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In this paper, an analytical solution and a numerical simulation of the
pH-sensitive hydrogel micro-valves exposed to pH variation are proposed.
Case studies consist of micro-valve with homogeneous single-layer and FG
hydrogel as the active part. The results of both methods are in good agreement
indicating the validity of both methods. In addition, The numerical and ana-
lytical solutions were compared between two ranges of cross-linking densities
of hydrogels. In order to reach a convergent solution for the finite element
model of the micro-valve, the hydrogel layer is considered to have a number
of different layers, and an appropriate number of layers are considered. In the
next step, parameters affecting the micro-valve behavior are studied, which are
the dimensionless thickness ratio, the number of acidic groups in the network,
and the salt molarity of the external solution. The findings show that as the
thickness ratio, number of acidic groups, and salt concentration in the external
solution result increases, the hydrogel part of the micro-valve experiences a
higher degree of swelling and deformation, which should be considered when
designing these devices.

Nomenclature
F Deformation gradient tensor K Boltzmann constant
C Right Cauchy-green deformation tensor I First invariant of C
Whet | Free energy density of the network J = | Determinant of deformation gradient tensor
det(F)
Wsor | Free energy for mixing between polymer and || X Interaction parameters with material con-
solvent stants
Wion | Free energy for mixing between ions and sol- || N,,, N,,| Cross-linking density values in the inner and
vent the outer radii of the shell
Wais | Free energy due to dissociation of the acidic Cgef Reference value for true concentration of the
groups of the network specie ¢
N Cross-linking density of the hydrogel net- || R,r Radial coordinates in the initial and de-
work formed states.
Vs Volume of a water molecule A B Inner and outer radii
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o Nominal concentration of the specie ¢
Cq True concentration of the specie ¢
o True stress tensor
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Ary Ag Radial and Tangential stretches
P. Py Radial and Tangential stresses
P Fisrt Piola nominal stress tensor

1. Introduction

Hydrogels are a type of elastomers that tend to absorb
water and swell in response to chemical and physical
stimuli. In some cases, hydrogels can absorb water up
to 1000 times greater than their mass and swell without
dissolving in water [1]. Due to these properties, they
are widely used as sensors and actuators. Swelling in
hydrogels is attributed to their hydrophilic nature. The
amount of hydrogel swelling is a function of environ-
mental stimuli such as pH [2, 3], temperature changes
[4], electric field [5-7], mechanical load [8], light inten-
sity [9], and magnetic field [10]. Therefore, they can
comprise the responsive part of various devices such as
micro-valves [11-13].

Hydrogels are classified into neutral or ionic ones
based on the chemical groups attached to the hydro-
gel network. Ionic hydrogels respond to pH variation
and are divided into three groups, including anionic
[14], cationic [15], and ampholytic [16]. As mentioned
above, one of the environmental stimuli of hydrogels
is pH. Anionic and cationic hydrogels have acidic and
basic groups on their polymer networks, respectively.
Ampholytic hydrogels, however, are considered to be a
combination of anionic and cationic hydrogels. A sud-
den change in the ionization degree of the hydrogel at a
certain pH, denoted by the symbol Pka or Pkb, creates
an electrostatic repulsion force between the ions, lead-
ing to osmotic force, and then rapid changes occur; this
phenomenon leads to a change in the volume of the hy-
drogel. Anionic hydrogels experience swelling when the
pH of the environment exceeds Pka whereas cationic
hydrogels swell when the pH of the environment is less
than Pkb [17]. Tt should be noted that the swelling
of hydrogel continues up to the point when the elastic
forces of the structural network and the cross-linking of
the hydrogel prevent further water absorption, imped-
ing the complete dissolution of the hydrogel in water
[7].

A proper design of hydrogel devices can be achieved
provided that the behavior and fluid flow of hydrogels
is accurately modeled. Thus, some main models re-
garding hydrogel behavior have recently been proposed
[18-22].

