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Abstract: Hydrogel contains a large amount of solvent such as water inside a three-dimensional molecular chain network 
structure. The content of the solvent changes during the swelling and drying processes of the hydrogel. The mechanical 
properties of the gel significantly change depending on the solvent content. In this study, the effects of the cross-link density 
and swelling ratio on the nonlinear mechanical responses of hydrogel were investigated by the cyclic tensile test. To evaluate 
the irreversible deformation of the hydrogel, we performed the one-time and stepwise loading-unloading tests. The stress-strain 
curves for the loading and unloading process obtained from the crosshead displacement were different owing to the sliding 
between chuck and specimen. In contrast, they were consistent for all the experimental conditions when the strain was evaluated 
by the digital image correlation method. Therefore, the hydrogel showed the less-rate-dependent reversible deformation from 
small to large strain range. Furthermore, obtained results were compared with the theoretical model based on the molecular 
chain network model with swelling effect. Although the model could represent the nonlinear increase in the stress during the 
tensile test and the decrease in the stiffness owing to the swelling, the model results were not consistent with the experimental 
results. Experimental and numerical results indicate that the improvement of the mechanical model is necessary based on the 
less-rate-dependent reversible deformation mechanisms of the hydrogel. 
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1. Introduction 
The hydrogel is a soft polymer material with a three-
dimensional molecular chain network structure, that 
contains a large amount of solvent such as water inside the 
network. Its mechanical properties change greatly 
depending on the solvent content. Currently, material 
development for hydrogel as a biomaterial is progressing in 
the fields of polymer chemistry and medicine [1]. It is 
known that the mechanical behavior of such materials 
strongly depends on the cross-link density and degree of 
swelling, and the effect of cross-link density on the swelling 
response has been investigated [2]. Mechanical- chemical 
models were developed to predict the changes in the 
mechanical properties during the swelling process [3-7]. 

 To utilize the characteristics of hydrogels used in 
various applications, it is important to fully understand the 
mechanical properties of hydrogels. However, mechanical 
tests using flexible hydrogels cannot be performed in the 
mechanical tests similar to the hard materials. The main 
problem is that the contact type measurement method such 
as strain gauges and extensometers cannot be employed to 
measure the deformation of soft materials. Therefore, in this 
study, the strain of the gel specimen is measured using the 
digital image correlation (DIC), which is widely established 
as an effective optical method for measuring and evaluating 
the strain on the surface of the specimens. 

So far, our research group has conducted uniaxial tensile 
tests of hydrogels with different swelling ratios and density 
of crosslinker and evaluated their mechanical properties 
using a molecular chain network model [8]. The comparison 
of stress-strain curves between experiment and simulation 

showed a non-negligible mismatch. One of the possible 
reasons for the mismatch between the predicted and 
experimental results is that the gels generate an irreversible 
deformation due to tensile deformation and swelling.  

In this paper, we evaluate the effects of the cross-link 
density and swelling ratio on the loading-unloading 
response in the large strain range of hydrogel specimens. 
The one-time and stepwise loading-unloading tensile tests 
are performed to evaluate the irreversible mechanical 
behavior of the hydrogel. Furthermore, obtained results are 
compared with the theoretical model based on the molecular 
chain network model with swelling effect. 
 
2. Experimental Method 

2.1 Gel specimen 
Table 1 shows the content of each constituent substance. In 
this experiment, acrylamide (AAm) was used as a monomer, 
and N.N'-methylenebisacrylamide (BIS) was used as a 
cross-linking agent. To evaluate the effect of the cross-link 
density, we prepared hydrogels with three different BIS 
contents, BIS 2.5, 5.0, 10.0. Ammonium persulfate (APS) 
and N,N,N’,N’-tetramethylenediamine (TMEDA) were used 
as a polymerization initiators. First, the specified amount of 
AAm and BIS were measured by precision balance. Then, 
they were mixed in a beaker, and distilled water was added. 
Nitrogen gas was injected into the mixed solution to perform 
deoxidation treatment. Subsequently, polymerization was 
conducted using APS and TMEDA. The mixture was poured 
into a molded petri dish and covered with another small petri 
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dish. It was wrapped and left in the refrigerator for 2.5 hours 
with the weight on it.  

As a specimen, a strip-shaped specimens with a length 
of 30 mm, a width of 10 mm, and a thickness of 1 mm were 
prepared. The obtained specimen is referred to as Specimen 
AP (As prepared). To evaluate the effect of the swelling 
ratio, the specimens were swollen in the distilled water at 
different times. Specimens with different swelling times, 20 
min and 24 h are referred to as Specimen 20 min and 24 h, 
respectively. Because the solvent is non-uniformly 
distributed in the gel when the swelling time is short, the gel 
was retained in a nitrogen atmosphere for 60 minutes after 
swelling. The swelling ratio was defined as the ratio of the 
masses of swollen and AP hydrogels, m(t)/m0. Table 2 
shows the swelling ratio of each specimen. 
 

