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a b s t r a c t 

The sclera provides mechanical support to retina and protects internal contents of the eye against external

injuries. The scleral extracellular matrix is mainly composed of collagen fibers and proteoglycans (PGs).

At physiological pH, collagen molecules are neutral but PGs contain negatively charged glycosaminogly- 

can chains. Thus, the sclera can be considered as a polyelectrolyte hydrogel and is expected to exhibit

mechanical response when subjected to electrical stimulations. In this study, we mounted scleral strips,

dissected from the posterior part of porcine eyes, at the center of a custom-designed container between

two electrodes. The container was filled with NaCl solution and the bending deformation of scleral strips

as a function of the applied electric voltage was measured experimentally. It was found that scleral strips

reached to an average bending angle of 3 °, 10 ° and 23 ° when subjected to 5V, 10V, and 15V, respec- 

tively. We also created a chemo-electro-mechanical finite element model for simulating the experimental

measurements by solving coupled Poisson-Nernst-Plank and equilibrium mechanical field equations. The

scleral fixed charge density and modulus of elasticity were found by fitting the experimental data. The

ion concentration distribution inside the domain was found numerically and was used to explain the un- 

derlying mechanisms for the scleral electroactive response. The numerical simulations were also used to

investigate the effects of various parameters such as the electric voltage and fixed charge density on the

scleral deformation under an electric field.

Statement of significance

This manuscript investigates the electroactive response of scleral tissue. It demonstrates that the sclera

deforms mechanically when subjected to electrical stimulations. A chemo-electro-mechanical model is

also presented in order to numerically capture the electromechanical response of the sclera. This numer- 

ical model is used to explain the experimental observations by finding the ion distribution inside the

tissue under an electric field. This work is significant because it shows that the sclera is an electroactive

polyanionic hydrogel and it provides new information about the underlying mechanisms governing its

mechanical and electrical properties.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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. Introduction

The sclera, a dense connective tissue constituting more than 

0% of the outer surface of the eyeball, is essential for optical sta- 

ility of the eye and protects its inner delicate contents from ex- 

ernal damages and laceration. The sclera also provides mechan- 

cal support to retina and resists deformation caused by internal 

nd external loads during eye movements or fluctuating intraocu- 

ar pressure (IOP). The scleral extracellular matrix is mainly com- 
∗ Corresponding author: 2039 Engineering Research Center, 842 West Taylor St,

hicago IL 60607
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osed of collagen, elastin, proteoglycans (PGs), and other glycopro- 

eins [1–3] . PGs consist of a core protein to which glycosamino- 

lycan (GAG) chains are covalently attached. The GAG content of 

he sclera is between 0.5% and 1% of its dry weight [4] . The west-

rn blot analyses and immunohistochemistry have been used to 

how the presence of lumican, aggrecan, biglycan, and decorin in 

he human sclera [ 5 , 6 ], which have been suggested to contribute 

o scleral structural properties. For example, they have been shown 

o play a role in the increase of scleral rigidity and stiffness with 

ging [7] . 

GAGs are important in defining tensile properties of the sclera 

8–10] . GAGs draw water into the tissue and subsequently affect 

he mechanical properties of sclera; tensile and shear properties 

f ocular tissues, i.e. cornea and sclera, have been shown to de- 
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end onhydration [11–14] . GAGs are linear polysaccharides that 

re negatively charged under physiological conditions. The building 

locks of GAGs are an amino sugar (including a sulfate SO 3 
−) and 

n uronic acid (containing a carboxyl COO 
−) [ 15 , 16 ]. Chondroitin

ulfate, dermatan sulfate, keratan sulfate, and heparin sulfate are 

mong the GAGs that are commonly found in the sclera [17] . It 

hould also be noted that collagen molecules contain both amino 

H 3 
+ and carboxyl groups COO 

− and become positively and nega- 

ively charged at low and high pHs, respectively [ 18 , 19 ]. Due to the

resence of fixed charges in its extracellular matrix, the sclera is 

xpected to act as a polyanioinic or polycationic hydrogel depend- 

ng on the pH of the surrounding medium. Under physiological pH, 

Gs are negatively charged while collagen molecules are neutral 

 15 , 20 ]. Thus, scleral microstructure is similar to that of a natural

olyanionic gel and is expected to show an electroactive response 

 18 , 19 ]. The primary objective of the present study is to investigate

lectromechanical properties of sclera as a biological electroactive 

ydrogel. 

