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Abstract

Utilizing hydrogels for sealing devices has attracted the attention of
researchers in both academia and industry. The main reason for this
attraction is the ability of these materials to absorb surrounding fluid and
swelling and the subsequent sealing of the desired portion without any
external manipulation. Investigation of the behavior of these materials when
implemented as seals is of major importance. This paper studies a rectangular
multilayer hydrogel with different material properties numerically by using
thermo-mechanical coupled constitutive models available in the literature.
Leakage models of elastomeric seals were implemented to examine the leakage
of these seals under the pressure of the fluid. The methods are validated
through comparison with experiments benchmarked in the literature. After
modeling the seals, the mechanism of leakage is investigated, and parameter
study of seals considering the cross-linking density distribution of multilayer
hydrogel is presented. The findings showed that the ascending and descending
property distributions in the studied multilayer hydrogel have a considerable
effect on sealing behavior, providing the researchers with an accurate vision
of designing such seals.
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1. Introduction

Hydrogels, as smart polymeric materials with a 3D long-chain cross-linking network can imbibe in water, absorb
a vast amount of water, and swell. Response to wireless stimuli such as temperature[1, 2] pH [3-5] light intensity [6-8]
and magnetic field [9] changes is another remarkable characteristic of these materials. The diffusion of aquatic solvent
molecules into the polymeric chain increases hydrogel swelling. The mentioned abilities of hydrogel have attracted
researchers’ attention to applying this material in microfluidics [10, 11], soft robotics [12, 13], channel sealing [11, 14],
and smart actuators devices [15-61]. In addition, the biocompatibility of hydrogels allows them to be used in drug
delivery [62], mechanobiology [63], and tissue engineering[64-66]. Sealing is an important application of elastomers
where the gap between a channel or a pipe made of stiff material can be filled, preventing fluid passage through the
gap. Hydrogels as a smart elastomeric material have recently been used as seals that in some cases, do not react to
physical or chemical stimuli. Due to their ability to absorb surrounding solvents and swelling, they can automatically
produce the necessary contact stress [67, 68]. Beebe et al.[3] were the pioneer in presenting hydrogel micro-valve in
response to the pH-stimuli in order to control fluid flow in microfluidic systems. Accordingly, the industrial
application of swellable elastomeric micro-valves[3, 67, 69, 70] has been studied alongside academic investigations.

A constitutive model of hydrogels is essential to define and analyse their complex and nonlinear behavior.
Modeling hydrogel behavior with different sensitivities to external stimuli [71-74] has been introduced. Hong et al [75]
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proposed a coupled thermo-mechanical model for predicting hydrogel sealing behavior in contact with fluid flow and
considering large deformation. In their model, the free energy from mixing the solvent with polymer chains and
mechanical deformation of the polymer network conform to the Flory-Rehner theory [76]. They assumed the Neo-
Hookean model along with the Flory-Huggins model for the two mentioned free energy densities [77, 78]. Moreover,
the kinetics of the generated contact stress and swelling behavior of these polymeric sealing materials were employed
[79, 80]. In the following references [11, 67, 81], the principle of leakage mechanism in such seals is studied
comprehensively. Lou et al. [82] investigated the effect of the geometrical parameters on its contact stress considering
hydrogel swelling.

Recently, the application of layered smart actuators has attracted the attention of researchers. Smart polymeric-
sensitive materials can be attached to the natural or two elastomer layers to create a bilayer for single-way and double-
way bending sensors [83, 84]. Another way for layering is using functionally graded (FG) material by distributing
different material properties in the thickness direction for micro-beams or in the radius direction for micro-valves
made of pH/temperature-sensitive hydrogel [85-89].

Due to the importance of the multilayer approach in hydrogel performance, the current study comprehensively
investigated the behavior of a multilayer hydrogel resting from the bottom of the channel in a way that may affect
sealing (Figure 1). Unlike the outdated micro-channels that used a moving part as an upper side of the channel to
compress elastomer for sealing, this study uses a rectangular hydrogel in contact with water molecules to absorb them
and swell, producing sufficient contact stress for complete sealing (Figure 1). This approach lowers the cost of
manufacturing and facilitates the procedure. It should be noted that the seal failure might generate leakage even if
seals are not expensive in these structures [11], necessitating attention to designing and behavior recognition of
elastomer sealing. The effect of layering hydrogel with different material distribution in two approaches of descending
and ascending for channel sealing has been analyzed by considering parameter variations.