2.2 Experimental procedure 
To investigate the effects of the strain history on the 
irreversible deformation of the hydrogel, the loading-
unloading tensile tests of the hydrogel specimens with 
different swelling ratios were performed. As shown in Fig. 
1, we performed the one-time and stepwise loading-
unloading tests. In the one-time test, the single loading-
unloading process within the testing deformation range was 
given to the hydrogel specimen, whereas the repetitive 
loading-unloading process within the stepwisely increasing 
testing deformation ranges was given to the hydrogel 
specimen in the stepwise test. 

The effect of the applied strain on the irreversible strain 
of the hydrogel can be evaluated by comparing the results 
obtained from both experiments. A loading-unloading 
process within the tensile displacement from 0 mm to 20 mm 
was given to the hydrogel specimen with the initial length 
of 15 mm in the one-time loading-unloading test. By 
contrast, the repetitive loading-unloading process with the 
maximum tensile displacements of 5 mm, 10 mm, 15 mm, 
and 20 mm were given to the hydrogel specimen in the 
stepwise loading-unloading test. 

Subsequently, to investigate the effects of cross-link 
density and swelling ratio on the irreversible deformation of 
the hydrogel, we performed the one-time loading-unloading 
tensile tests of hydrogel specimens with different BIS 
contents and swelling time. In this test, different degrees of 
strain were given to the specimen because the fracture strain 
depends on the BIS contents. 1.25, 0.75, and 0.5 of true 
strain estimated by the crosshead displacement were applied 
to the specimens with BIS2, 5, and 10, respectively. 

Figure 2(a) shows the experimental setup. The automatic 
vertical servo stand (JSVH1000, Nippon Measurement 

System Co., Ltd.) was used in the cyclic and loading-
unloading tests. To reduce the slippage of the gel specimen, 
Styrofoam adhered to the chuck surface. As experimental 
conditions, the initial distance between jigs was set at 15 mm, 
and the tensile speed was set at 15  mm/min. Since DIC was 
employed in this experiment, sequential images of the 
specimen surface were taken every 4 sec. 

 
2.3 Strain evaluation of deformation 
2.3.1 NetDIC 

The displacement of the measurement points is evaluated 
using netDIC [9]. In the conventional DIC, a subset of the 
brightness map is defined around the object point (point of 
interest, POI) to evaluate the displacement of the POI in Fig. 
2(b). Then, corresponding points between images obtained 
before and after time increment are obtained when the 
correlation between their brightness maps is maximized. In 
the netDIC, the deformation of the subset for the POI is 
approximated using displacements of other measurement 
points around the POI. Therefore, the continuity of the 
deformation around the POI is introduced in this method, 
thereby enabling a stable displacement evaluation under the 
prominent nonuniform deformation, such as the neck 
propagation process in the case of polymers [9,10]. 

2.3.2 Evaluation of true stress and true strain 

 
Fig. 1 Crosshead displacement for one-time and stepwise 

loading-unloading tests. 
 

  
(a)Experimental setup (b)Preparation of DIC 

Fig. 2 Experimental methods for tests. 
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Table 1 Components of gel 
Specimen BIS density [mM] AAm [g] BIS [mg] APS [mg] TMEDA [mL] H2O [g] 
BIS 2.5 2.5 3.73 5.775 17.1 0.0499 14.95 
BIS 5.0 5.0 3.73 11.55 17.1 0.0499 14.95 

BIS 10.0 10.0 3.73 23.10 17.1 0.0499 14.95 

Table 2 Swelling Time and Swelling Ratio 
 BIS2.5 BIS5.0 BIS10.0 

Swelling time [min] 20 1440 20 1440 20 1440 
Swelling Ratio, rs 1.595 3.103 1.516 2.865 1.424 2.216 
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1. Introduction 
The hydrogel is a soft polymer material with a three-
dimensional molecular chain network structure, that 
contains a large amount of solvent such as water inside the 
network. Its mechanical properties change greatly 
depending on the solvent content. Currently, material 
development for hydrogel as a biomaterial is progressing in 
the fields of polymer chemistry and medicine [1]. It is 
known that the mechanical behavior of such materials 
strongly depends on the cross-link density and degree of 
swelling, and the effect of cross-link density on the swelling 
response has been investigated [2]. Mechanical- chemical 
models were developed to predict the changes in the 
mechanical properties during the swelling process [3-7]. 