Electroactive hydrogels are important for different applications 

rom robotic and artificial muscles [ 21 , 22 ] to drug delivery systems

nd actuators [ 23 , 24 ]. These gels transform electrical energy into 

echanical work. There exists a vast literature on the deforma- 

ion of electroactive hydrogels but we here give a brief overview 

f this broad field; readers are referred to reference [25–28] for 

ore comprehensive review. Hamlen et al.’s work is one of the 

arly studies that showed swelling and shrinking of polyelectrolyte 

els in the presence of an electric field [29] . Later, Tanaka et al. de-

ermined the reversible volume change of polyelectrolyte gels be- 

ause of an electric field [30] . The effects of various parameters 

uch as environmental pH, bathing ionic strength, and crosslink 

ensity on the swelling and deformation of electroactive hydrogels 

n response to electrical stimulations have been studied [ 31 , 32 ]. 

he electro-chemo-mechanical response of collagen membranes as 

iological polyelectrolytes has also been characterized [ 33 , 34 ]. The 

ontraction and expansion of hydrogels under electrical stimula- 

ions is due to electrodiffusion, electroosmosis, and polymer defor- 

ation [ 35 , 36 ] as well as the electrophorectic and electro-osmotic 

ransport of ionic species and water molecules [ 37 , 38 ]. The bend-

ng of electroactive hydrogels under electrical stimulations is be- 

ause of the difference in the ion concentration inside and outside 

f gels [ 39 , 40 ]. A theoretical framework has been developed to ex-

ress the kinetics of swelling and shrinking in crosslinked poly- 

ethacrylic acid hydrogels under chemical and electrical stimula- 

ions [41] . Furthermore, a simplified theory for the swelling be- 

avior of ionic gels under an electric field showed that the speed 

f swelling is proportional to the square of the applied DC cur- 

ent [42] . A chemo-electro-mechanical (CEM) model has also been 

roposed for predicting the swelling and deswelling rates of hydro- 

els placed in pH buffer solutions [ 25 , 43 ]. A similar CEM model has

een used to show promising microfluidic applications of stimuli- 

esponsive hydrogels in high-speed valves and pumps [44] . The 

oupled CEM model explained the swelling of ionic polymer gels 

n terms of concentration differences at the gel–solution inter- 

ace [45] . The differences in numerical predictions of a fully cou- 

led CEM model and one-way chemo-electric to mechanical cou- 

led models have also been presented [46] . The CEM model has 

een used for characterizing the nonlinear deformation of a pH- 

ensitive hydrogel under an externally applied voltage [ 31 , 47 ]. For 

his purpose, the finite deformation formulation was built into the 

echanical equilibrium equations and the Newton–Raphson itera- 

ion methodology was used to numerically solve the problem. The 

resent work developed a coupled CEM model for the electroactive 

esponse of the sclera. 

The sclera can be considered as a biological polyanionic gel be- 

ause of the microstructure and composition of its extracellular 

atrix. In spite of significant literature on the structure and me- 
128 
hanical response of the sclera, its electromechanical properties 

ave not been thoroughly investigated. In the present work, we 

xperimentally quantified the electroactive response of the sclera 

nd created a mathematical model that captures the experimen- 

al measurements. For this purpose, we first demonstrated that the 

clera is an electroactive tissue by measuring its bending response 

nder an external electric field. In addition, we developed and im- 

lemented a numerical CEM model using coupled Poisson-Nernst- 

lank and equilibrium mechanical field equations. This model was 

sed to obtain the ion concentration distribution inside the domain 

nd explain the experimental measurements. The numerical model 

as also used to investigate the effects of various parameters on 

he deformation of the scleral tissue subjected to an electric field. 

. Materials and methods 

.1. Experiments 

Intact porcine eyes were obtained from a slaughterhouse and 

ere transferred to the laboratory at 4 °C. Scleral strips of average 
ize of 25mm × 2.5mm (length × width) were dissected from the 

rea close to the optic nerve head in the superior-inferior direction. 

he strips were dried in a desiccator for 24 hours in order to ob- 

ain their dry weight, W d . The dried strips were put in 0.15M NaCl

olution to swell and their wet weight, W s , was measured at dif- 

erent time intervals using a digital scale (Mettler-Toledo, OH, USA) 

ith 0.1 mg accuracy. The swelling ratio (S.R) was defined as (W s - 

 d )/W d and the strips were allowed to swell until their S.R was 

bout 2.0, which was their swelling ratio right after dissection [13] . 

fter measuring the thickness of specimens using a pachymeter 

DGH 555B - Exton, PA, USA), they were mounted at the center 

f a custom-designed container between two carbon electrodes, 5 

m apart from each other, Fig. 1 . The scleral samples were fixed 

rom the end closer to superior side while the other end was free 

o move; the free end was colored with red dye prior to mount- 

ng the samples in the testing device. The chamber was filled with 

.15M NaCl solution and the two carbon electrodes were connected 

o a DC current power supply (BK precision – CA, USA). A digi- 

al microscope camera (Koolertron-Shenzhen, China) recorded the 

ending deformation of samples as a function of time. A Python 

rogram tracked the movement of the red colored free end and 

ave the bending angle of the strips. The bending angle was de- 

ned as the deviation of tip of the samples with respect to their 

nitial straight state when no electric field existed, Fig. 1 . A total of

ighteen scleral strips were used to investigate the bending defor- 

ation at three electric potentials of 5V, 10V, and 15V. 