Upper side of Channel Wall

¥ Multilayer Hydrogel

Figure 1: Schematic of multilayer hydrogel seal in contact with fluid pressure

The paper is organized as follows. In Section 1, a comprehensive literature review is presented. Then, the model
description containing thermo-mechanical behavior and the results of the model are confirmed with experiments
benchmarked in the literature. The validity of the proposed model is discussed in Section 2. The leakage mechanism
is introduced in detail in Section 3. The comparison involves the hydrogel contact stress under the irradiation of
different channel pressures. After validation, some applicable parameters of the sealing behavior of hydrogel (e.g., an
RTG) and the effect of the multilayer hydrogel length are investigated numerically in Section 4. Also, the initial and
deformed configurations of the proposed elastomeric seal are illustrated in different steps under fluid pressure. Finally,
conclusions are drawn in Section 5.

2. Multilayer Hydrogel Modelling

The swelling behavior of multilayer hydrogel in a rectangular shape is presented by WS ,and W represents

the additive decomposition of free energy density for elastic and mixing parts. The mentioned elastic and mixing parts
follow the Neo-Hookean and Flory-Huggins models. Hydrogel as a hyperelastic material is expressed as follows [75]:
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Based on the Neo-Hookean model, the deformation of multilayer hydrogel is employed this way:
1
W, (F) = ENkBT (1,-3-2log(J)) (2)

where T,N , and K are the absolute temperature, the polymer chain density, and the Boltzmann constant (
K, = 1.38x10°JK™), and the specific term of NKT in the dry state represents the shear modulus calculated through
NKT =1kpa—10Mpa [75]. Considering the Lagrangian perspective, the gradient deformation tensor (F ) is

introduced by two states: dry (reference) and deformed states. When the network is in a dry state, it is considered as
the initial position (x) and the current state X(x). The right Cauchy-Green deformation gradient is defined as:

C=FF )
In continuation, 1,and J are the first invariant of the right Cauchy—Green deformation tensor and the determinant of

the deformation gradient F .
As mentioned, Flory-Huggins models as the extended formulation for defining the mixing part of the decomposition

of free energy density into the hydrogel network W is employed as below:

W, ()=l vCln(1+ij+ 4 “)
v vC ) 1+C
In equation (4), W _ is the function of C and is defined as the concentration of water molecules [31, 33]. In this

equation, the non-dimensional parameter represents enthalpy variations of mixing between the water molecules and
hydrogel chain with a value of y =0-1.2, which expresses the high incentive of water molecules for penetrating the

hydrogel network. In the following, T, v, and K, are the absolute temperature, the one solvent volume per
molecule, and the Boltzmann constant, respectively. It should be noted that the first and last parts of mixing free

. . . 1 .
energy density of the studied multilayer hydrogel In(1+ Ej and 1 }f/C represent the water molecules in polymer
+
chain entropy and mixing enthalpy [90].
Due to the incompressibility at the equilibrium state in any solvent chemical potential, the hydrogel chain volume
changes through absorbing, and the excretion of the fluid molecules is constant. The nominal stress tensor (the first
Piola-Kirchhoff stress tensor) as the state equation is defined below [27]:

p_%_ﬁ| ®)

T OF v

In this equation, the considerable point is its negative terminal of ﬁl , which is known as the chemical potential
1%

of the hydrogel network (pore pressure in poroelasticity) and applies the hydro-static stress on it. At the equilibrium
state, the deformed hydrogel network is affected by the chemical potential. When it is equal to zero, the fluid pressure
is the same as vapour pressure. In the mentioned term, | and g refer to the identity tensor and the chemical potential

of the surrounding water molecules, respectively.
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Based on the section about multilayer hydrogel modelling, the swelling mechanism of the submerged hydrogel in
the aquatic environment is due to the migration of water molecules into the network. This means any variation in
polymer chain stretch referring to the accommodated water molecules into it. It should be noted that the mixing
procedure could vary both the entropy and enthalpy of the system in that the contractile stress is the result of declining
stretch. In the next stage, the constitutive model for defining multilayer hydrogel swelling behavior is implemented
by numerical tools. All the subsequent investigations are simulated by ABAQUS. The nonlinear behavior of smart
polymeric materials such as hydrogel in ABAQUS is solved by scripting a UHYPER as a user-defined subroutine in
the programming platform to import the boundary conditions. In other words, the swelling behavior of the hydrogel
as a hyperelastic material is obtained by calculating the free energy density terms and its derivatives with respect to
the deformation gradient invariants in the so-called user-defined subroutine.

