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Finite element analysis of ionic liquid gel soft actuator∗
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A new type of soft actuator material-ionic liquid gel (ILG), which consists of HEMA, BMIMBF4, and TiO2, can be
transformed into gel state under the irradiation of ultraviolet (UV) light. In this paper, Mooney–Rivlin hyperelastic model
of finite element method is proposed for the first time to study the properties of the ILG. It has been proved that the content
of TiO2 has a great influence on the properties of the gel, and Young’s modulus of the gel increases with the increase of
its content, despite of reduced tensile deformation. The results in this work show that when the TiO2 content is 1.0 wt%, a
large tensile deformation and a strong Young’s modulus can be obtained to be 325% and 7.8 kPa, respectively. The material
parameters of ILG with TiO2 content values of 0.2 wt%, 0.5 wt%, 1.0 wt%, and 1.5 wt% are obtained, respectively, through
uniaxial tensile tests, including C10, C01, C20, C11, C02, C30, C21, C12, and C03 elements. In this paper, the large-scaled
general finite element software ANSYS is used to simulate and analyze the ILG, which is based on SOLID186 element and
nonlinear hyperelastic Mooney–Rivlin model. The finite element simulation analysis based stress-strain curves are almost
consistent with the experimental stress–strain curves, and hence the finite element analysis of ILG is feasible and credible.
This work presents a new direction for studying the performance of soft actuator for the ILG, and also contributes to the
design of soft robot actuator.
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1. Introduction

Due to high environment adaptability and low pressure
impedance characteristics, soft robot has broad application
prospects in the fields of biology, medicine, etc. The adoption
of electro active polymer (EAP) material has become a hot re-
search topic these years. Electrochemical actuator has been
further developed in the last decades due to their desired me-
chanical properties exhibited in intelligent robots, which has
been an alternative to air and fluid deriving equipment.[1–4]

The flexible ionic conductivity of the ILG is more suitable
building blocks for the evolution of actuators due to its chem-
ical stability, thermal stability and simpler ion transport.[5–7]

Non-covalent interactions provide the gels with very
high mechanical strength and excellent self-healing ability of
supramolecular materials.[8–10] On the basis of these stud-
ies, we use TiO2 nanoparticles to fabricate supramolecular
nanocomposites with electrochemical behavior of mechanical
strength ionogel polymer and ionic liquid.

With the good development of numerical means, finite el-
ement analysis has been one of the most effective and abundant
information extraction methods to evaluate and optimize robot
design. Analytical model can therefore be greatly simplified,
hence the computational efficiency is greatly increased. The
most critical drawback is that the ignorance of the nonlinear
and constitutive model and simplification of the computational
model lead to a coarse solution.[11,12] The numerical simula-

tions offer a sufficient insight for every single case during the
general soft robot approach.

To reduce the experimental cost and time consump-
tion,we perform a systematic analysis of the ILG based on
numerical simulations, and verify the accuracy of the finite
element calculation, and also make some contribution to the
development of the ILG in soft robot. The numerical simula-
tion results are matched with the corresponding experiments,
and hence the validity of the finite element model is proved.

This single behavior can be directly applied to some sim-
ple geometric numerical method, which takes into considera-
tion some specific features of analysis process, and the finite
element method has therefore become one of the most effec-
tive tools for process modeling, including ILG.[13–15]

2. Fabrication of ILG
In our experiments, the ILGs are composed of1-butyl-

3-methylimidazolium tetrafluoroborate (BMIMBF4), hydrox-
yethyl methacrylate (HEMA) and TiO2 nanoparticles, with
mass of 890 mg, 100 mg, and 10 mg, respectively. The mixed
solution is then placed into a magnetic stirrer to stir, forming
a suspension. Following that the sample was placed on the
ML-3500C Maxima-type cold light source, i.e., an ultra high
intensity UV curing lamp, for polymerization.