 To utilize the characteristics of hydrogels used in 
various applications, it is important to fully understand the 
mechanical properties of hydrogels. However, mechanical 
tests using flexible hydrogels cannot be performed in the 
mechanical tests similar to the hard materials. The main 
problem is that the contact type measurement method such 
as strain gauges and extensometers cannot be employed to 
measure the deformation of soft materials. Therefore, in this 
study, the strain of the gel specimen is measured using the 
digital image correlation (DIC), which is widely established 
as an effective optical method for measuring and evaluating 
the strain on the surface of the specimens. 

So far, our research group has conducted uniaxial tensile 
tests of hydrogels with different swelling ratios and density 
of crosslinker and evaluated their mechanical properties 
using a molecular chain network model [8]. The comparison 
of stress-strain curves between experiment and simulation 

showed a non-negligible mismatch. One of the possible 
reasons for the mismatch between the predicted and 
experimental results is that the gels generate an irreversible 
deformation due to tensile deformation and swelling.  

In this paper, we evaluate the effects of the cross-link 
density and swelling ratio on the loading-unloading 
response in the large strain range of hydrogel specimens. 
The one-time and stepwise loading-unloading tensile tests 
are performed to evaluate the irreversible mechanical 
behavior of the hydrogel. Furthermore, obtained results are 
compared with the theoretical model based on the molecular 
chain network model with swelling effect. 
 
2. Experimental Method 

2.1 Gel specimen 
Table 1 shows the content of each constituent substance. In 
this experiment, acrylamide (AAm) was used as a monomer, 
and N.N'-methylenebisacrylamide (BIS) was used as a 
cross-linking agent. To evaluate the effect of the cross-link 
density, we prepared hydrogels with three different BIS 
contents, BIS 2.5, 5.0, 10.0. Ammonium persulfate (APS) 
and N,N,N’,N’-tetramethylenediamine (TMEDA) were used 
as a polymerization initiators. First, the specified amount of 
AAm and BIS were measured by precision balance. Then, 
they were mixed in a beaker, and distilled water was added. 
Nitrogen gas was injected into the mixed solution to perform 
deoxidation treatment. Subsequently, polymerization was 
conducted using APS and TMEDA. The mixture was poured 
into a molded petri dish and covered with another small petri 
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dish. It was wrapped and left in the refrigerator for 2.5 hours 
with the weight on it.  

As a specimen, a strip-shaped specimens with a length 
of 30 mm, a width of 10 mm, and a thickness of 1 mm were 
prepared. The obtained specimen is referred to as Specimen 
AP (As prepared). To evaluate the effect of the swelling 
ratio, the specimens were swollen in the distilled water at 
different times. Specimens with different swelling times, 20 
min and 24 h are referred to as Specimen 20 min and 24 h, 
respectively. Because the solvent is non-uniformly 
distributed in the gel when the swelling time is short, the gel 
was retained in a nitrogen atmosphere for 60 minutes after 
swelling. The swelling ratio was defined as the ratio of the 
masses of swollen and AP hydrogels, m(t)/m0. Table 2 
shows the swelling ratio of each specimen. 
 

2.2 Experimental procedure 
To investigate the effects of the strain history on the 
irreversible deformation of the hydrogel, the loading-
unloading tensile tests of the hydrogel specimens with 
different swelling ratios were performed. As shown in Fig. 
1, we performed the one-time and stepwise loading-
unloading tests. In the one-time test, the single loading-
unloading process within the testing deformation range was 
given to the hydrogel specimen, whereas the repetitive 
loading-unloading process within the stepwisely increasing 
testing deformation ranges was given to the hydrogel 
specimen in the stepwise test. 

The effect of the applied strain on the irreversible strain 
of the hydrogel can be evaluated by comparing the results 
obtained from both experiments. A loading-unloading 
process within the tensile displacement from 0 mm to 20 mm 
was given to the hydrogel specimen with the initial length 
of 15 mm in the one-time loading-unloading test. By 
contrast, the repetitive loading-unloading process with the 
maximum tensile displacements of 5 mm, 10 mm, 15 mm, 
and 20 mm were given to the hydrogel specimen in the 
stepwise loading-unloading test. 

Subsequently, to investigate the effects of cross-link 
density and swelling ratio on the irreversible deformation of 
the hydrogel, we performed the one-time loading-unloading 
tensile tests of hydrogel specimens with different BIS 
contents and swelling time. In this test, different degrees of 
strain were given to the specimen because the fracture strain 
depends on the BIS contents. 1.25, 0.75, and 0.5 of true 
strain estimated by the crosshead displacement were applied 
to the specimens with BIS2, 5, and 10, respectively. 