We performed additional experiments to determine the speed 

f pH waves in our experimental setup. Upon applying the voltage, 

he following chemical reactions occur near the electrodes [48] : 

 H 2 O + 2 e − → H 2 + 2O H 
− ( cathode ) 

 H 2 O → O 2 + 4 H 3 O 
+ + 4 e − ( anode ) 

(1) 

These reactions generate two pH waves that propagate from 

lectrodes. It has been previously shown that the pH wave prop- 

gation could affect the outcome of electro-actuation experiments 

48–51] . The pH waves propagate with a velocity proportional to 

he magnitude of the applied voltage and specific physical proper- 

ies of the experimental setup. We hypothesized that any change 

n the local pH of scleral strips would affect their net fixed charge 

ensity (this issue will be discussed later in this work). Thus, we 

sed universal pH indicators (Bogen’s Universal pH Indicator So- 

ution) to visualize the propagation of hydronium and hydroxide 

ons inside the testing chamber when the electric potential was 

pplied. This was done in order to obtain an estimate for the time 

hat it took for the pH waves to reach scleral strips and subse- 
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Fig. 1. A schematic plot showing main parts of the experimental device. The observed bending deformation of a typical scleral strip is also shown. The bending angle θ is 

the amount that the line connecting two end points of a sample rotates in response to an electric field. 
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uently affect the neutral pH of the solution. The duration of our 

xperiments, i.e. 60 s, was selected based on these measurements. 

.1.1. Statistical analysis 

One-way analysis of variance (ANOVA) was used to quantify the 

ffect of voltage on the bending angle of scleral strips. The level of 

tatistical significance was 0.05 in all statistical analyses. Data are 

resented as mean ± standard deviation. 

.2. Numerical model 

We used a coupled chemo-electro-mechanical model based on 

he nonlinear coupled Poisson-Nernst-Planck (PNP) system for nu- 

erical representation of experimental measurements. The Nernst- 

lanck equation expresses the diffusion, convection, and migration 

f charged particles and is given by 

∂ c i 
∂t 

+ ∇ . (−D i ∇ c i − z i μi F c i ∇ φ) = 0 , i = N a + , C l −, (2)

here φ is the electric potential, c i is the concentration of Na 
+ 

nd Cl − mobile species, D i is diffusion constant of mobile species, 

i = D i /RT is their mobility, R = 8.3143 J/mol.K is universal gas 

onstant, T is temperature, and F = 96487 C/mol is Faraday con- 

tant. Furthermore, the Poisson equation describes the electric field 

istribution inside a polyelectrolyte and is given by 

 
2 φ = − F 

ε 0 ε r 
( z N a + c N a + + z C l −c C l − + z F ixed c F ixed ) , (3) 

here ε0 = 8.85x10 −12 F/m is the vacuum permittivity, εr is the 

elative permittivity, c Fixed is the concentration of fixed charges, 

 Na + = 1, z Cl - = -1, and z Fixed = -1 are the valence of sodium

ation, chloride anion, and fixed charges, respectively. The weak 

orms of Eqs. (2) - (3) become as 

 

�
v c 

∂c i 
∂t 

dx + 

∫ 
�
D ∇ c i . ∇ v c dx + 

∫ 
�

μi F c i z i ∇ φ. ∇ v c dx = 0 , i = Na + , Cl −

 0 ε r 

∫ 
�

∇ v ϕ . ∇ φ dx − F 

∫ 
�

v ϕ ( z Na + c Na + + z Cl −c Cl − + z Fixed c Fixed ) dx = 0 

,

(4) 
129 
here v c and v φ are the test functions. We discretized the above 

NP system in time using backward Euler method and linearized 

t before writing its spatial discretization [52–56] . Moreover, the 

quation of equilibrium for the mechanical field is given by 

. σ + b = 
∂ 2 u 
∂ t 2 

 = ∇P, P = � ˜ π2 − � ˜ π1 

, (5) 

here σ = ( σ xx , σ yy , σ xy ) 
T is the stress, u = (u x ,u y ) 

T is the dis-

lacement vector, b = (b x ,b y ) 
T represents the body force, and P is 

he difference between differential normalized osmotic pressure, 

˜ π1 and � ˜ π2 , at the vicinity of anode side and cathode side of 

cleral strips, respectively [51] . The normalized differential osmotic 

ressure � ˜ π across the boundary of the domain is given by [ 39 , 

2–46 ]: 

