 2012).

Figure 4 shows the bending angle of anterior scleral
strips as a function of time as they were subjected to the
electric potential. The scleral strips bent toward the cathode
under an external electric field, suggesting that the sclera
is an anionic polyelectrolyte. This electroactive behavior
is because applying the voltage causes mobile ion species
inside the domain to migrate toward their counter electrodes
(Kim et al. 1999; Li et al. 2016). This ion transportation
affects the concentration of sodium and chloride ions near
interfaces of the sample and solution leading to generation
of differential osmotic pressure at different sides of scleral
strips. As the osmotic pressure near the anode side of strips
was higher compared to the cathode side, they bent toward
the cathode. The experimental results presented in Fig. 4
also demonstrate the effect of the voltage on the bending
angle of scleral strips. Increasing the voltage from 10 to
15 V increased the average bending angle after 60 s from
nearly from 4° to 9°. This is because increasing the voltage
leads to higher speed of ion movement inside the solution,
i.e., the faster creation of differential osmotic pressure at the
interface of the solution and sample causes larger electroac-
tive bending deformation. The dependence of the bending
response on the strength of the electric potential observed

Fig.3 Propagation of pH waves
from the electrodes at 15 V in
0.15 M NacCl solution before,
after 1 min, after 3 min, and
after 5 min of the electrical
stimulation. The green color
corresponds to the neutral
medium (i.e., pH~7), while
the red and black colors show
the acidic (i.e., pH~3) and
basic (i.e., pH~ 10) mediums,
respectively
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Fig.4 a The effect of electric potential on the bending angle of scle-
ral strips in 0.15 M NaCl solution. The symbols show the experimen-
tal measurements, and solid lines represent the fits obtained from
the numerical model. b The bending of typical scleral strips at 10 V,
12.5V,and 15V at 0,30 s, and 60 s

here is in agreement with previous studies on polyelectrolyte
hydrogels (Jiang et al. 2019; Kim et al. 1999; Li et al. 2016;
Shang et al. 2008a, b).

We numerically simulated the electroactive bending
response of scleral strips by presenting and implementing
a FEM-based CEM model. For this purpose, we solved
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nonlinear coupled constitutive equations of the PNP sys-
tem along with the governing equations for the mechanical
field. The solid lines in Fig. 4 represent the numerical fits
to experimental measurements. We determined constitutive
model parameters, ¢, ¢3, ¢, and k; from fitting the numerical
model to experimental measurements using the differential
evolution optimization algorithm. Table 1 gives material
parameters of the numerical model that was obtained. It is
noted that the estimated fixed charge density (FCD), ¢g,.q
~ 7.5-8.2 mM, is within previous reports for the expected
scleral GAG content. The scleral GAG content is almost

Table 1 The model parameters that were obtained from fitting the
average experimental measurements at different voltages

Parameters Values

(p=10V) (p=12.5V) (p=15V)
c 125.56 Kpa 107.98 Kpa 97.23 Kpa
c3 27.86 Kpa 26.06 Kpa 24.19 Kpa
Cy 281.47 293.48 160.53
K 10 Mpa 10 Mpa 10 Mpa
ke 3.18 2.81 2.99
a, 0° 0° 0°
Cixed 8.18 mM 7.53 mM 7.54 mM

Unless otherwise mentioned, the material parameters obtained for
experiments done at ¢=10 V were used in parametric numerical
studies investigating mobile ion distributions and effects of the FCD
and collagen fibril orientations

(@

[mm]

1.2

.: 1.0
- 08
— 06

[0.4
0.2
t=0 t=30s t=60s

Fig.5 a The numerical results for the deformation of scleral strips
under 10 V at =0, t=30 s and t=60. The deformations are pre-
sented in 3X exaggerated. The color bar represents the magnitude of
displacement, and solid black lines correspond to the initial shape of

one quarter of corneal GAG charge density of 30—-40 mM
(Borcherding et al. 1975; Forrester et al. 1996; Huang and
Meek 1999; Loret and Simdes 2017).