Figure 1(a) shows a comparison between the morpholo-
gies of the ionic liquid before and after the gel is formed, the
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right figure shows the liquid state, and the left figure shows
the solid state formed after polymerization. The schematic di-
agram of the generating principle is illustrated in Figs. 1(b)–
1(d). Under the irradiation of UV light, the polymerization
reaction occurs in HEMA, polymer matrix cross-linked with
each other, and thus a porous network structure is formed.[16]

(a)

(b)

TiO2-NPs monomer polymer(    radical) ionic liquid

(c)

UV
light further

(d)

Fig. 1. (color online) Proposed mechanism of the BMIMBF4-based ionogel
under UV light. (a) ILG solution and ILG respectively. (b) The ILG solution
inclusion BMIMBF4, HEMA, and TiO2 nanoparticles. (c) Polymerization
initiated by the TiO2 nanoparticles. (d) HEMA and TiO2 nanoparticles cross
coupled to form a three-dimensional (3D) network.

3. Material nonlinearity and parameters

The morphology analysis of freeze-dried sample using
scanning electron microscopy (SEM) shows that the porous
microstructure occurs in the ubiquitous ionogels. Distilled wa-
ter was used to replace the ILG internal ionic liquid, after the
freeze-drying treatment, S4800 Hitachi type high resolution
field emission scanning electron microscope was used to scan
the section. Figure 2 shows that under a magnification of 5000,
the spatial structure of the ionic liquid carrier HEMA is the
typical 3D porous structure, and its matrix is cross-linked to
each other to form a 3D support skeleton, offering good me-
chanical strength and self-repair performance.

Fig. 2. SEM image of a freeze-dried BMIMBF4-based gel after replacing
the ionic liquid with water.

From the image of the ILG under the SEM, it can be
seen that the material possesses an irregular network structure,
which is a nonlinear material. The nonlinear properties of the
material are also validated by stress-strain curves of the exper-
imental results and simulation results.

3.1. Hyperelastic nonlinearity

Assuming that the ILG is an isotropic incompressible hy-
perelastic body, the following assumptions are made based on
the theory of continuum mechanics to study its mechanical
properties.

(i) If there is a unit mass of material strain energy func-
tion W , it is an analytic function of the strain tensor of the nat-
ural state, termed hyperelastic hypothesis. If the time rate of
change of W is equal to that of the power of the stress, the ma-
terial is called the hyperelastic material. The mechanical prop-
erties of the hyper elastic material are described by the strain
energy density function W , which has many functions.[17,18]

(ii) Isotropic assumption.
(iii) It is assumed that the volumes of the material before

and after deformation are the same.
Parameters λ1, λ2, λ3 are set to be in the three directions

of the main (extension) deformation rate, respectively, given
by

λ1 =
x
x0
, λ2 =

y
y0
, λ3 =

d
d0

, (1)

where, x, y, and d are the dimensions of length, width, and
thickness direction, respectively. x0, y0, and d0 are the initial
sizes before the deformation.

Because the material is not compressible, the volumes of
the deformation before and after are the same, giving

xyd = x0y0d0, (2)
xyd

x0y0d0
= λ1λ2λ3 = 1. (3)

3.2. Hyperelastic stress

Based on comparisons of various hyperelastic constitutive
models, Mooney–Rivlin model is selected. Mechanical prop-
erty of ionic gel material is then studied using Mooney–Rivlin
formula, which has been termed nonlinear finite element of
ionic gels in previous study.[19,20]

σ

σ
σ

Fig. 3. Stress in each direction.
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The strain energy function, i.e., Mooney–Rivlin model
equation is as follows:

W = ∑
i6= j

ci j(I1−3)i(I2−3) j. (4)

The form of the strain energy potential is given by

W = c10(I1−3)+ c01(I2−3)+ c20(I1−3)2

+ c11(I1−3)(I2−3)+ c02(I2−3)2 + c30(I1−3)3

+ c21(I1−3)2(I2−3)+ c12(I1−3)(I2−3)2

+ c03(I2−3)3, (5)

where the required input parameters c10, c01, c20, c11, c02, c30,
c21, c12, and c03 are the material constants.

The physical properties are mainly described by the strain
energy function. Each model is in a special form of the strain
energy function. Once the form of the strain energy function
W is determined, the Cauchy stress tensor P can be given by

σ =−pI +2
∂W
∂ I1

B−2
∂W
∂ I2

B−1, (6)

where I is the unit tensor, which is the left Gauss deforma-
tion tensor, and P is the hydrostatic pressure introduced by the
incompressible assumption,

I1 = B,

I2 =
1
2
[I2

1 − tr(B2)],

I3 = detB.