π = RT 
∑ 

i = C l −,N a + 

[
( c i ) inside − ( c i ) solution 

]
, ˜ π = 

π

RT 
, (6) 

It is noted that b y ≈ 0 because of negligible variation in the 

oncentration of mobile species in y-direction ( Fig. 2 ). We used 

he linear elastic constitutive relation to relate the stress and strain 

ectors, ( 

σxx 

σyy 

σxy 

) 

= 

E 

1 − ν2 

( 

1 ν 0 
ν 1 0 
0 0 ( 1 − ν) / 2 

) ( 

ε xx 
ε yy 
ε xy 

) 

, (7) 

The weak form of the mechanical equation of equilibrium was 

ound after writing the right-hand side of the Eq. (5) as: 

∂ 2 u i 
∂ t 2 

= 

u i 
n − 2 u i 

n −1 + u i 
n −2 

�t 2 
, i = x, y, (8) 

here u i 
k are displacements at discretized time step k and �t is 

he length of the time step. The resulting coupled equations were 

mplemented in FEniCS and the chemical, electrical and mechani- 

al fields were found at each time step [56] . For this purpose and

onsidering the experimental set-up ( Fig. 2 ), we considered a 2D 

omain composed of the NaCl solution, �solution , and scleral strips, 

sclera , Fig. 2 . Linear and second order Lagrange elements were 

sed for solving electrochemical fields and the mechanical fields, 

espectively. On average about 22922 and 1200 finite elements 
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Fig. 2. Schematic 3D illustration of the experimental setup and the 2D domain considered in the numerical studies. 

w

T

i  

c

c

d

l

m  

a  

c

b

e  

c

t

t

(

(

3

t

i  

n

o

e

t

Fig. 3. Propagation of pH waves from the electrodes under 15 V in 0.15M NaCl so- 
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r

t

p

T

a

ere used in the solution domain and scleral domain, respectively. 

he mesh was significantly refined at the sclera-solution interfaces 

n order to be able to capture the steep gradient of the mobile ion

oncentrations ( Appendix B ). In addition, we implemented mesh 

onvergence analysis to make sure that numerical results were in- 

ependent of the number of elements ( Appendix B ). In the simu- 

ations, we took �t = 0.01s, T = 293 K, εr = 75, D Na + = 1.16 ×10 −9 

 
2 /s , and D Cl 

− = 1.6 ×10 −9 m 
2 /s [ 57 , 58 ]. Furthermore, we applied

n electric potential of φ = + φ0 at the anode and φ = - φ0 at the

athode ( φ0 = 2.5, 5, and 7.5 V in different analyses). At the top 

oundary of the scleral domain where samples were clamped, we 

nforced u x = u y = 0 . The initial conditions for mobile ion con-

entrations were c Na + = c Cl 
− = 150 mol/m 

3 in �sol . The concen- 

ration of mobile ions inside the sclera domain was obtained from 

he Donnan equation [ 57 , 59 ], 

 c N a + ) sclera = 

c f ixed + 
√ 

c 2 
f ixed 

+4 ( c N a + ) sol 
2 

 c C l − ) sclera = 

−c f ixed + 
√ 

c 2 
f ixed 

+4 ( c C l − ) sol 

2 

, (9) 

. Results and discussion 

The average thickness of porcine posterior scleral samples at 

he beginning of the experiments (S.R = 2.0) was 1.3 mm, which 

s comparable with what has been previously reported [ 13 , 60 ]. No

oticeable difference in the weight and thickness of the strips was 

bserved after experiments were completed. The local pH gradi- 

nt, which is attributed to water electrolysis, significantly changes 

he concentration of fixed charges by protonation or deprotonation 
130 
eactions and could thus influence the bending behavior of elec- 

roactive hydrogels [50] . Fig. 3 illustrates the propagation of the 

H waves in 0.15M NaCl solution under 15 V at different times. 

his plot shows that pH waves propagating from the cathode and 

node after 120 s of actuation were almost 20 mm and 15 mm 
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Fig. 4. The bending angle of scleral strips in 0.15M NaCl solution under (a) 5V, (b) 10V, and (c) 15V as a function of time. The symbols and solid lines represent the 

experimental data and numerical model predictions, respectively. The actual maximum bendings of a representative scleral strip along with their respective numerical model 

analyses are also shown at each voltage. The bending angle is defined as the angle between the dashed lines. 
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way from the center of the setup, where the samples were placed, 

espectively. It is noted that hydroxide ions propagated faster com- 

ared to hydronium ions, which is in agreement with a previous 

tudy [48] . This observation confirmed that pH waves did not reach 

cleral strips after 1 minute of electrical stimulation. We presented 

he bending angle of the sclera within 60 s of electrical actuation 

o be sure that the generation of pH gradient, due to chemical re- 

ctions occurring at the electrodes, did not affect our experimental 

easurements. 