The numerical predictions for the deformation of scleral
strips and mobile ion distributions under 10 V of electrical
stimulation are shown in Fig. 5a. The results shown in this
plot are obtained from simulating the electroactive bending
response of the sclera using the FEM-based CEM model
(Table 1). The gradual forming of concentrations gradient
near the interface of the sample and solution is shown in
Fig. 5b. At the beginning (t=0), the distribution of mobile
ions has a step shape. Upon applying the electric voltage, the
gradient of concentrations adjacent to the anode and cath-
ode sides of the samples increases continuously with time.
This time-dependent behavior of mobile ion distributions is
similar to what has previously been reported in other stud-
ies (Attaran et al. 2015; Wallmersperger et al. 2004). The
respective increase and decrease of ion concentrations near
the cathode and anode are in agreement with the theory of
depletion polarization (Kwon et al. 1994).

We investigated numerically the effect of the electric volt-
age and FCD on the distribution of mobile Na* and C1™~ ions
in Fig. 6. It is noted that the gradient of mobile ion con-
centrations in the vertical direction is negligible because of
the dimension of samples and the experimental setup. In
these figures, the mobile ion concentration is plotted along
x-axis (y=0.03 m). An increase in concentrations at the
boundaries of scleral strips and the solution is seen with

(b)
~
=
£
p—
+
(o]
Z
(&)
140
0.023 0.024 0.025 0.026 0.027
160 X (m)
155
~
S 1s0
£
-
5 145
(&)
140
0.023 0.024 0.025 0.026 0.027
X (m)
seecee t=0(s) ———- t=30(S) =— t=60(s)

the sample before applying the voltage. The black and red terminals
correspond to the cathode and anode. b The distribution of sodium
and chloride ion concentrations at y=0.03 m under 10 V
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Fiber Concentration Factor, k;

and b concentration factor k; on the electroactive bending behavior of scleral strips. The

numerical simulations were done using model parameters reported in Table 1 for experiments performed at 10 V

increasing the voltage and FCD. Figure 7 shows the effects
of collagen fiber orientation and concentration factor on the
bending angle of scleral strips. The critical role of colla-
gen fibers in the biomechanical response of sclera has been
previously confirmed (Coudrillier et al. 2015; Girard et al.
2011; Girard et al. 2009a). Here, scleral strips were cut in
the superior—inferior direction from eyeballs near the equa-
tor line (Fig. 1). Figure 2 schematically shows meridional

@ Springer

(a,=0°) and circumferential (o, =90°) fiber orientations. It
should be noted that collagen fibers are meridionally aligned
in the area close to the equator line (Girard et al. 2011).
Thus, we used a preferred fiber orientation, i.e., aP=O°,
in numerical simulations, where the fibers were assumed
to be confined within the yz-plane (Fig. 2b). We observed
that changing the fiber orientation from the meridional into
circumferential direction would significantly decrease the
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scleral bending angle. The same trend could be seen with
increasing the fiber concentration factor k. This parameter
controls the collagen fiber alignment along a preferred fiber
orientation and acts as an amplifying parameter on the bend-
ing response of scleral strips (Girard et al. 2009a). When k;
is equal to zero, collagen fibers are randomly oriented rep-
resenting equal stiffness in all directions. On the other hand,
if k; becomes very large, fibers become perfectly oriented
along the defined preferred orientation (Girard et al. 2009a).
Figure 7 shows that increasing this parameter has a consider-
able effect on increasing the bending angle of the samples.
This is an important numerical observation since collagen
fibers have different orientation around the eyeball. Thus, we
could hypothesize that strips obtained from different regions
of eyeball would show different amount of bending deforma-
tion in response to an applied electric voltage.