Figure 2(a) shows the experimental setup. The automatic 
vertical servo stand (JSVH1000, Nippon Measurement 

System Co., Ltd.) was used in the cyclic and loading-
unloading tests. To reduce the slippage of the gel specimen, 
Styrofoam adhered to the chuck surface. As experimental 
conditions, the initial distance between jigs was set at 15 mm, 
and the tensile speed was set at 15  mm/min. Since DIC was 
employed in this experiment, sequential images of the 
specimen surface were taken every 4 sec. 

 
2.3 Strain evaluation of deformation 
2.3.1 NetDIC 

The displacement of the measurement points is evaluated 
using netDIC [9]. In the conventional DIC, a subset of the 
brightness map is defined around the object point (point of 
interest, POI) to evaluate the displacement of the POI in Fig. 
2(b). Then, corresponding points between images obtained 
before and after time increment are obtained when the 
correlation between their brightness maps is maximized. In 
the netDIC, the deformation of the subset for the POI is 
approximated using displacements of other measurement 
points around the POI. Therefore, the continuity of the 
deformation around the POI is introduced in this method, 
thereby enabling a stable displacement evaluation under the 
prominent nonuniform deformation, such as the neck 
propagation process in the case of polymers [9,10]. 

2.3.2 Evaluation of true stress and true strain 

 
Fig. 1 Crosshead displacement for one-time and stepwise 

loading-unloading tests. 
 

  
(a)Experimental setup (b)Preparation of DIC 

Fig. 2 Experimental methods for tests. 
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Table 1 Components of gel 
Specimen BIS density [mM] AAm [g] BIS [mg] APS [mg] TMEDA [mL] H2O [g] 
BIS 2.5 2.5 3.73 5.775 17.1 0.0499 14.95 
BIS 5.0 5.0 3.73 11.55 17.1 0.0499 14.95 

BIS 10.0 10.0 3.73 23.10 17.1 0.0499 14.95 

Table 2 Swelling Time and Swelling Ratio 
 BIS2.5 BIS5.0 BIS10.0 

Swelling time [min] 20 1440 20 1440 20 1440 
Swelling Ratio, rs 1.595 3.103 1.516 2.865 1.424 2.216 
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Because the measurement method using extensometer or 
strain gauge cannot be employed for the hydrogel, true strain 
and true stress were estimated using the crosshead 
displacement CHu . The true strain CHε  and true stress 

CHσ  estimated using CHu  are 

0
ln 1 CH

CH
u
L

ε
 

= + 
 

    (1) 

0 0
1 CH

CH
uF

A L
σ

 
= + 

 
    (2) 

where, 0L  is the initial distance between the upper chuck 
and the lower chuck, 0A  the initial cross-section, F  tensile 
force, respectively.  

However, the non-uniform deformation in the hydrogel 
and the sliding between chuck and hydrogel may affect the 
strain measurement when the crosshead displacement was 
used. Therefore, we evaluated the strain field on the 
hydrogel specimen surface by DIC. After acquiring the 
displacement of the measurement point, the strain field is 
evaluated. The triangular elements are constructed using the 
displacement-measurement points based on the Delaunay 
triangulation scheme. The deformation gradient tensor of 
the triangular element is calculated using displacement 
vectors on the vertex of the triangle as shown in Fig. 3. 

The deformation gradient is given by the following 
equation: 

F ∂ ∂= = +
∂ ∂
x uI
X X

    (3) 

where, X  and x  are the coordinates before and after the 
deformation, = −u x X  is the displacement vector, and I  
is the unit tensor.  

The two-dimensional component of the displacement 
gradient ∂ ∂u X  of the triangular element composed of the 
contact points of the triangular element ( ) ( ) ( )( )1 2 3P P P  
is given in vector form. 
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( )N
iu  and ( )N

iX  are vectors of the displacement and 
reference coordinate for N the vertex of the element, and Δ  
represents the area of the triangular element, respectively.  

Left Cauchy-Green Tensor V  is given by the following 
equation. 

2 T= ⋅V F F      (5) 

Therefore, the local true strain tensor ε is given by the 
following equation.  

ln=ε V      (6) 

The overall true strain DICε  and true stress DICσ  in the 
loading direction were evaluated by the following equations. 

22
1

DIC V
dV

V
ε ε=      (7) 

( )22
0

expDIC
F
A

σ ε=     (8) 

where V  is the volume of the displacement evaluation 
region. 
 