(7)

The relationship between the invariants and principal elonga-
tion is a function of B:

I1 = λ 2
1 +λ 2

2 +λ 2
3 ,

I2 = λ 2
1 λ 2

2 +λ 2
2 λ 2

3 +λ 2
1 λ 2

3 ,

I3 = λ 2
1 λ 2

2 λ 2
3 ,

(8)

and hence the isotropic and incompressible deformation pro-
cess of ILG is given as√

I3 = λ1λ2λ3 = 1. (9)

According to formulas (6) and (8), it can be obtained that

σi = 2
[

λ
2
i

∂W
∂ I1
− 1

λ 2
i

∂W
∂ I2

]
− p, (10)

where I1, I2, and I3 are the relative changes of the length, sur-
face area and volume of the elastomer, respectively.

Also,

σ1 = 2
(

λ
2
1

∂W
∂ I1
− 1

λ 2
1

∂W
∂ I2

)
− p, (11)

σ2 = 2
(

λ
2
2

∂W
∂ I1
− 1

λ 2
2

∂W
∂ I2

)
− p, (12)

σ3 = 2
(

λ
2
3

∂W
∂ I1
− 1

λ 2
3

∂W
∂ I2

)
− p, (13)

where ∂W/∂ I1 and ∂W/∂ I2 are the partial differentials of the
strain energy function W with respect to I1 and I2, respectively;
σ1, σ2, and σ3 are the stresses in the x, y, z directions, respec-
tively.

Because only axial tensile deformation is considered, the
stresses in the other two directions are zero, i.e.,

σ2 = σ3 = 0, (14)

giving

I1 = λ
2
1 +

2
λ1

, (15)

I2 =
1

λ 2
1
+2λ1. (16)

The partial differentials of the strain energy function W
with respect to I1 and I2 are given by

∂W
∂ I1

= c10 +2c20(I1−3)+ c11(I2−3)+3c30(I1−3)2

+ 2c21(I1−3)(I2−3)+ c12(I2−3)2 = M, (17)
∂W
∂ I2

= c01 +2c02(I2−3)+ c11(I1−3)+3c03(I2−3)2

+ 2c12(I1−3)(I2−3)+ c21(I1−3)2 = N. (18)

Therefore,

σ1 = 2
(

λ
2
1 −

1
λ1

)(
M+

1
λ1

N
)
. (19)

One of the key parts of finite element analysis is to simu-
late the accuracy of the material parameters.The TiO2 content
values are set to be 0.2 wt%, 0.5 wt%, 1.0 wt%, and 1.5 wt%
ILG, respectively, and hence form 4 groups of material param-
eters.

4. FEM model for forming simulations
The main purpose of the numerical simulations is to seek

an effective analytical tool for studying the ILGs in detail to
support the design of soft robots. The details of the whole
finite element model including ILG elements are depicted in
Fig. 4, corresponding to its geometric model.[21–23]

(a) (b)

z

y

x

Fig. 4. (color online) (a) Geometric model; (b) Finite element model.
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The model size is 30 mm×5 mm×(0.5 mm or 1.0 mm),
and the stress–strain curves are computed under various values
of TiO2 content, and the force-displacement curves are thus
can be calculated.

4.1. Geometry, materials, program settings

The geometric model shown in Fig. 4 has an ILG size of
25-mm long, 5-mm wide, and 0.5-mm or 1-mm thick.

The first analysis of the finite element model required
for the deformation must be globally acceptable hyperelastic
model, and the general characteristics of the ILG hyperelastic

model can therefore be captured.

According to the uniaxial tensile tests, the values of C10,
C01, C20, C11, C02, C30, C21, C12, and C03 are obtained and
summarized in Table 1.

Due to nonlinear hyperelastic calculation, maximum ILG
deformation strain turns to be as high as approximately 430%.
For better convergence, in the analysis of the ANSYS finite
element simulations, the load step is set to be 2000, the mini-
mum load step is set to be 100, the maximum load step is set
to be 1000, and the maximum iteration is set to be 100.

Table 1. Mechanical properties of the BMIMBF4-based ionogels with different TiO2 concentrations.