This study has a number of limitations. For example,
although numerical model parameters were in agreement
with the range of values previously reported for monkey
sclera (Feola et al. 2016; Girard et al. 2009b), a complete
sensitivity analysis and using other optimization algorithms
to obtain the fits can confirm their uniqueness (Hatami-
Marbini and Maulik 2016). Furthermore, the current experi-
ments can be complemented with mechanical experiments
in order to obtain a better representation of numerical model
parameters. For example, scleral strips prepared from the
same region could be tested mechanically in order to have
more experimental data for finding the material parameters.
The numerical model was able to capture the experimental
data, but there was some discrepancy between the model
predictions and experimental results. This could be because
of simplifications that we used in creating the numerical
model as well as errors that may have happened during the
experimental measurements. For example, using a semi-cou-
pled scheme to solve required partial differential equations
may have reduced the accuracy of the numerical model. We
are currently working on a fully coupled solver for charac-
terizing the electroactive response of the scleral tissue. In
addition, we assumed that that pH waves propagating from
the electrodes did not reach the samples during the experi-
ments as it is shown in Fig. 3. The fixed charges inside the
tissue are dependent on the pH of the surrounding medium
(Elliott and Hodson 1998; Huang and Meek 1999; Loret
and Simdes 2010, 2017). We cannot refute minor changes
to the pH of the solution near the samples. However, we
expect that possible changes of the pH near the strips had
little effects on experimental measurements. The proposed
numerical model was not able to consider the effects of the
pH gradient (e.g., penetration of pH waves inside the sam-
ples). We monitored the temperature of the solution using a
thermometer (OMEGA—HHO911T, CT, USA) and noticed
that the temperature remained almost constant around 37 °C
within the first three minutes of experiments performed

under 15 V of electrical stimulation. The scleral mechanics
depends on temperature; thus, the effect of temperature is
another potential improvement that could be considered in
future studies. All experiments were done in NaCl instead
of pH buffered solutions; this was done to limit the number
of ions in the solution and avoid unnecessary complications
in the proposed numerical model. The pH buffered solutions
include more than two ionic species, and Eq. (1) needs to be
modified to be able to describe the concentration of differ-
ent ions throughout the domain. We observed qualitatively
similar electroactive response in PBS; however, the exact
dependence of scleral electroactive response on solution
composition and type requires more attention and will be
investigated in our future studies. It is known that scleral
collagen fibers have different orientation around the eyeball.
However, we only obtained strips from the area close to the
equator line and in the superior—inferior direction, i.e., we
did not characterize the possible effects of fiber orientation
experimentally. Despite this, the numerical model showed
that the fiber orientation significantly affects the electrome-
chanical response of the sclera, which can be experimentally
verified by excising samples from other directions and from
different parts of the eyeball in future studies. Finally, the
numerical model was developed based on the assumption
that the orientation of collagen fibers along the depth of
the sclera is constant and there is no out-of-plane variation.
However, collagen fibers are not solely distributed in plane
(Gogola et al. 2018; Jan et al. 2017; Yang et al. 2018).

4 Summary and conclusions

In this paper, we used an experimental and numerical frame-
work to investigate the electroactive response of sclera.
For this purpose, we placed scleral strips in NaCl solution
between two electrodes and recorded their bending deforma-
tion in an electric field. We observed that scleral strips bent
toward cathode and the amount of their deformation was
proportional to the magnitude of the applied DC voltage.
Furthermore, we developed a computational CEM model
to numerically represent the experimental measurements.
In this model, we used the nonlinear coupled PNP system
for the motion of charged ion species under the influence
of the ionic concentration gradient and electric potential.
Furthermore, we used a nonlinear anisotropic hyperelastic
constitutive model for the mechanical response of sclera
strips. The constitutive model was written as the summation
of strain energies of the proteoglycan matrix domain and
the collagen fiber reinforcements. We defined the coupling
of chemo-electro-mechanical fields through the differential
osmotic pressure. Using the numerical model, we studied
the effect of a number of parameters, such as the magnitude
of the electrical field, fixed charge density, and orientation

@ Springer



1334

H. Hatami-Marbini, J. A. Mehr

and concentration of collagen fibers on the deformation of
scleral strips in an electric field.