3. Results 
First, Fig.3 shows the relationships between true stress and 
true strain for the one-time loading-unloading test for the 
hydrogel specimens with different swelling ratios. True 
stress and strain in Fig. 3 (a) and (b) were estimated by 
crosshead displacement and DIC, respectively. In Fig. 3 (a), 
the loading and unloading processes are different, and the 
residual strain is observed after unloading. In contrast, the 
loading and unloading processes are almost the same in Fig. 
3 (b). Although the stress becomes lower with the increasing 

 
(a) Strain estimated by crosshead displacement 

 
(b) Strain estimated by DIC 

Fig. 3 Relationships between true stress and true strain 
under one-time loading-unloading test. 
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swelling ratio, the residual strain is not observed for all the 
swelling conditions. Therefore, the results obtained by 
crosshead displacement include the pseudo strain caused by 
the sliding between chuck and specimen.  

Figure 4 shows pictures of the specimen AP (a) before 
deformation ( 0CHε = ), (b) after loading ( 1.4CHε = ) and 
(c) after unloading ( 0F = ) of one-time loading-unloading 

test, respectively. The red circles on the specimen are the 
reference marker for the DIC measurement. We can see that 
the upper and lower margins, in which the red circles are not 
given, expand after loading, and it remains after unloading. 
These results clearly showed that sliding occurs when the 
tensile load was applied to the hydrogel specimen. Because 
this pseudo residual strain was observed for all the 
conditions of the tensile test, the strain estimated by the 
crosshead displacement cannot be used for the evaluation of 
the irreversible strain of the hydrogel.  

Figure 5 shows the true stress-true strain curves 
evaluated by DIC for the stepwise loading-unloading test. 
As well as the one-time loading-unloading test, the residual 
strain is not observed even when the repetitive loading-
unloading cycles are applied to the hydrogel specimen. The 
consistency of the loading and unloading processes also 
indicated the viscous strain which causes the change in the 
stress-strain curve is quite small in the hydrogel from small 
to large strain range. The decrease in the viscosity by 
swelling was also observed in references [12-14]. The 
viscosity is an important characteristic of the polymer. 
Although the degree of the viscous strain cannot be 
evaluated in this study, the viscous property of the swollen 
hydrogel will be characterized by an accurate measurement 
such as DMA in the future study. 

Next, the effect of the cross-link density on the loading-
unloading process is investigated. Figure 6 shows the 
development of distribution of the true strain in loading 
direction during the loading-unloading test. Figures 6 (a) 
and (b) are results for specimens AP and 24h, respectively. 
We can observe that uniform deformation occurs for all 
specimens under the uniaxial tensile test. The important 
result is that the specimen shapes and strain distributions 
before and after the loading-unloading test are almost the 
same. Figure 7 shows the relationships between true stress 
and true strain under one-time loading-unloading test for 
specimens (a) BIS 2.5 and (b) BIS 10.0, respectively. With 

 
Fig. 6 Distribution of strain in loading direction under loading-unloading test. 

 
Fig. 4 Images of Specimen AP at (a) before tensile test, 

(b) after loading, and (c) after unloading processes. 
 

 
Fig. 5 Relationships between true stress DICσ -true strain 

DICε  for stepwise loading-unloading test 
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Because the measurement method using extensometer or 
strain gauge cannot be employed for the hydrogel, true strain 
and true stress were estimated using the crosshead 
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where, 0L  is the initial distance between the upper chuck 
and the lower chuck, 0A  the initial cross-section, F  tensile 
force, respectively.  
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where, X  and x  are the coordinates before and after the 
deformation, = −u x X  is the displacement vector, and I  
is the unit tensor.  

The two-dimensional component of the displacement 
gradient ∂ ∂u X  of the triangular element composed of the 
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( )N
iu  and ( )N

iX  are vectors of the displacement and 
reference coordinate for N the vertex of the element, and Δ  
represents the area of the triangular element, respectively.  

Left Cauchy-Green Tensor V  is given by the following 
equation. 

2 T= ⋅V F F      (5) 

Therefore, the local true strain tensor ε is given by the 
following equation.  

ln=ε V      (6) 

The overall true strain DICε  and true stress DICσ  in the 
loading direction were evaluated by the following equations. 

22
1

DIC V
dV

V
ε ε=      (7) 

( )22
0

expDIC
F
A

σ ε=     (8) 

where V  is the volume of the displacement evaluation 
region. 
 
3. Results 
First, Fig.3 shows the relationships between true stress and 
true strain for the one-time loading-unloading test for the 
hydrogel specimens with different swelling ratios. True 
stress and strain in Fig. 3 (a) and (b) were estimated by 
crosshead displacement and DIC, respectively. In Fig. 3 (a), 
the loading and unloading processes are different, and the 
residual strain is observed after unloading. In contrast, the 
loading and unloading processes are almost the same in Fig. 
3 (b). Although the stress becomes lower with the increasing 

 
(a) Strain estimated by crosshead displacement 

 
(b) Strain estimated by DIC 

Fig. 3 Relationships between true stress and true strain 
under one-time loading-unloading test. 
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swelling ratio, the residual strain is not observed for all the 
swelling conditions. Therefore, the results obtained by 
crosshead displacement include the pseudo strain caused by 
the sliding between chuck and specimen.  