A general review of hydrogels in [23] provides more
information on research and studies in this field. Hong
et al. [24] studied the swelling behavior of polyelec-
trolyte gels and proposed a suitable comprehensive
model for these materials in light of their electrochem-
ical basis. In another study [15], researchers developed
an efficient model for pH-sensitive cationic hydrogels

which was able to simulate swelling behavior of hydro-
gel in a microchip. In a similar study [25], scientists ex-
amined non-uniform swelling behavior for pH-sensitive
hydrogels. In some studies predicated upon the results
of Beebe et al. [26], the swelling of the hydrogel coat-
ing placed on a pillar was investigated. Marcombe et
al. [1] presented a theory for pH-sensitive hydrogels
and investigated the behavior of the micro-valve intro-
duced by Beebe et al. [26]. Mazaheri et al. [27] inves-
tigated the swelling of a temperature-sensitive micro-
valve through a parametric study. Arbabi et al. [17]
also studied a pH-sensitive hydrogel micro-valve and
presented some inventive valves with new compositions
and arrangements.

The study of FG layered hydrogels has also been a
subject of interest [28, 29]; accordingly, smart hydrogel
materials with different cross-linking densities can be
properly employed in structures under bending. Sho-
jaeifard et al. [30] investigated the bending of sensitive
FG hydrogel exposed to environmental stimuli and pro-
posed a semi-analytical method to create pH-sensitive
FG micro-beams.

Mazaheri et al. also presented numerical and ana-
lytical solutions for a temperature-sensitive FG micro-
valve [31]. They modeled an incorporated cylindrical
FG hydrogel with various cross-linking densities along
the radius. Additionally, in another study, Maza-
heri et al. [32] researched the swelling of the photo-
thermal sensitive cylindrical polyelectrolyte hydrogel
micro-valve and presented an analytical solution for
swelling of the hydrogel cylinder exposed to temper-
ature variations and various light intensities. Wu et
al. [33] also studied the swelling of an FG hydrogel
in which the properties changed along the thickness.
Furthermore, Namdar [34] investigated the kinetic of
swelling of temperature-sensitive FG cylindrical hydro-
gels and suggested that the response time can be ma-
nipulated by changing the properties of material along
the radius of the cylinder.

Due to the unique swelling capability of up to a
hundred times their weight when they are immersed in
water and are exposed to stimuli, researchers have de-
veloped microvalves to control fluid flow in microchan-
nels, in which controlling fluid is laborious. As shown
in Fig. 1, the hydrogel is wrapped around support,
and the system is placed inside the channel. After in-
troducing the water to the environment and changing
the stimuli, the hydrogel starts to absorb water and
swells. Finally, it swells to the extent that the gel’s
outer radius touches the channel wall and seals it. The
main advantage of this system is its reversibility in a
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way that if the stimuli change to the initial state, the
hydrogel swells, and the fluid can thus flow through the
channel.

This study aims to present analytical and numerical
solutions for swelling of pH-sensitive hydrogel micro-
valve resulting from the changes in environmental con-
ditions. The micro-valve design used here is the one
designed by Beebe et al. [26].

2. pH-Sensitive Hydrogel Modeling

To present the theory of swelling of pH-sensitive hy-
drogels, it is necessary to introduce the Helmholtz free
energy density. Given the model proposed by Mar-
combe et al. [1], the Helmholtz free energy density is
defined as:

W = W(F,C+.CH+,07)
= net(F)+WGOZ(F)+Wion(F7C+aOH+7C—)

+ Wais(F,C4,Cy,C-) (1)
where W,.: is the free energy density caused by
the deformation of the hydrogel network, Wy, is asso-
ciated with the mixing of the solvent with the polymer
chains of the hydrogel network, Wj,,, is the energy of
mixing between the ions and the solvent, and Wy, is
the energy released by the dissociation of the hydro-
gel acidic groups. In this function, F' represents the
deformation gradient tensor, Cy, Cyy, and C_ are
the nominal concentrations of positive ions, hydrogen
ions, and negative ions in the hydrogel, respectively [1].
The density of free energy due to the deformation of
the network is expressed as:
1
Whet = §NKT[11 —-3- 210g('])] (2)
where N KT is the elastic modulus of pH-sensitive hy-
drogel, and I is the first invariant of the right-hand
Green Cauchy tensor of deformation C = FTF. In this
equation, NN is the number of polymer chains divided
by the volume of the dry network, K is the Boltzmann
constant, and T is the absolute temperature. The den-
sity of free energy produced as a result of the mixing
of solvent molecules with polymer chains is expressed

as follows [1]:
KT 1 X
Vs <(detF ~Dlog (1 a detF) B detF)
(3)

where v, is the volume of a solvent molecule, X is the
dimensionless parameter for mixing polymers and the
molecules of the solvents. By considering the concen-
tration of fluid ions, the mixing energy of the ions W,