The experimental and numerical framework of the pre-
sent research can be used to estimate the amount of fixed
charge density inside the tissue. This is because the elec-
troactive response of the sclera is highly dependent on
the fixed charge density. The GAG content of the sclera
and subsequently the fixed charge density change in sev-
eral eye-related disorders. For instance, the accumulation
of GAGs has been reported as a possible factor in tumor
extension in melanoma (Alyahya et al. 2003). In addi-
tion, the scleral GAG content is varied in eye diseases and
disorders such as myopia and glaucoma (Murienne et al.
2015; Norton and Rada 1995). It is noted that the orienta-
tion of collagen fibers changes because of aging, glau-
coma, and myopia (Coudrillier et al. 2015; Markov et al.
2018; Pijanka et al. 2012); a numerical model such as the
one that was developed here is capable of separating the
effects of collagen fiber orientation and fixed charge den-
sity. In such studies, the actual fiber distribution, instead of
the theoretical fiber distributions considered here, can be
fed into the numerical model. The amount of fixed charge
density in the tissue can also be manipulated by remov-
ing GAGs enzymatically (Hatami-Marbini and Pachenari
2020c, 2021; Murienne et al. 2015). A better calibration
of the numerical model parameters can be obtained by
combining the electromechanical tests of the present work
with the mechanical tests such as tensile experiments. It is
noted that determining GAG density using chemical assays
such as 1,9-dimethylmethylene blue (DMMB) assay makes
the tissue inaccessible for any further analysis. However,
the current methodology allows quantification of the GAG
density without damaging the samples, i.e., mechanical

properties of the samples can be determined after their
electromechanical response has been characterized. The
present work was focused on showing that sclera is an
electroactive biomaterial and on developing a numerical
framework for its electromechanical response. Future stud-
ies are required to extend the present study and show its
application for better understanding the mechanical behav-
ior of sclera.

Appendix 1: Validation of hyperelastic
mechanical model

We verified the FE implementation of the proposed nonlin-
ear hyperelastic behavior model by performing a numerical
biaxial extension test on a hexahedron element and compar-
ing it to the analytical solution. The model parameters were
¢;=10Pa, ¢;=50 Pa, ¢,=5, and K=1 MPa. We assumed
that all fibers were contained within the xy-plane and in the
y-direction. We considered different values for the fiber con-
centration factor k;. Figure 8 shows that there is an excellent
agreement between the numerical and analytical values. In
addition, our numerical results agree with previous studies
(Girard et al. 2009a).

Appendix 2: Validation
of chemo-electro-mechanical model

We validated the numerical implementation of the CEM
model of the present study by solving a special case where
linear elastic constitutive equations are considered for the
mechanical field and solved previously by Wallmersperger

Flg.§ Validation of .the 1000 FEM (FEniCS) Y

nonlinear hyperelastic model &
for the biaxial extension test — .. Oy (kf=5) .
on a hexahedral element. The sennnas Oy (kp = 2) /S
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Oyy (k¢ =5)
* Uyy (kf = 2)
4+ om0y (ke=0)
m Oxx (kf - 2)
® Oy (kg=5)
-
..... -
0 & L y
1 11 1.2 13 14 15 1.6

@ Springer

Stretch Axx= Ayy



Modeling and experimental investigation of electromechanical properties of scleral tissue;... 1335

(@

5cm

Scm

-0.5 L
0 0.01 0.02 0.03 0.04 0.05

15 . X (m)

Ce- (mM)

-0.5 L L L
0 0.01 0.02 0.03 0.04 0.05

X (m)

Initial Solution ==== Stationary Solution e

Fig. 9 a A rectangular gel in a solution bath subjected to an electric field. b The initial (dashed lines) and stationary (solid lines) concentrations

of sodium and chloride ions at y=0.025 m

Table 2 Parameters used

P t F R T Dy  De-

for solving the PNP system arameter % & a4 Hxed Na a

(Wallmersperger et al. 2004) Value 96,487 8.85x1072 100 1 -1 -1 83114 293 107 107
Unit c¢/mol F/m J/mol K K m?/s m?/s

Table 3 Initial and boundary conditions (Wallmersperger et al. 2004)

Initial conditions Boundary conditions

Solution Gel Anode Cathode

Gt =1mM G+ =5.193mM  ¢=01V $=-0.1V

Co-=1mM Cq-=0193mM Cypr =1mM  Cy» =1 mM
Cliyed = 5 mM Co-=1mM Cq- =1mM

et al. (2004). To this end, we considered a 5 cm X 5 cm solu-
tion domain with a 4 mm X 10 mm rectangular gel domain
at the center (Fig. 9). The parameters used in this simulation
along with the initial and boundary conditions are given in
Tables 2, and 3 and are the same as those used in the previ-
ous study (Wallmersperger et al. 2004). The distribution of
sodium and chloride ions is plotted in Fig. 9. An excellent
agreement is observed between the results shown in Fig. 9
and those previously published.
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