TiO2/wt% C10 C01 C20 C11 C02 C30 C21 C12 C03

0.2 −12.2807 18.3417 5.95×105 −7.81×10−3 3.0927 6.54×10−13 −4.8110−10 −1.4710−5 1.9210−3

0.5 −18.5854 27.8485 −2.3210−5 0.0218 4.6449 −2.9110−12 1.5610−9 5.5210−6 −5.4410−3

1.0 36.3521 −53.9507 9.3010−5 0.0122 −9.0515 −1.3810−11 7.7010−9 −2.4810−5 −2.9710−3

1.5 660.293 −986.710 0.0272 −4.3149 −158.571 −3.1010−10 1.2110−7 6.8310−3 1.0694

4.2. Boundary conditions, load

The constraint conditions of all degrees of freedom
(DOF) of the structure are clamped and fixed by the constant
boundary nodes. When the finite element is calculated, the
upper end of the ILG is fixed, and the lower end of the ILG
is loaded. In order to obtain the stress-strain curve of each
model, 10 different load conditions are calculated in the corre-
sponding model.

4.3. Mesh settings

For mesh settings, the different element types are ana-
lyzed in the model development process. With higher val-
ues in the hyperelastic nonlinear calculation, SOLID186 el-
ement gives a better convergence. The size of the ele-
ments in the mesh is calculated to guarantee the conver-
gence of the results. The ANSYS finite element analysis
model size is 30 mm×5 mm×(0.5 mm or 1.0 mm). By
analyzing the convergence and time consumption of simu-
lation calculation, the finite element grid size is set to be
0.05 mm×0.05 mm×0.05 mm, which are 6×105 or 1.2×105

elements.

5. Numerical results
In Fig. 5, when the content of TiO2 is 0.2 wt%, the sim-

ulation results are analyzed: when f = 1.49 mN, the defor-
mation is 6.72 mm; when f = 8.56 mN, the deformation is
28.56 mm; when f = 12.68 mN, the deformation is 59.32 mm;
when f = 13.92 mN, the deformation is 93.94 mm; when
f = 13.02 mN, the deformation is 130.16 mm.

Figure 6(a) shows that the ILG is thick and short before
the load is applied. As the tensile load increases, the ILG be-
comes longer and thinner, which is shown in panels (b) and (c).

Figure 5(a)–5(e) are the simulation results of ILG under dif-
ferent loads, showing that with the tensile load increasing, the
simulation results are consistent with the experiment results,
too. It can be seen in Figs. 5 and 6 that the ILG is consis-
tent with the assumption that the material is incompressible,
as shown in Eq. (9).

(a) (b) (c) (d) (e)

Fig. 5. (color online) Calculation results for TiO2 content of 0.2 wt% and
ILG thickness of 0.5 mm.

(a) (b) (c)

Fig. 6. (color online) Change of the ILG.

Table 2. Calculation results for TiO2 content of 0.2 wt% and ILG thick-
ness of 0.5 mm.

Force/mN 1.49 8.56 12.68 13.92 13.02

Deformation/mm 6.72 28.56 59.32 93.94 130.16
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In Fig. 8, when the content of TiO2 is 0.2 wt%, the sim-
ulation results are analyzed: when f = 4.34 mN, the defor-
mation is 5.92 mm; when f = 15.12 mN, the deformation is
24.57 mm; when f = 24.41 mN, the deformation is 51.11 mm;
when f = 26.55 mN, the deformation is 81.57 mm; when
f = 27.93 mN, the deformation is 113.72 mm.

0 100 200

30

25

20

15

10

5

0
300

experimental data

calculated data

Strain/%

S
tr

e
ss

/
k
P
a

400 500

Fig. 7. (color online) Comparison of experimental data with calculated
data, for TiO2 content of 0.2 wt% and ILG thickness of 0.5 mm.

(a) (b) (c) (d) (e)

Fig. 8. (color online) Calculation results for TiO2 content of 0.2 wt% and
ILG thickness of 1.0 mm.

Table 3. Calculation results for TiO2 content of 0.2 wt% and ILG thick-
ness of 1.0 mm.