Wsol =

159

is expressed as follows [1]:

Wion = KT

Chy + [log—+— —1
o <gc;;{detF )

+ C log%fl
Cyydet F

C_
+C_ |log—F—— -1
( & C"l det F ) ]

where C’;{ej, Cff , and C™*/ are the reference values of
hydrogen ions, positive ions, and negative ions, respec-
tively. The free energy generated by the dissociation
of the acidic group is defined as [1]:

v=—-KTLn NoKq
C

(4)

ref
+
Ca
Wais = KT |C -1 - 5
: s 5)
+ Canl *“¥> +4Ca-
At Og<CA+CAH TA

where C4g and C4- are the nominal concentrations
of acidic groups and constant charges on the hydro-
gel network and, represents the increase in enthalpy
caused by the dissociation of acidic groups. Also K, is
the dissociation constant and has the same as the con-
centration (mole per liter). It should be noted that, as
the hydrogel are considered electrically neutral, the re-
lations Cpy +C4 = Ca- +C_ and Cug +Cy- = f/v
are established. In the mentioned equations, f denotes
the number of acid groups on each chain divided by
the total number of monomers in that chain, and v is
the volume of monomer molecules which is considered
to be equal to vs.

The number of « ions (assumed to be present in
the hydrogel in the swollen state) divided by the vol-
ume of the dry (non-swollen) network determines the
nominal concentration of the C; ions. By dividing C|,
by the volume of hydrogel in the swollen state, the true
concentration of ion ¢, is obtained. The relationship
between these two values is defined as: Cy = ¢, det(F).
Considering the Avogadro number, N A, the mole con-
centration of the specie « ion is denoted by [a] and is
defined as Cy+ = Na[HT]. By simplifying the above
equations, Donnan equations are obtained in the form
of Eq. (6) [1]:

-1
C_ ([ Cy+
crel\ oyl
(6)
C+ _ ( OH+ >
ot \oid
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Nominal stress tensor is obtained by differentiat-
ing the free energy density with respect to deformation
gradient as:

oW

P=aF

(7)
The relationship between real stress o and nominal

stress P is o = (det(F))~'PF7”; the true stress state-

ment is derived from the mentioned relation as [1]:

NKT
— Falle — 645)

Uij =

kT 1 1 X

M og (1 5; (8
* l/s{ og( detF>+detF+(detF)2} /
+KT(CH+ +C+ +C_ — C_’H+ — é+ — C_)éij

Substituting Donnan equations in the dissociation
equation with the assumption of chemical equilibrium
between the gel and the solvent, there is [1]:

CH+ (OH+ + C+ - C_)
(F/v)/ (et F) 1 — (Crys + Oy — C_)

— NaKa (9)

which is a cubic equation in terms of Cy+. In nu-
merical and analytical calculations, the volume of each
monomer, v, is considered to be the same as the vol-
ume of the solvent molecule, vs. Electro-neutrality of
the external solution gives ¢ = ¢y+ + ¢4+. Accord-
ingly, the state of the external solution is determined
by two parameters: the concentration of positive ions,
C4,(or salt concentration) and the concentration of hy-
drogen ions, ¢x+, (or pH of the external solution). The
pH equation of the external solution is presented as
cy+ = Ny x 107PH With the value of external solu-
tion pH and salt concentrations in hand and with the
help of the constitutive law of the hydrogel, the stress
field of the network can be obtained. In the following,
material properties of the pH-responsive hydrogel are
taken from [1] and presented in Table 1.

3. Analytical Solution

The micro-valve studied in this work is composed of
a pH-sensitive hydrogel shell as an active layer. The
hydrogel is constrained at the inner radius of the cylin-
drical shell while it is free at the outer radius as shown
in Fig. 1 in which FG and layered hydrogel design (for
FEM analysis) are illustrated in the reference state.
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stress to zero for each value of Nv. The cross-linking
density of the FG hydrogel has a linear variation in the
radial direction as below:

R—-A

Nv =N
14 I/0+B_A

(Nlll 7NI/0) (10)
where A and B denote the internal and external radii
of the hydrogel, respectively, and R is the r-coordinate
of the material point in the hydrogel. In this work, it is
assumed that Nyy = 0.01, Nv; = 0.001, and B/A = 2.