As mentioned in the introduction, the present study is inspired by the experimental research by Liu et al. [11]. As
can be seen in the micro-channel in Figure 1, the upper side of the channel wall is designed with vertical movement
freedom like the channel studied in the mentioned research [11]. In more detailed terms, the moving part of the channel
located at the upper side imposes the compression pressure to prevent the passing of any water molecules, thus
decreasing the sealing time. It should be noted that each level of pressure from the upper side of the channel wall has
a specific indication. For instance, increasing the moving wall compression would mean that higher pressure is
required to break the hydrogel. The bottom of the hydrogel rested at the lower surface of the channel. The dimensions
of the schematic hydrogel seal (Figure 1) are a thickness (h) of 1, a width of w, and a length of a, where the channel
width in the 2D simulation is adequate. A non-dimensional parameter of Ah/h refers to the strain generated by the
upper side of the channel compression (g) [11]. The model presented above is confirmed by using the elastic model to
stimulate the different compression levels.

A neo-Hookean model is used to model the deformation when the seal of the planned test does not swell. The
elastomeric seal is compressed via a rigid upper boundary line that moves downward. Similar to the experimental data
presented by Liu et al. [11], the contact is assumed to be frictionless. CPE4H and R2D2 mesh types are used to move
the boundary line and the elastomer, respectively. A uniformly exerted pressure on the left side of the seal is employed
to model the water pressure, which increases linearly until it approaches the maximum contact stress. Although this
uniform pressure does not simulate the experiment at first because water exerts pressure on all contactless areas, it is
not a serious issue. This is because after a short time, all the upper sides of the seal touch the upper boundary line, and
only the left side of the seal is still subjected to the water pressure. Contact stress and water pressure are continuously
monitored to report the water pressure that overcomes the contact stress, causing the leakage.

a
200 ( )
180
160 J
AP=0 (b)
140 1 AP=26.5kPa ]
wh N | AP=110kPa
E' \\ — AP=186kPa
MO100F TSl
o .‘~§.
& gl ~
60
40 -
20 +
0 . . . . L ]
0 1 2 3 4 5 6 7
Initial Position [cm]

Figure 2: The FEA result of the contact stress versus the initial position in different pressures of 0, 26.5, 110, and
186 kPa. The corresponding deformed configurations are a, b, ¢, and d, respectively.

FE results were obtained and compared with the experimental and analytical ones. The cross-linking density of
this process equals N v =0.000125 EEE=10%. The height and three different lengths of the hydrogel are
2.2x4.4x6.7cm . As mentioned earlier, the friction between the seal and the upper boundary is considered zero.

Figure 2 shows the configurations of the seal with a length of 6.7cm subject to different values of pressure. Figure
2(e) shows the contact stress for different values of pressure indicated in Figure 2(a-d). First, the upper boundary line
moves down to exert compression on the seal (Figure 2(a)). In Figure 2 (b-d), the left side of the seal is influenced by
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the pressure, resulting in deformation and contact stress growth. The maximum contact stress is observed at the
midpoint of the seal. Exerting pressure on the left side of the seal increases the maximum contact stress, and it starts
to move to the end of the seal. When it coincides with the endpoint of the seal, the maximum contact stress only
increases in magnitude. The mentioned process is slower than increasing the fluid pressure and continues until the
exerted pressure overcomes the contact stress that initiates the leakage.

3. Leak by Pressure

When a seal is placed in its working environment, it exerts pressure on the channel walls that is larger than the
surrounding fluid pressure. Therefore, the fluid cannot separate the seal from the wall and thus cannot leak. If the
pressure of fluid increases and becomes higher than the contact pressure, the flow overcomes the barrier and leaks by
creating a leakage path through the seal, removing it from its place, or rupturing it. The investigations in this study
consider the elastic failure of seals, which is the most common type of failure for such seals [20]. In elastic failure,
the seal is not damaged or removed from its position, but the large elastic deformation reduces the contact pressure
(stress) and leads to leakage. This is a reversible process, and the seal can perform once the pressure of the fluid is
decreased.