Fig. 4 shows the bending angle of scleral strips for the first 60 

econds of being subjected to 5V, 10V, and 15V. The bending angle 

f scleral strips gradually increased with time and its magnitude 

as a function of the applied voltage. There was a significant dif- 

erence between the maximum bending angle that was observed 
131 
t 5V, 10V, and 15V. The scleral tissue in neutral pH behaves as 

 polyanionic hydrogel, which is because of the presence of neg- 

tive fixed charges in its extracellular matrix, i.e. SO 3 
− (in GAGs) 

nd COO 
− (in both GAGs and collagen). The pKs of sulfate and car- 

oxyl anions are at pH ≈ 2.0 and pH ≈ 3.0, respectively [15] . In 

ddition, collagen contains amino groups with pK ≈ 8.5 so cations 

ill be formed via protonation if pH < 8.5. In other words, col- 

agen molecules carry both positive and negative charges, which 

ancel each other at pH ≈ 7.0 and subsequently results in a zero 

et electric charge. However, collagen molecules become charged 

t non-physiological pH. The total net charge of the scleral tissue 

s expected to be negative at pH > 10.0 [ 15 , 18-20 ]. 

We observed that scleral strips, under the applied electric 

eld, bent towards the cathode, proving that the sclera is electro- 



J.A. Mehr and H. Hatami-Marbini Acta Biomaterialia 143 (2022) 127–137 

r

t

c

g

t

t

a

l

a

b

d

s

m

o

e

m

t

(  

t

o

f

t

s

r

o

p

e

a

t

d

a

S

[  

n

n

e

s  

r  

T

w

Y

f  

h

o

t

p

s

w

1

t

v

i

m

r

p

t  

s

o

d

a

a

fi

g

Fig. 5. Effect of voltage on the normalized concentration distribution of (a) sodium, 

and (b) chloride ions 60 s after electrical actuation. The data is obtained along the 

line y = 3.0 cm. (C Cl -) max and (C Na +) max denote the maximum concentration of chlo- 

ride and sodium ions, respectively. 
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esponsive. This behavior can be explained in terms of the migra- 

ion of mobile ion species. The scleral strips include negative fixed 

harges that cannot move as they are bound to PGs and colla- 

en network. However, because of the application of electric po- 

ential, free Na + and Cl − ions inside the solution move towards 

heir counter-electrodes causing a gradient in the osmotic pressure 

t the boundaries of scleral strips and NaCl solution. In particu- 

ar, because of the ion migration, the osmotic pressure increases 

t the boundary close to the anode side while it decreases at the 

oundary near the cathode side. The resulting osmotic pressure 

ifference within the tissue acts as a driving force bending the 

trips towards the cathode, which we quantified in our experi- 

ents [ 49 , 61 ]. 

We can also explain the bending behavior of the sclera based 

n the ion depletion theory [62–64] . According to this theory, the 

xternal electric field causes an electric current, because of move- 

ent of sodium cations, to pass through any polyanionic hydrogel 

hat is immersed in NaCl solution. This current leads to reduction 

depletion) of Na + ions near the side of the samples that is close to

he anode. At this location, the Cl − ion concentration decreases in 

rder to satisfy the electro-neutrality condition. Furthermore, the 

ormation of the electric current causes mobile ion concentrations 

o increase on the opposite side of the samples. Thus, the anode 

ide of the samples swells more compared to their cathode side 

esulting in their bending towards the negative electrode, i.e. cath- 

de, which was observed in the experimental measurements of the 

resent work. 

The proposed numerical model can be used to represent the 

xperimental data shown in Fig. 4 . We first validated this model 

gainst a previous study in the literature ( Appendix A ). Except for 

he scleral Young’s modulus E and the amount of fixed charge 

ensity c Fixed , all other parameters of the numerical model were 

ssumed to be known and were obtained from the literature, 

ection 2.2 . The Poisson’s ratio of 0.48 was taken for the sclera 

65] . We found c Fixed = 10 mM and E = 0.2 MPa from fitting the

umerical model to the experimental data. The exact amount of 

egative charges in the sclera has not yet been determined. How- 

ver, previous studies estimated c Fixed = 40 mM for the corneal tis- 

ue at pH = 7.0 [66] . Furthermore, it has been reported that scle-

al GAG content is about 20-30% of that of the cornea [ 19 , 67 , 68 ].

hus, our estimate for the fixed negative charges, i.e., 10 mM, is 

ithin the expected range for the scleral tissue. In addition, the 

oung’s modulus of 0.2 MPa is comparable with previous reports 

or the scleral modulus of elasticity [ 13 , 69 , 70 ]. Similar to the be-

avior of any electroactive polyanionic hydrogel, the bending angle 

f scleral strips depends on the applied voltage. Fig. 4 shows that 

he chemo-electro-mechanical model was able to capture the ex- 

erimental measurements at different voltages. It is noted that the 

ame model parameters used for experiments performed at 5 V 

ere used to estimate numerically bending angles under 10 V and 

5 V. The fact that the numerical model gave a very good represen- 

ation of the experiments performed at a different voltage further 

alidates the proposed numerical model. 