Channel wall
TS

AU A A A A A A A A A A A AR AR AR AR RN

FG hydrogel shell

Layered shell
RN

AN
Channel wall

Fig. 1. 2D view from under-study cylindrical hydro-
gel shells: a) FG hydrogel shell, b) Multi-layer finite
element model in the reference state.

The deformation of the hydrogel is assumed to be
plane strain due to the confinement in the axial di-
rection of the cylinder. Furthermore, due to the axial
symmetry of the micro-valve, the axisymmetric formu-
lation is employed. The reference free-stress state of
the micro-valve is considered at pH= 2 for which the
free energy function is specified. The equilibrium equa-
tion in the radial direction can be written in terms of
the nominal radial and hoop stresses of P, and Pjy:

dpr (PT_PG)

iR~ r_

(11)

The mentioned nominal stresses are obtained by
differentiating the free energy with respect to the ra-

d
dial and hoop stretches, namely A\, = ﬁr(R), and
Ao = L]?’ respectively. Substituting nominal stresses

and relevant stretches in the equation of radial equilib-
rium, a second-order differential equation in terms of

r(R) is deduced as:

617"1/ + 527“2)\3 (7“/)4 + ,837“R)\é (T’)g

The hydrogel has an initial stretch Ao, with respect (12)
to its dry state. This value is obtained by setting the — BaR*No(")? + Bs(r') + Bs =0
Table 1
Material properties of pH-sensitive hydrogel studied in this work [1].
Parameter Ct kq f KT X v
Value 0.001Molar 4.3 0.03 10721J 0.1 10~28m3
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where Il = (Cy+ +Cy +C_ —Cy+ —Cy — C_) and
B;s are defined as:
B1 = —Nr*X\3r"* + NvRrAJr'® — Nr2\5r"?
+2\3rR(X + Nv/2 — 1/2)r" — 2XR?
By = (A\gr? — R2A2 + R*)Nv + Rr2\JIT
+ B3NNV + R(2r* M1 + R*Nv) )\
Bz = —(Rr*NsNv + 211 + 2)A) + (Rr?M\3)(NV' —1T)
+ Nuvr?Aj — Rr2)\2 4+ R*(2X + Nv — 1) (13)
By = —Rr*\3(4X + Nv — 1)\) + 2Rr* ANV
+72A3(2X + Nv — 1) + XR?
= —Rr*A\§(RNvA) + RA\oNV + \oNv)(r')*
— 2X R*r(2R)\) — \o)
Bs = +2Rr3NNG ()3 (= Ngrr!

o ()

A3rr’ + R
In the above equations, ( )’ and ( )" represent 15¢ and

Bs
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2nd differentiation with respect to R. The governing

equation will be solved once the boundary conditions
are defined. The hydrogel shell is stress-free at the
outer radius since the outer radius is unconstrained
and can freely swell and deform. Furthermore, due to
the rigid attachment of the hydrogel to the hard core,
the inner radius remains constant throughout the pro-
cess. These two boundary conditions along with the
obtained 2°¢ ODE formed a nonlinear boundary value
problem that can be solved with appropriate tools. To
solve the ODE, finite difference method is employed
in MAPLE software for boundary value problem. The
obtained analytical results for the considered FG are
shown in Fig. 2. The solution for the homogeneous
shells with the cross-linking densities equal to the in-
ner and outer radii of the FG cases presented in Fig. 2.
As expected, the results for FG and homogeneous shells
are different from those for the FG shell. As shown in
the figure, the FG solution is within two homogeneous
states, which are acceptable for this problem. Note
that the stresses are normalized by dividing the true
stresses by KT'/v.

0.0018 o,
——ANL : FG
0.0016 \'P & FEM:FG
0.0014 N ==== ANL : Nv=0.001
00012 oy O FEM : Nv=0.001
= 0.0010 o Moo - - = ANL: Nv=0.01
o N\
2 0.0008 : O  FEM :Nv=0.01
-
g 0.0006
E
S (0.0004 <
g00002 2 'E'E S8 o
z X ol o
'Q"Q--Q-O. S .=~ 0
0.0000 Lo 56
.95 15 35 .55 75 95
20,0003 1.1 1.3 1 1.7 1.9
Normalized distance
(@)
Oy
)
0i8
-0.0005
—&— FEM ot for Nv=0.01
£ 0001 —&— FEM ot for FG
-§ —6&— FEM ot for Nv=0.001
S
—E -0.0015 |} iieaaans ANL ot for Nv=0.001
Z‘é — — — ANL ot for Nv=0.01
-0.002
ANL ot for FG
-0.0025