There are various methods of creating the initial contact pressure necessary for sealing. In swellable seals, the
hydrogels absorb water, swell, generate contact with the channel walls, and produce the necessary contact pressure.
Initially, in rectangular seals, the contact pressure is symmetrical and higher at the middle of the hydrogel and
gradually decreases as it distances from the middle of the hydrogel. When subjected to fluid pressure, the seal is
deformed, and the symmetry in the distribution of the contact pressure is impaired. The position of maximum contact
pressure moves to the side with fluid pressure [13]. If the pressure continues to rise in the fluid, the contact pressure
moves further toward that side. It should be noted that, as shown later, the value of contact pressure is not constant
and changes with the deformation of the hydrogel. At some point, the fluid pressure exceeds the contact pressure, and
the hydrogel fails to seal the channel, initiating the leakage path [35].

4. A detailed study of the rectangular multilayer hydrogel seal

This paper used the Finite Element Method (FEM) to investigate the behavior of the proposed seal. A UHYPER
subroutine was introduced to import the material properties to ABAQUS software in which the energy parameter and
its derivatives with respect to the deformation gradient invariants were scripted. In the ABAQUS software, the CPE4H
mesh model is selected for the problem simulation, where the length of the multilayer seal is considered sufficient as
a 2D problem. The FE model performs like the mentioned model with which it was validated. However, it should be
noted that the material model and the movement of the upper boundary condition are different in the current work
compared to the validation one.
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Figure 3: The multilayer hydrogel seals schematic alongside two methods for the cross-linking density.

The length and thickness of the multilayer seal are 40 and 20 mm, respectively, except for the parametric studies
where the mentioned values are changed. This multilayer has been implemented in a channel with a width of 30 mm.
It is assumed that the interaction parameter is 0.6, and the cross-linking density ranges from 0.005 to 0.02 for the
multilayer cases (Figure 3). Figure 4 shows the formation of the system for the descending cross-linking distribution
in different steps. First, the configuration of the undeformed multilayer seal is shown in Figure 4(a). Figure 4 (b)
shows the seal position when the swelling procedure is completed, but the external pressure is not exerted yet. In
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Figure 4(c) and 4(f), different pressures of 380, 800, 1580, and 2600kPa are exerted on the left side of the seal. The
leakage occurs when the pressure equals 2600 kPa (Figure 4 (f)). Von Mises stress contour is also shown in Figure 4.
In Figure 4(b), when the seal is in the swelled configuration, the external pressure is observed at the corner points of
the lowest side of the seal where it is attached to the wall. As shown in Figures 4(c) and 4(d), the maximum value is
first on the high-pressure and then begins to increase owing to the multilayer deformation.
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Figure 4: FEM results of understudy multilayer hydrogel in different pressures.

Increasing the fluid pressure causes the elements located on the left side to approach their initial positions so that
their stretches reduce. However, when pressure exceeds a particular value, those elements start to distance, leading
their stretch to extend again. It should be noted that on the right side of the seal, von Mises stress is continuously
rising. Also, mesh independency is an important factor in FE simulations due to reaching precise results by optimized
computational costs. Afterward, the mesh size does not affect the multilayer hydrogel results. As illustrated in Figure
5: Independency of the understudy hydrogel seal for the number of elements versus obtained tolerable pressure for
descending material distribution., for the subsequent analysis of the multilayer in both ascending and descending
states, the number of elements is considered 2290, where the obtained result had no fluctuation.
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Figure 5: Independency of the understudy hydrogel seal for the number of elements versus obtained tolerable
pressure for descending material distribution.
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For clarification, Figure 4 presents the contact stress between the seal and the channel wall. As can be seen,
initially, a completely symmetrical contact stress profile is observed where the maximum level of contact stress is at
the center of the multilayer and is zero at the two contact ends. It should be noted that at first, the contact end does not
occur simultaneously with the seal corners, which means that the outer parts of the seal do not touch the upper wall.
While the fluid flow pressure increases, the seal begins to deform slowly, and before the fluid pressure reaches the
maximum contact stress, the maximum points approach the corner of the seal. When this corner touches the upper
wall and matches the location of the maximum contact stress, the pressure grows with a much sharper slope than in
other areas. Thus, even if the fluid pressure is higher than the contact stress for most contact areas, the seal prevents
leakage, as the fluid pressure is lower than the contact stress in this particular area. However, when the external
pressure exceeds the contact stress of this area, the system fails and leads to leakage. This sudden leakage was also
observed in articles [11, 67]. This deformation can also affect the right side of the seal as the contact surface is reduced.
As the pressure difference increases, the contact surface of the right side is decreased.