Force/mN 4.34 15.12 24.41 26.55 27.93

Deformation/mm 5.92 24.57 51.11 81.57 113.72

In Fig. 10, when the content of TiO2 is 0.5 wt%, the sim-
ulation results are analyzed: when f = 7.21 mN, the defor-
mation is 6.01 mm; when f = 25.32 mN, the deformation is
25.10 mm; when f = 35.49 mN, the deformation is 52.62 mm;
when f = 37.56 mN, the deformation is 84.43 mm.

Table 4. Calculation results for TiO2 content of 0.5 wt% and ILG thick-
ness of 0.5 mm.

Force/mN 7.21 25.32 35.49 37.56

Deformation/mm 6.01 25.10 52.62 84.43

In Fig. 12, when the content of TiO2 is 0.5 wt%, the sim-
ulation results are analyzed: when f = 11.62 mN, the defor-
mation is 4.86 mm; when f = 40.70 mN, the deformation is
19.39 mm; when f = 69.44 mN, the deformation is 40.42 mm;
when f = 74.42 mN, the deformation is 65.54 mm; when
f = 76.14 mN, the deformation is 92.74 mm.
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Fig. 9. (color online) Comparison of experimental data with calculated
data for TiO2 content of 0.2 wt% and ILG thickness of 1.0 mm.

(a) (b) (c) (d)

Fig. 10. (color online) Calculation results for TiO2 content of 0.5 wt% and
ILG thickness of 0.5 mm.
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Fig. 11. (color online) Comparison of experimental data with calculated
data for TiO2 content of 0.5 wt% and ILG thickness of 0.5 mm.
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(a) (b) (c) (d) (e)

Fig. 12. (color online) Calculation results for TiO2 content of 0.5% and
ILG thickness of 1.0 mm.

Table 5. Calculation results for TiO2 content of 0.5 wt% and ILG thick-
ness of 1.0 mm.

Force/mN 11.62 40.70 69.44 74.42 76.14

Deformation/mm 4.86 19.39 40.42 65.54 92.75

It can be seen that the ILGhas a TiO2 content value of
0.2 wt% in Figs. 7 and 9, and the value is 0.5 wt% in Figs. 11
and 13. Both the length and the width of the ILG are fixed,
the ILG thickness is 0.5 mm in Figs. 7 and 11, and the value
is 1.0 mm in Figs. 9 and 13. The simulation results show that
the stress-strain curve in Fig. 7 is substantially the same as
the stress-strain curve in Fig. 9, and the stress-strain curve in
Fig. 11 is substantially the same as the stress-strain curve in
Fig. 13. The thickness of the ILG therefore has no effect on
the hyperelastic nonlinear calculation and affects the magni-
tude of the load only.

According to Figs. 7, 9, 11, and 13, it can be seen that
the calculated thickness has no effect on the nonlinearity of
the finite element. The ILG with a thickness of 0.5 mm is then
calculated.
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Fig. 13. (color online) Comparison of experimental data with calculated
data for TiO2 content of 0.5 wt% and ILG thickness of 1.0 mm.

In Fig. 14, when the content of TiO2 is 1.0 wt%, the sim-
ulation results are analyzed: when f = 11.90 mN, the defor-
mation is 4.61 mm; when f = 40.35 mN, the deformation is
18.14 mm; when f = 73.60 mN, the deformation is 37.56 mm;

when f = 79.69 mN, the deformation is 60.82 mm; when
f = 80.01 mN, the deformation is 86.05 mm.

(a) (b) (c) (d) (e)

Fig. 14. (color online) Calculation results for TiO2 content of 1.0 wt% and
ILG thickness of 0.5 mm.

Table 6. Calculation results at TiO2 content for 1.0 wt% and ILG thick-
ness of 0.5 mm.

Force/mN 11.90 40.35 73.60 79.69 80.01

Deformation/mm 4.61 18.14 37.56 60.82 86.05

In Fig. 16, when the content of TiO2 is 1.5 wt%, the sim-
ulation results are analyzed: when f = 23.67 mN, the defor-
mation is 2.64 mm; when f = 74.56 mN, the deformation is
9.43 mm; when f = 136.13 mN, the deformation is 18.65 mm;
when f = 164.13 mN, the deformation is 30.41 mm; when
f = 169.05 mN, the deformation is 44.31 mm.
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Fig. 15. (color online) Comparison of experimental data with calculated
data for TiO2 content of 1.0 wt% and ILG thickness of 0.5 mm.