Normalized true distance

(b)

Fig. 2. Comparison between normalized stress based versus the normalized distance: a) Normalized radial stress
and, b) Normalized tangential stress for both analytical (ANL) and FEM method for FG and homogeneous

cases with Nv = 0.01 and Nv = 0.001 when B/A = 2.
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4. Numerical Simulation

In this study, numerical solutions were performed using
finite element methods via ABAQUS as a commercial
FEM software. The obtained results were used to ver-
ify the validity of analytical solutions. In this regard,
as Fig. 5 illustrates, boundary conditions were defined
in finite element simulations for a cylindrical hydrogel
shell with a rigid core: the outer radius of the hydrogel
shell was considered stress-free in the radial direction.

The behavior of the hydrogel corresponds to
a hyperelastic compressible material simulated in
ABAQUS software with a UHYPER subroutine.
Therefore, the UHYPER subroutine is used to model
the behavior of hydrogels in FEM simulations in
ABAQUS. To develop the UHYPER, one should pro-
vide energy statement (U) and its derivative with re-
spect to the deformation gradient invariants (UI1, UI2,
and UI3) in the subroutine. Moreover, note that the
energy statement should be rewritten with respect to
the initial swollen configuariton network with initial
strectch of A\g. The procedure of manipulating the em-
ployed subroutine was depicted in Fig. 3. It should be
noted that in the numerical model of the micro-valve,
elements of CPESRH type, which are suitable for the
2D problems of plane strain type were used.

UH'&PER FE Solver
Prepare geometrical
) Gy e | model of the micro-valve
v 2
Calculate derivatives of the Implement boundary
free energy with respect to conditions, pH ctc.
deformation invariants
v
Is the hydrogel at
Implement the caleulated 3
energy and its derivatives in L
UHYPER
v ¥
Set material constant | ) Solve FE model and
in the UHYPER extract data

Fig. 3. Flow-chart of numerical simulation procedure.

The obtained results of analytical and numerical
methods are presented in Fig. 4 for free swelling prob-
lem beside the results of reference [1]. Very good agree-
ment between this work and Marcombe et al. [1] work
is observed that guarantees the validity of the obtained
results.

As shown in Fig. 1 and Fig. 5, the FG hydro-
gel is modeled by considering a multi-layer hydrogel
shell with different cross-linking densities. In the ref-
erence state of pH= 2, each layer has a different initial
swelling ratio that should be considered in the UHY-
PER subroutine. It should be noted that the relative
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displacement of the different layers of the hydrogel is
also considered zero, meaning there is no relative mo-
tion between the layers. The inputs of simulation also
includes pH variations, ranging from pH = 2 to pH= 8.

200
180

~ 160
2 140
120
100
80
60
40
20

1

—— This work: analytical
O This work: FEM
& Marcombe et al.[1]

Volume rati

2 3 4 5 6 7 8 9
pH [-]
Fig. 4. Comparison between results of this work and
Marcombe et al. [1] work.

O

Outer radius

Inner radius

{

Fig. 5. FEM model of the micro-valve and relevant
boundary conditions for a 32-layer hydrogel with a
rigid core and a free outer edge in x and y directions.

To obtain the appropriate number of layers at
B/A = 2, stratifications of 4, 8, 16, to 32 layers were
simulated. Based on the simulations, by considering
32 layers for the FG micro-valve, the FEM results are
in very good agreement with the analytical method.
Thus, for numerical simulation of the FG hydrogel, a
32 layered shell was constructed for FEM simulations.

Fig. 5 also shows boundary conditions for the 32-
layered shell with B/A = 2: the outer radius was con-
sidered stress free and the inner radius of the shell
has zero displacements. The numerical results for
FG micro-valve and two homogeneous limit cases with
Nv =0.001 and Nv = 0.01 are obtained and depicted
in Fig. 2. As shown in Fig. 2, there is excellent agree-
ment between the numerical and analytical solutions,
verifying the validity of both methods. Thereby, the
procedures applied in both numerical and analytical
solutions are proved acceptable and reliable.
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[B/A=2
0754 F -

0.753

0.752

0.751

TTe——p 8

Displacement of outer radius [-

1 L 1 I 1 " 1 1 1
2000 3000 4000 5000 6000

Number of elements [-]

1 n
1000

Fig. 6. Mesh independence study for a 32-layered FG
hydrogel with a radius ratio of B/A = 2.