The increase in the amount of bending angles with increas- 

ng the electric potential can be explained by either one of the 

echanisms that were discussed earlier for the bending of scle- 

al tissue under the electric potential. With increasing the electric 

otential, the speed of free mobile ion movement increases and 

he sclera bends quicker. Fig. 4 shows that it took 60 s and 20

 to obtain a bending angle of ∼12 o under the electric potential 

f 10 V and 15 V, respectively. As the voltage increases, more re- 

uction of Na + ions occurs near the anode side of scleral strips 
nd the required differential osmotic pressure is generated faster 

t the scleral strip and solution interface. In general, the electric 

eld provides the required energy for bending the polyelectrolyte 

els; thus, the amount of deformation significantly depends on the 
132 
trength of the electric field [ 32 , 51 , 61 , 71 ]. It is noted that we did

ot observe a considerable bending angle after 60 s under 5 V. 

owever, a measurable bending angle was observed when we sub- 

ected the samples to 5 V for a longer period of time. However, we 

erein presented the experimental results only for 60 s in order to 

e able to rule out any possible effect of the generated pH gradient 

n the measurements. 

The present numerical model can be used to determine the 

on distribution in the scleral strips and their surrounding solu- 

ion. For example, Fig. 5 shows the normalized concentration of 

a + and Cl − ions 60 s after the application of the electric po- 

ential at three different voltages. This plot shows the variation of 

on concentrations at y = 3.0 cm and along x-direction within the 

ange of 2.435 cm ≤ x ≤ 2.565 cm. Due to the dimensions of scle- 

al samples and the specific experimental setup that we used, the 

radient of mobile ions concentrations in the y-direction is negligi- 

le [72] . Fig. 5 confirms that the concentrations of mobile species 

Na + and Cl −) remained constant and showed little variation far 

rom the boundaries of scleral strips. However, large variations ex- 

sted near the sclera and solution domain boundaries. This obser- 

ation is compatible with the proposed mechanism for the scle- 

al bending as outlined above, i.e. the scleral bending is because 

f changes in chemical concentrations of the free ions. With in- 

reasing the voltage, the change in concentrations increases caus- 

ng larger deformation. Fig. 6 shows the concentration variation at 

 = 3.0 cm and at 10 V as a function of time. The concentration of

a + and Cl − decreases constantly in the vicinity of sclera and so- 

ution boundary facing the anode and increases steadily along the 
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Fig. 6. (a) Sodium cation and (b) chloride anion normalized concentration after the 

samples were subjected to 10 V for 0, 30s, 60s. The data along the line y = 3.0 cm 

is shown. (C Cl - ) max and (C Na +) max denote the maximum concentration of chloride 

and sodium ions, respectively. 
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Fig. 7. Effect of fixed charge density (FCD) on the normalized distribution of (a) 
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oundary facing the cathode. The density of fixed negative charges 

nside scleral strips significantly affects the variation of ion con- 

entration when subjected to an electric field, Fig. 7 . The numer- 

cal results shown in Figs. 5 - 7 suggest that any alteration in the

pplied electric field, the period of stimulation, and fixed charge 

ensity have significant influence on the ion concentration dis- 

ribution at the sclera and solution interface, which in turn af- 

ects the amount of scleral bending. In summary, the step-shaped 

istribution of the mobile ion concentration along x-direction be- 

ore applying the electric voltage [ 45 , 72 , 73 ] would change signif-

cantly upon applying the voltage, and the ion concentration de- 

reases continuously with time at the anode side and increases at 

he cathode side, Figs. 5 - 7 . This is in agreement with the theory of

epletion polarization and previous studies on polyelectrolyte hy- 

rogels [ 62 , 74 ]. 