(a) (b) (c) (d) (e)

Fig. 16. (color online) Calculation results for TiO2 content of 1.5 wt% and
ILG thickness of 0.5 mm.
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Table 7. Calculation results for TiO2 content of 1.5 wt% and ILG thick-
ness of 0.5 mm.

Force/mN 23.67 74.56 136.13 164.13 169.05

Deformation/mm 2.64 9.43 18.65 30.41 44.31

It can be seen in Figs. 7, 11, 15, and 17 that the content
values of TiO2 are 0.2 wt%, 0.5 wt%, 1.0 wt%, and 1.5 wt%,
respectively. From the stress-strain curve, during the initial
period (with a strain less than 100%), the error between the
experimental results and the finite element simulation results
is less than 10%, and both the errors of the remaining exper-
imental results and the errors of the finite element calculation
results are less than 5%.
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Fig. 17. (color online) Comparison of experimental data with calculated
data for TiO2 content of 1.0 wt% and ILG thickness of 0.5 mm.

6. Experimental results
Figure 18 shows a series of pictures for TiO2 content of

1.5 wt% from the applied load to the fracture process. Before
the load is applied in Fig. 18(a), a material deformation under
a load in Fig. 18(b), and the material is broken in Fig. 18(c).
Figure 19 shows the stress-strain curves for TiO2 content val-
ues of 0.2 wt%, 0.5 wt%, 1.0 wt%, and 1.5 wt%, respectively.
According to the analysis results summarized and illustrated
above, it can be seen that the simulation results are consistent
with the experimental results.

The ionogel BMIMBF4 shows a high level of hyperelastic
toughness when the maximum deformation and a tensile limit
is close to 430%. Tensile tests show that the tensile properties
of the gel can be enhanced by increasing the TiO2 content. In
the tensile tests, Young’s modulus is an optimum mechanical
index for the synthesis condition. Increasing the quantity of
TiO2 nanoparticles will generate more cross-linking sites and
higher conversion, which will contribute to the final mechan-
ical properties.[24] The optimized quantity of TiO2 nanoparti-
cles is 1.0 wt%, considering the data that have been collected
so far and the relatively large tensile deformation and tensile
strength.

Fig. 18. (color online) Uniaxial tensile test.
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Fig. 19. (color online) ILG tensile test.

7. Discussion
In the analysis of ILG, SOLID186 element with finer

mesh sizes can be used to achieve better simulation results.
At the beginning of the simulation analysis, a small time step
is necessary for system convergence. An appropriate macro or
user subroutine is built up in the form of the parameters of the
table and allows the restart of analysis at every time step.

The simulation results show that the finite element model
has a good correlation with the corresponding experimental
data. It is pointed out that the average error between the finite
element calculation and the experimental data is small, show-
ing the design potential of this method for soft robots.[25,26]

The finite element model requires the input of some mechan-
ical properties of the ILG. In this paper, a standard uniaxial
stretch method is used to measure the required ILG properties.

As shown in Fig. 2, the ILG is a network structure. How-
ever, in the process of finite element simulations, it is assumed
that the ILG is a hyperelastic nonlinear network structure. The
simulation results of the finite element are almost the same as
the experimental results, and the result of the finite element
simulation is therefore credible.

8. Conclusions
ANSYS structure program can be used to model the for-

mation process of the soft robot by hyperelastic nonlinear cal-
culation of the ILGs. In this paper, the model of the ILG
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is built up based on the hyperelastic nonlinear finite element
model, and the results show that Mooney–Rivlin model can be
well adapted to the constitutive relation of the material.[27] The
main advantage of the ILG is that it can obtain stress-strain
curve, which can therefore obtain the performance parameters
of the material in a relatively short time.

In the future, the investigations on the generalized algo-
rithm to recognize the mechanical properties of ILGs are car-
ried out. Finally, it is pointed out that all the results in this
work show a good correlation between the 3D theoretical as-
sumptions and the experimental conditions. The achievements
made in this work will contribute to the design of future soft
robot actuator.
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