It is worth noting that, in the finite element sim-
ulation, the obtained results must be independent of
the mesh size. Therefore, the mesh size was also se-
lected in a way that does not affect the final results.
Fig. 6 indicates the mesh size effect on the displace-
ment of the outer radius of the micro-valve. According
to this diagram, the results are almost independent of
the mesh dimensions when the number of elements is
6000. Therefore, for the next subsequent simulations,
the number of elements is considered to be at least 4500
so that the results are sufficiently accurate.

5. Results and Discussion

In this section, the results of the study are discussed,
and some parametric studies will be presented for the
FG and homogeneous micro-valves. Both analytical
and numerical methods are considered for the homoge-
neous shell with Nv = 0.01 and Nv = 0.001 as well as
FG hydrogel.

There is a good agreement between numerical and
analytical methods as shown in Fig. 2, verifying the
validity of both methods.

As can be seen in Fig. 2, the tangentially normal-
ized stress o; increases from the beginning of the inner
radius of the rigid core of the hydrogel through the
outer radius of the hydrogel. On the other hand, o,
decreases as the radius increases toward the outer lay-
ers of the hydrogel and approaches zero on the outer
radius of the micro-valve. As to other results, it can
be deduced that the results of finite element solution
and analytical solution have a very good agreement for
all homogeneous and FG micro-valves. On the other
hand, the analytical solution of FG hydrogel lies be-
tween two analytical solutions with cross-linking den-
sities of Nv = 0.01 and Nv = 0.001. Obviously, on
the radius close to the outer edge of the hydrogel, all
the curves of radial stress approach zero, which results
from zero stress boundary conditions at the outer edge
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of the hydrogel.

5.1. Investigation of the Effect of Thickness
Ratio

Now, the effect of some parameters on the swelling be-
havior of the hydrogel micro-valve can be studied. To
do so, one of the important geometric characteristics
of the micro-valve, hydrogel external radius- internal
radius ratio will be considered, which is represented
by B/A. This parameter has a vital role in the deter-
mination of the closing pH of a specified micro-valve
with a given width of the micro-valve. Different outer
radius- inner radius ratios were considered for dimen-
sionless values of B/A = 1.2, B/A = 1.5, B/A = 2.0,
and B/A = 2.5. The results are shown in Figs. 7-
10 for normalized outer radius of the hydrogel which
is defined as ratio of the current outer radius of the
hydrogel to A. Similar to the previous section, the re-
sults are presented for the FG hydrogel as well as two
homogeneous cases with Nv = 0.01 and Nv = 0.001.
The curves have a similar trend, but for the thicker
hydrogels, the FG hydrogel behavior approaches the
behavior of homogeneous cases Nv = 0.001. On the
other hand, for a lower value of thickness ratio, the
FG behavior is more similar to the homogeneous case
with Nv = 0.01; this is due to more confinement of the
shell with a lower thickness ratio that is sensed by the
hydrogel, resulting in a lower amount of swelling.

B/A=1.2
1.60 ——

H Nv=0.001 |4
1.55 | ——Nv=0.01
w0 FGM
145 | g

—
1.40 |- e i

1.35

130 b v P 4

Outer radius of the shell [-]

115 - 4

110 I n 1 n 1 1 1 n 1 i 1
pH
Fig. 7. Normalized outer radius of the hydrogel shell

in FG and homogeneous solutions for radius ratio of
B/A = 1.2 versus to pH changes.

In addition, by examining Figs. 7-10, it can be
concluded that the higher the thickness ratio of the hy-
drogel is, the more external radius displacement of the
hydrogel will be for certain pH changes. Furthermore,
the displacement of the outer layer of the hydrogel is
larger for the homogeneous case with the lower cross-
linking density as expected due to the high capacity
of this hydrogel for swelling. On the other hand, all
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curves show a transition within the pH range of 3-6,
which is in agreement with the transition characteris-
tic of this material. These conclusions are valuable in
the applications mentioned in the introduction section,
especially in medicine, pharmacotherapy, and micro-
valve.