Figure 4 shows pictures of the specimen AP (a) before 
deformation ( 0CHε = ), (b) after loading ( 1.4CHε = ) and 
(c) after unloading ( 0F = ) of one-time loading-unloading 

test, respectively. The red circles on the specimen are the 
reference marker for the DIC measurement. We can see that 
the upper and lower margins, in which the red circles are not 
given, expand after loading, and it remains after unloading. 
These results clearly showed that sliding occurs when the 
tensile load was applied to the hydrogel specimen. Because 
this pseudo residual strain was observed for all the 
conditions of the tensile test, the strain estimated by the 
crosshead displacement cannot be used for the evaluation of 
the irreversible strain of the hydrogel.  

Figure 5 shows the true stress-true strain curves 
evaluated by DIC for the stepwise loading-unloading test. 
As well as the one-time loading-unloading test, the residual 
strain is not observed even when the repetitive loading-
unloading cycles are applied to the hydrogel specimen. The 
consistency of the loading and unloading processes also 
indicated the viscous strain which causes the change in the 
stress-strain curve is quite small in the hydrogel from small 
to large strain range. The decrease in the viscosity by 
swelling was also observed in references [12-14]. The 
viscosity is an important characteristic of the polymer. 
Although the degree of the viscous strain cannot be 
evaluated in this study, the viscous property of the swollen 
hydrogel will be characterized by an accurate measurement 
such as DMA in the future study. 

Next, the effect of the cross-link density on the loading-
unloading process is investigated. Figure 6 shows the 
development of distribution of the true strain in loading 
direction during the loading-unloading test. Figures 6 (a) 
and (b) are results for specimens AP and 24h, respectively. 
We can observe that uniform deformation occurs for all 
specimens under the uniaxial tensile test. The important 
result is that the specimen shapes and strain distributions 
before and after the loading-unloading test are almost the 
same. Figure 7 shows the relationships between true stress 
and true strain under one-time loading-unloading test for 
specimens (a) BIS 2.5 and (b) BIS 10.0, respectively. With 

 
Fig. 6 Distribution of strain in loading direction under loading-unloading test. 

 
Fig. 4 Images of Specimen AP at (a) before tensile test, 

(b) after loading, and (c) after unloading processes. 
 

 
Fig. 5 Relationships between true stress DICσ -true strain 

DICε  for stepwise loading-unloading test 
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increasing BIS contents, the initial elastic modulus increases, 
and the elongation decreases. However, the irreversible 
deformation cannot be observed for all specimens with 
different BIS contents and swelling ratios. 

The irreversible deformation of polymeric material is 
induced by weak interaction such as van der Waals bonding 
between adjacent molecular chains in the polymer network. 
Because the distance between molecular chains decreases 
for hydrogel with higher polymer density, the irreversible 
deformation may occur by intermolecular bonding. 
However, such an irreversible response was not observed in 
the hydrogels prepared in this study. The existence of the 
solvent in the polymer network may expand the distance 
between adjacent molecular chains. Therefore, the 
irreversible deformation caused by the interaction between 
adjacent molecular chains may not occur in the hydrogel. 
Furthermore, the stress caused by the reversible deformation 
may be significantly larger than that caused by the 
irreversible deformation. the irreversible deformation may 
be observed when the hydrogel with quite a lower cross-link 
density is employed for the loading-unloading test. 

The deformation of polymers above the glass transition 
temperature Tg is typically modeled by the entropic elasticity. 
The glass transition temperature Tg of dried hydrogel is 165 
oC [15].  However, Tg rapidly decreases owing to the content 
of the solvent [16]. Although Tg of employed hydrogels, 
which contains at least approximately 80 wt% of solvent, 
was not measured, the monotonically increasing stress-
strain curves indicate that the employed hydrogels were in 
the rubbery state at room temperature. Therefore, using the 
entropic elasticity model in which the swelling effect is 
introduced, we discuss the effects of the cross-link density 
and swelling ratio on the true stress-strain response of the 
hydrogel. Based on the three-dimensional polymer network 
model proposed by Arruda and Boyce [11], the relationship 
between true stress σ and stretch λ  under uniaxial tensile 
stress can be expressed as 

1 21 1 ,
3

c
R

c

NC
N

λσ λ
λ λ

−   = −  
  

L   (9) 

where RC  is the rubbery modulus, N  is the number of 
segments per molecular chain, ( ){ }1 22 1 3cλ λ λ= +  is 
the molecular chain stretch, and ( )1 x−L  is the inverse 
function of the Langevin function. 