5. Parametric investigation

In this section, the parameters that have a significant effect on the behavior of the multilayer are studied. The effect
of the multilayer length and the ratio of the multilayer thickness to the gap (RTG) of seals are studied. The effect of
the cross-linking density (Nv) is also investigated, where the amount of this parameter is constant through the seal
(homogenous cases). For multilayer seals, both ascending and descending arrangements are considered where the
cross-linking density increases and decreases from the top to the bottom, respectively. The reason for investigating
the multilayer length is that it can affect contact stress and the amount of deformation. The RTG parameter is
significant not only in the initial contact stress but also in design limitations. As concluded from the model description,
the cross-linking density affects the multilayer behavior significantly, particularly the amount of swelling and contact
stress.

5.1. Multilayer length

In this section, the impact of the multilayer length is studied for ascending and descending cases. The multilayer
thickness, channel width, and interaction parameters have constant values of 20mm, 30 mm, and 0.6, respectively. As
can be seen in Figure 6, for both ascending and descending arrangements, increasing the multilayer length increases
its capability to endure the pressure difference in nearly-linear trends. This outcome can be described through the
deformation mechanism of the multilayer, as a multilayer with a longer length has a higher impediment to deformation.
When the multilayer length increases, pressure on the wall and the contact stress increase, resulting in a higher-
pressure difference. It should be noted that the ascending case is more affected by the length than the descending.

5.2. The ratio of the multilayer thickness to the gap (RTG)

The RTG parameter has a great impact on the seal performance and is governed by design limitations and the place
of the multilayer. In this study, the RTG parameter depends on multilayer thickness only as the channel width is fixed.
In the present study, the multilayer length, channel width, and interaction parameters have constant values of 40mm,
30mm, and 0.6, respectively. Figure 7 shows the effect of this parameter on the behavior of ascending and descending
multilayers. As can be seen, similar to the length study, by increasing the RTG parameter, the resistance of the
multilayer increases in a linear way for ascending and descending arrangements. Another conclusion from the two
mentioned parametric studies is that, on the whole, the multilayers with descending arrangements have a better ability
to resist pressure difference than layers with ascending arrangements.
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Figure 7: RTG effect of the ascending and descending method of multilayer cross-linking on the tolerable pressure.

5.3. Cross-linking density for homogenous hydrogel

Another important parameter in the sealing system is the cross-linking density (N v ). Four homogenous seals
with different Nv values (0.005, 0.01, 0.015, and 0.02) are considered to investigate this parameter, and the results are
presented in Table 1. As expected, the seal with a higher Nv can resist a higher pressure difference. This observation
is the outcome of higher stiffness in seals with more amounts of Nv, resulting in better resistance to deformation.

Table 1: Pressure leakage of homogeneous hydrogels
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Cross-linking density Pressure (KPa)
N v =0.005 1120.954
Nv=0.01 2002.969
N v =0.015 2757.073
N v =0.02 3372.951

6. Summary and Conclusion

The present study investigated the performance of multilayer hydrogel seals. The behavior of hydrogel encounters
with the pressure profile of fluid flow was assessed using a suitable constitutive model and elastic leakage method to
analyze the sealing behavior of the hydrogel. The mentioned model helped consider different aspects of hydrogel
behavior, including the generated stress in the rectangular multilayer hydrogel, the contact stress, and the deformed
configuration. The hydrogel in rectangular shape was reconstructed in four layers, where the amount of cross-linking
decreased from the top to the bottom of the hydrogel as the descending distribution and increased from the top to the
bottom of the hydrogel as ascending distribution. Afterward, more than 50 simulations were performed as parameter
studies to demonstrate the precise approach to designing such elastomeric seals. The investigated parameter study
contains the variation of hydrogel length for ascending and descending cross-linking density distributions and material
property distribution (amount of Nv) and measures the amount of pressure before the failure of the RTG (the ratio of
the thickness of the hydrogel to the gap). It is defined as a geometrical parameter that has been studied
comprehensively. For the RTG, the results demonstrated that as the hydrogel seal length increases, the capacity of the
pressure before the hydrogel failure (i.e., the ratio of the thickness of the hydrogel to the gap) is increased. The
pressure-bearing of the multilayer hydrogel with descending cross-linking distribution is 1.5 times higher than the
ascending state.
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