B/A =15

N
i
T

N
N
T
1

- N
o o

Outer radius of the shell [-]

1.4 1 Il 1 Il 1
2 3 4 5 6 7 8
pH
Fig. 8. Normalized outer radius of the hydrogel shell
in FG and homogeneous solutions for radius ratio of
B/A = 1.5 versus to pH changes.
B/A=2
3.6 T T v T g T T T
L —— Nv=0.001 |4
34 ——Nv=0.01
r . l'(JM

Outer radius of the shell [-]

18 I n 1 n 1 I 1 n 1 n 1

Fig. 9. Normalized outer radius of the hydrogel shell
in FG and homogeneous solutions for radius ratio of
B/A = 2 versus to pH changes.

5.2. Investigation of the Effect of Acidic Group
Number

In the previous section, the amount of swelling the hy-
drogel experiences was examined for different values of
B/A and different cross-linking densities. Still, another
parameter to consider in the study of FG micro-valve
is the amount of acid group attached to the hydrogel
network represented by f as mentioned in the hydrogel
constitutive modeling formulation. As shown in Fig.
11, as the amount of f rises, the swelling and displace-
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ment of the outer radius of the micro-valve increase.
This is due to the increased level of hydrogel sensitiv-
ity to pH variations. As the number of acidic groups
goes up, a more fixed charge on the network will be
generated, caused by acidic dissociation. As a result,
more repulsion forces are generated on the network,
leading to more solvent absorption on the network and
more swelling.
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0 Nv=0.001
r —o—Nv=0). 1
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Outer radius of the shell [-]
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Fig. 10. Normalized outer radius of the hydrogel shell
in FG and homogeneous for radius ratio of B/A = 2.5
versus to pH changes.
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Fig. 11. Investigation of the effect acidic group of the
network in the swelling behavior of the FG hydrogel
cylinder.

5.3. Investigation of Salt Molarity of the Ex-
ternal Solution

Besides the acidic group number, the salt concentra-
tion of the external solution can affect the behavior of
the micro-valve. Thus, this section investigates how
the salt molarity of the external solution affects the re-
sults. Fig. 12 illustrates the findings. As the results
show, increasing the salt molarity causes less swelling
of the micro-valve in higher values of pH. This decrease
stems from the Donnan effect and electro-neutrality of
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the external solution and the hydrogel. For lower val-
ues of pH, salt molarity of the external solution has
no considerable effect due to existence of proton ion in
the environment. On the other hand, for basic environ-
ment (higher pH value), acidic groups start to dissoci-
ate and swelling of the network occurs. Yet, electro-
neutrality of the network and the solution beside Don-
nan conditions results in lower swelling of the network
for larger salt contents of the external solution. Thus,
all the discussed parameters need to be considered to
achieve a more accurate design of the FG micro-valve.

2.9
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- - ——
2.7 M=.005 M P
P
7.

2.6 | seessene M=.0005M 7

1.9

Normialized outer radius of hydrogel [-]
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Fig. 12. Investigation of the effect of salt concen-
tration on the swelling behavior of the FG hydrogel
cylinder.

6. Conclusions

Hydrogels are a type of gels which swell by absorbing
the surrounding fluids. The general behavior of these
materials in the swollen state is similar to that of soft
elastic solids.

In this work, the pH-sensitive micro-valve was stud-
ied: the active hydrogel part of the valve responds to
pH variations as the volume changes, leading to the
opening or closing of the micro-valve. In this regard,
the theoretical relationships governing the behavior of
hydrogel micro-valves were presented, and an analyti-
cal solution was proposed for the swelling behavior of
the under-study micro-valve. Besides, numerical sim-
ulation of the pH-sensitive micro-valve was performed
for pH values ranging from 2 to 8 with UHYPER in
ABAQUS. A very good agreement between the two
methods was observed, guaranteeing the validity of
both methods. Then, an appropriate number of lay-
ers were selected for the FG micro-valve by conducting
a parametric study on the number of layers in the FEM
model of FG hydrogel. Then, for the FG micro-valve, a
parametric study was carried out to evaluate the effects
of thickness ratio of the active hydrogel layer, the num-
ber of acidic groups of the hydrogel network, and the
external solution molarity. The obtained results were
discussed and explained on the basis of physical phe-
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nomena that exist in hydrogel swelling, especially for
the under-study pH-sensitive ones. As discussed in the
previous section, for thicker hydrogels, more swelling
was observed due to less confinement of the hydrogel.
As number of the acidic groups increased, the swelling
of the micro-valve also increased. On the other hand,
the external solution salt content affected the swelling
of the micro-valve in a complicated manner that was
dependent on the pH value of the environment.
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