Here we assumed that the stretch of hydrogel, λ , is 
decomposed into that caused by swelling, sλ , and that 
caused by external loading, eλ , as e sλ λ λ=  . Furthermore, 
because the rubbery modulus RC  is proportional to the 
chain density,  RC  decreased by swelling as 3

R RC Cλ−′ = . 
Finally, the constitutive equation for swollen hydrogel under 
the uniaxial test is given by 

2
11 1 ,

3
s ec e

R
s ec s s e

NC
N

λ λ λσ
λ λ λ λ λ

−   
= −     

L  (10) 

where ec c sλ λ λ= . The material’s parameters, RC  and 
N , which were obtained from experimental data by the least 
square method, were shown in Table 3. The rubbery 
modulus RC  increases and the segment number per chain 
N  decreases with increasing BIS contents, respectively. 

The comparison of true stress-strain response obtained 
from the experiment and model for all the conditions are 
shown in Fig. 8. Because the swelling stretch is isotropic, 

sλ  is given by 1 3
s srλ = , where sr  is the swelling ratio in 

Table 2. To compare the responses, the deformation caused 
by the swelling, sλ , is removed in this graph. Therefore, the 
true strain for the model is calculated by ln eε λ= . The 
model can represent the nonlinear increase in the stress 
during the tensile test and the decrease in the stiffness owing 
to the swelling. However, the model result is not consistent 
with the experimental results. The model underestimates the 
degree of stress decrease owing to the swelling. 
Experimental and numerical results indicate that the 
improvement of the mechanical model is required based on 
the less-rate-dependent reversible deformation mechanisms 
of the hydrogel. 

One of the possible deformation mechanisms is that the 
molecular chain density reversibly changes during 
stretching. The intermolecular bonds can be divided into 
chemical cross-linking and physical entanglement. Some of 

  
(a) BIS2.5 (b) BIS10.0 

Fig.  7 Relationships between true stress DICσ  and true strain DICε  under one-time loading-unloading test of hydrogel 
specimens with different BIS contents. 
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the physical entanglement may decrease and increase owing 
to external loading or deformation caused by swelling, 
which results in changes in molecular chain density and 
strength. The other is the generation of residual stress owing 
to swelling. When the solvent is contained in the polymer 
network, the molecular chain is stretched. This may induce 
residual stress in the molecular chains, which changes the 
deformation behavior in the response to further stretching. 
The mechanical model of hydrogel will be updated based on 
experiments with wider ranges of loading conditions and 
material profiles in the future study. 

 
4. Conclusion 
In this study, the effects of the cross-link density and 
swelling ratio on the nonlinear mechanical behavior of 
hydrogels were investigated by one-time and stepwise 
loading-unloading tests, and the irreversible deformation of 
hydrogels was discussed. 

The stress-strain curves for the loading and unloading 
process obtained from the crosshead displacement were 
different, and the residual strain was observed owing to the 
sliding between chuck and specimen. In contrast, they were 
consistent for all the experimental conditions when the strain 
was evaluated by DIC. Therefore, the hydrogel showed the 
less-rate-dependent reversible deformation from small to 
large strain range. 

The strength of the hydrogel is higher for those with 
higher cross-link densities and lower swelling ratios. To 
represent these experimental results, the theoretical model 
based on the molecular chain network model with swelling 
effect was employed. Although the model could represent 
the nonlinear increase in the stress during the tensile test and 
the decrease in the stiffness owing to the swelling, the model 
underestimated the degree of stress decrease owing to the 
swelling. Experimental and numerical results indicate that 
the improvement of the mechanical model is necessary 
based on the less-rate-dependent reversible deformation 
mechanisms of the hydrogel. 
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increasing BIS contents, the initial elastic modulus increases, 
and the elongation decreases. However, the irreversible 
deformation cannot be observed for all specimens with 
different BIS contents and swelling ratios. 

The irreversible deformation of polymeric material is 
induced by weak interaction such as van der Waals bonding 
between adjacent molecular chains in the polymer network. 
Because the distance between molecular chains decreases 
for hydrogel with higher polymer density, the irreversible 
deformation may occur by intermolecular bonding. 
However, such an irreversible response was not observed in 
the hydrogels prepared in this study. The existence of the 
solvent in the polymer network may expand the distance 
between adjacent molecular chains. Therefore, the 
irreversible deformation caused by the interaction between 
adjacent molecular chains may not occur in the hydrogel. 
Furthermore, the stress caused by the reversible deformation 
may be significantly larger than that caused by the 
irreversible deformation. the irreversible deformation may 
be observed when the hydrogel with quite a lower cross-link 
density is employed for the loading-unloading test. 