Although not investigated in the present work, the S.R of sam- 

les is expected to play a key role in the bending behavior of scle- 

al strips. The FCD inside the sclera could vary as a function of 

welling ratio. Furthermore, we have recently shown that S.R has 

 significant effect on the mechanical response (e.g., Young’s mod- 

lus) of the sclera [13] . For example, the present numerical model 

redicts that bending angles decrease with increasing the Young’s 

odulus when scleral strips are subjected to electric potential of 

0 V for 10 s. We conducted the experiments at S.R = 2.0; which

s the swelling ratio of posterior sclera at physiological conditions 

nd immediately after dissection [ 13 , 60 , 75 ]. The present work can

e extended in future to investigate the effect of hydration on the 

lectroactive response of the scleral tissue. Furthermore, we con- 
133 
ucted our experiments in only NaCl solution and such that the 

H of the solution surrounding the strips stays constant and equal 

o 7.0. Any variation in the pH of solution is expected to affect 

he fixed charge density inside the tissue [ 15 , 18-20 , 66 ] and makes

t difficult to interpret the experimental measurements. The elec- 

roactive response of sclera in physiologically relevant solutions 

uch as simulated body fluid (SBF) and OBSS should be investi- 

ated in future. In such studies, the numerical model is required 

o be extended such that it could capture the effects of the elec- 

ric field on the concentration distribution of different ions that are 

resent in these solutions. 

It is noted that the present numerical model does not consider 

H dependent variation of fixed charge density inside the samples. 

or the current experimental set-up, where the maximum electric 

otential is 15 V and electrodes are 5 cm apart, the present nu- 

erical model can be used with confidence when the duration of 

xperiments is about 60 s. This is because it takes more than 60 

 for the pH waves to reach the scleral region. If pH waves pen- 

trate the tissue, they could directly affect the concentration of 

xed charges because any pH variation causes deprotonation of 

arboxylic acids, formation of additional carboxyl anions, and/or 

rotonation of NH 3 
+ cations into the amine groups; all of which 

ill affect the FCD by changing the existing balance between COO 
−

nd NH 3 
+ at pH = 7.0. As a matter of fact, we note here the scleral

issue has an isoelectric point around pH ≈ 4.0 [ 19 , 66 ]. This means

hat the net charge of the sclera becomes positive below the iso- 

lectric point, i.e., similar to the behavior of polycationic hydrogels, 

he sclera is expected to bend towards the anode when subjected 
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Fig. A.1. The distribution of c Na + in both (a) initial and (b) stationary state. The 
distribution of c Cl - in both (c) initial and (d) stationary states. The electric voltage 

distribution over the domain (e) before and (f) after application of the electric volt- 

age. 
o electric potential when pH < 4.0. The present technique can be 

sed to investigate the electroactive response of scleral samples at 

ifferent pH levels by using pH buffer solutions without being wor- 

ied about the propagation of pH waves [ 32 , 51 ]. Such pH buffer so-

utions were not used in the present work since they include many 

ons making the development of the numerical model and inter- 

retation of the measurements more difficult. Temperature could 

lso be important in determining the bending of sclera when sub- 

ected to electric potential. We performed all experiments at room 

emperature and kept track of temperature using a thermometer 

OMEGA – CT, USA). Almost no temperature change was observed 

hen the samples were subjected to electric potential for 60 s. 

owever, we observed that the temperature of the solution would 

ise when an electric stimulation of 15 V was applied for more 

han 5 minutes. Finally, it is noted that a 2D linear elastic mate- 

ial model was employed in this study as it was a first-pass ef- 

ort. Sclera is a fibrous tissue and orientation of collagen fibers 

s expected to play an important role in its mechanical response 

 76 , 77 ]. We are currently working on extending the present model 

o a 3D nonlinear hyperelastic material model with consideration 

f collagen fibers in order to investigate the electroactive response 

f sclera from different regions of the eye. 

. Conclusions and future work 

We presented our findings of an experimental and numerical 

nvestigation for the electroactive behavior of the sclera. The scleral 

trips deformed mechanically when they were subjected to electri- 

al stimulations; thus, we concluded that sclera is an electroactive 

io-hydrogel. Specifically, we found that scleral strips reached to 

n average bending angle of 3 °, 10 ° and 23 ° after being subjected 
or 60 seconds to 5V, 10V, and 15V, respectively. All experiments of 