The deformation of polymers above the glass transition 
temperature Tg is typically modeled by the entropic elasticity. 
The glass transition temperature Tg of dried hydrogel is 165 
oC [15].  However, Tg rapidly decreases owing to the content 
of the solvent [16]. Although Tg of employed hydrogels, 
which contains at least approximately 80 wt% of solvent, 
was not measured, the monotonically increasing stress-
strain curves indicate that the employed hydrogels were in 
the rubbery state at room temperature. Therefore, using the 
entropic elasticity model in which the swelling effect is 
introduced, we discuss the effects of the cross-link density 
and swelling ratio on the true stress-strain response of the 
hydrogel. Based on the three-dimensional polymer network 
model proposed by Arruda and Boyce [11], the relationship 
between true stress σ and stretch λ  under uniaxial tensile 
stress can be expressed as 
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where RC  is the rubbery modulus, N  is the number of 
segments per molecular chain, ( ){ }1 22 1 3cλ λ λ= +  is 
the molecular chain stretch, and ( )1 x−L  is the inverse 
function of the Langevin function. 

Here we assumed that the stretch of hydrogel, λ , is 
decomposed into that caused by swelling, sλ , and that 
caused by external loading, eλ , as e sλ λ λ=  . Furthermore, 
because the rubbery modulus RC  is proportional to the 
chain density,  RC  decreased by swelling as 3

R RC Cλ−′ = . 
Finally, the constitutive equation for swollen hydrogel under 
the uniaxial test is given by 
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where ec c sλ λ λ= . The material’s parameters, RC  and 
N , which were obtained from experimental data by the least 
square method, were shown in Table 3. The rubbery 
modulus RC  increases and the segment number per chain 
N  decreases with increasing BIS contents, respectively. 

The comparison of true stress-strain response obtained 
from the experiment and model for all the conditions are 
shown in Fig. 8. Because the swelling stretch is isotropic, 

sλ  is given by 1 3
s srλ = , where sr  is the swelling ratio in 

Table 2. To compare the responses, the deformation caused 
by the swelling, sλ , is removed in this graph. Therefore, the 
true strain for the model is calculated by ln eε λ= . The 
model can represent the nonlinear increase in the stress 
during the tensile test and the decrease in the stiffness owing 
to the swelling. However, the model result is not consistent 
with the experimental results. The model underestimates the 
degree of stress decrease owing to the swelling. 
Experimental and numerical results indicate that the 
improvement of the mechanical model is required based on 
the less-rate-dependent reversible deformation mechanisms 
of the hydrogel. 

One of the possible deformation mechanisms is that the 
molecular chain density reversibly changes during 
stretching. The intermolecular bonds can be divided into 
chemical cross-linking and physical entanglement. Some of 
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Fig.  7 Relationships between true stress DICσ  and true strain DICε  under one-time loading-unloading test of hydrogel 
specimens with different BIS contents. 
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the physical entanglement may decrease and increase owing 
to external loading or deformation caused by swelling, 
which results in changes in molecular chain density and 
strength. The other is the generation of residual stress owing 
to swelling. When the solvent is contained in the polymer 
network, the molecular chain is stretched. This may induce 
residual stress in the molecular chains, which changes the 
deformation behavior in the response to further stretching. 
The mechanical model of hydrogel will be updated based on 
experiments with wider ranges of loading conditions and 
material profiles in the future study. 

 
4. Conclusion 
In this study, the effects of the cross-link density and 
swelling ratio on the nonlinear mechanical behavior of 
hydrogels were investigated by one-time and stepwise 
loading-unloading tests, and the irreversible deformation of 
hydrogels was discussed. 

The stress-strain curves for the loading and unloading 
process obtained from the crosshead displacement were 
different, and the residual strain was observed owing to the 
sliding between chuck and specimen. In contrast, they were 
consistent for all the experimental conditions when the strain 
was evaluated by DIC. Therefore, the hydrogel showed the 
less-rate-dependent reversible deformation from small to 
large strain range. 

The strength of the hydrogel is higher for those with 
higher cross-link densities and lower swelling ratios. To 
represent these experimental results, the theoretical model 
based on the molecular chain network model with swelling 
effect was employed. Although the model could represent 
the nonlinear increase in the stress during the tensile test and 
the decrease in the stiffness owing to the swelling, the model 
underestimated the degree of stress decrease owing to the 
swelling. Experimental and numerical results indicate that 
the improvement of the mechanical model is necessary 
based on the less-rate-dependent reversible deformation 
mechanisms of the hydrogel. 
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