he present work were performed at pH of 7 and in a saline solu- 

ion to simplify numerical modelling of the experimental measure- 

ents. In future, the effects of solutions such as PBS, OBBS, and 

BF on the electromechanical response of the sclera should be in- 

estigated. In order to keep the pH constant, we selected the dura- 

ion of electrical simulations such that pH waves do not reach the 

ample. This limited our ability to characterize the long-term be- 

avior of sclera when subjected to an electrical field. However, we 

bserved that the rate of deformation of the sclera in response to 

he electrical stimulations decreases with increasing time. Future 

ork is required to characterize long term response of the sclera 

y using buffer solution as well as to determine the possible effects 

f the pH on the electroactive response of the sclera. A numerical 

hemo-electro-mechanical model was also created. After validating 

he numerical model against previous numerical model, we cali- 

rated it against our experimental data and investigated numeri- 

ally the effects of the FCD, applied voltage, and Young’s modulus 

n the bending behavior of the scleral tissue. This numerical model 

as also used to explain the experimental findings in terms of 

he ion concentration and electric potential distribution inside the 

clera and solution. For example, we proposed that the mechani- 

al bending response of scleral strips is because the external elec- 

ric potential creates differential osmotic pressure at the cathode 

nd anode sides of the samples. The findings of the present work 

re important for both biomechanical and biochemical characteri- 

ations of the scleral tissue and could have important implications 

or the future efforts in the field. For example, alterations in scle- 

al GAG content and its subsequent changes in the FCD may cause 

ye-related disorders; an example is tumor extension in melanoma 

here GAG accumulation has been proposed to be a contributing 

actor [78] . Furthermore, myopia is believed to be accompanied by 

 reduction in the GAG content of the sclera [79] . The proposed 

ethod can be used for estimating the negative fixed charges of 

clera as well as other electroactive biological tissue. In this first 
134 
tudy, we demonstrated the electro-responsiveness of the sclera 

issue both experimentally and numerically. However, many ques- 

ions remain unanswered about the influence of electrical stimu- 

ations of the sclera in vivo and future studies are required to de- 

ermine whether electrically-assisted deformation could safely be 

nduced to the sclera in vivo. 
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ppendix A 

We validated our numerical implementation using a previous 

tudy by Wallmersperger et al. [45] . To this end, we used the same 

eometry that these investigators used: a 5cm × 5cm solution bath 

ith a 4 mm × 10 mm gel domain at its center. The solution has 

https://doi.org/10.13039/100000001
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Table A1 

Parameters of the numerical model [45] . 

Parameters F ε0 εr R T D N a + D C l −

value 96487 c 
mol 

8 . 85 × 1 0 −12 F 
m 

100 8 . 3114 J 
mol . K 

293 K 1 . 0 × 1 0 −7 m 2 

s 
1 . 0 × 1 0 −7 m 2 

s 

Fig. A.2. Initial (dashed lines) and stationary solution (solid lines) of concentrations 

of (a) sodium and (b) chloride ions. (c) The distribution of electric potential in the 

stationary state. All graphs are plotted at y = 0.025 m. 

Table A2 

Initial conditions and boundary conditions of the numerical model [45] . 

Initial Conditions Boundary Conditions 

Inside Solution Inside Gel Anode Cathode 

C N a + = 1mM 

C C l − = 1mM 

C N a + = 5 . 193mM 

C C l − = 0 . 193mM 

C fixed = 5mM 

φ= 0 . 1V 

C N a + = 1mM 

C C l − = 1mM 

φ = −0 . 1V 

C N a + = 1mM 

C C l − = 1mM 
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 Na + = c Cl - = 1 mM with a prescribed electric potential of -0.1V 

ear the cathode and of + 0.1V near the anode. The model pa- 

ameters and boundary conditions are listed in Table A1 and 

able A2 . Fig. A.1 gives the concentrations of mobile species along 

ith the electric voltage in the domain at initial and station- 

ry states. The initial conditions and stationary solutions are pre- 

ented in Fig. A.2 . The results shown in Figs. A.1 and A.2 match

ery well with those presented in Wallmersperger et al.’s work 

45] . 

ppendix B 

We preformed mesh convergence analysis to ensure that the 

umerical results were independent of the number of elements 

nd time steps. For this purpose, we considered the behavior of 

he scleral strips subjected to an electric potential of 10 V. The 

odel parameters are given in Section 2.2 and the computational 

omain is shown in Fig. 2 . The relative error R error is computed 

sing 

 error = 

∥∥c max 
N a + ,i +1 

− c max 
N a + ,i 

∥∥∥∥c max 
N a + ,i +1 

∥∥
here c max 

Na + ,i and c 
max 
N a + ,i +1 

are the maximum ion concentrations ob- 

ained either from two consecutive mesh refinements when the 

ime step is kept constant or from two consecutive time step re- 

nements when the number of elements is kept constant. The rel- 

tive error for the mechanical field equations was calculated using 

he maximum displacement of the free end of the strips. Fig. B1 

hows that the relative errors reduce as the number of elements 

ncreases and the time stepdecreases. 
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Fig. B1. (a) The effect of number of elements on the relative error computed based on the maximum displacement of strips. (b) The discretization of the computational 

domain that was used to solve the PNP equations in this work. c) The effect of time step on the relative error in the nonlinear coupled Poisson-Nernst-Planck system 

computed based on the maximum ionic concentration inside the domain using the mesh shown in (b). The effect of number of elements on the relative error in the PNP 

system when time steps of d) 1 s and e) 0.01 s were used. 
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