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Abstract 
 
Hydrogels are becoming a more widely used material in the biomedical field. For this reason, it 
is important to characterize the behavior of hydrogels. The purpose of this report is to investigate 
the adhesive interaction between cyclo-olefin polymers and semi-interpenetrating polymer 
network silicone hydrogels. To be specific, this report focuses more on the situations that cause 
these hydrogel to fail when held between two cyclo-olefin polymers. These specific situations 
are of great interest in the manufacture of hydrogel components. 
 
This adhesive interaction was studied using experimental and numerical methods. What is being 
studied is the fracture of these materials. Numerical simulations on the program ABAQUS 
involved using multiple test methods for fracture to find an appropriate wedge test configuration 
where the hydrogels effectively served as adhesive layers in the simulations and the experiments. 
Experiments were run to try to induce bridging in these specimens. The only type of fracture that 
was experienced by these specimens was interfacial fracture of the adhesive layer from the 
substrates. In other words, the adhesive layer never experienced cohesive failure.  It only 
debonded from the substrates. Bridging occurs when interfacial fracture switches from one 
substrate to the other. Results for the stresses involved in each numerical simulation were 
recorded and analyzed to find the best test for experimental testing. These tests were then used 
on wedge test specimens with the bridging results recorded and analyzed. A second, brief, 
method used to attempt bridging is the use of affecting the temperature of the specimens to create 
a temperature gradient. 
 
 

1: Introduction 
 
Goals 
 
There were three main goals for this project. The first was determining a proper test, using 
simulations that could be implemented with ease to create an appropriate amount of mode 
mixity, which is the combination of multiple types of fracture, for wedge test specimens. This 
was done using simulations for a few different types of tests. Each test was compared to find the 
best option. Once a test was decided on, the second objective was to study bridging in wedge test 
specimens. This was attempted in two ways. The first was using the test that the simulations 
suggested to be the best. The second was by affecting the temperature of the specimen. The third 
goal was establishing a well-defined and controlled method for creating mode mixity in wedge 
test specimens. 
 



Report Organization 
 
This report is divided into sections to allow for easy navigation. The first section of the report is 
a literature review that provides information about the concepts involved in the rest of the report. 
A proper understanding of the theory involved with adhesive bonding and fracture of polymers 
and hydrogels is necessary when characterizing the properties of S-IPN hydrogels and cyclo-
olefin polymers. The next section is a description of the experimental methods involved in the 
project. This is necessary to understand how each test was performed and to allow for recreation 
of each test. The next section is a description of the numerical model and methods. The 
numerical model is important to provide a description for because it provides the information 
necessary to understand what the numerical model can provide. The methods involved with the 
numerical model allow for better understanding of the process so that it can be related to a real 
life situation. Providing the boundary conditions for each simulation also allows the simulations 
to be recreated. The next section is a description of the results along with discussion about the 
results. The results provide what discoveries were made in the projects. The discussion attempts 
to explain these discoveries. The last section is the conclusion, which states the most important 
discoveries of the project and how they fulfill the goals of the project. The conclusion also 
includes future work that could be beneficial. 
 

2: Literature Review 
 
The purpose of the work in this section is to provide information that is relevant to the adhesive 
interactions between cyclo-olefin polymers and semi-interpenetrating polymer network silicone 
hydrogels that were studied. While researching more about the adhesion between these materials, 
it is necessary to understand what is already known about them. This includes the mechanical 
properties of the materials and the methods that will be used. The first review that was necessary 
was an overview of the materials being used. When understanding the interaction between the 
materials, certain tests that have already been used before, such as the wedge test and fixed ratio 
mixed mode test, are described to provide an understanding to the mechanics of each test.  
 
Materials 
 
Hydrogel A 
 
Hydrogels are a type of hydrophilic cross-linked polymer used for a large number of 
applications. Hydrogels are hydrophilic and able to absorb extremely large quantities of water. 
Hydrogels are very soft and flexible. In a swollen state, hydrogels offer moderate to high 
physical, chemical, and mechanical stability that allow them to be used in hygiene, biomedical, 
and agricultural fields of technology (Ottenbrite 2010) 



The addition of a second polymerization can create a hydrogel that has stronger mechanical 
properties than before. This process creates what is called a semi-interpenetrating polymer 
network (S-IPN). To increase gas permeability, hydrophobic silicones can be combined with the 
hydrophilic S-IPN hydrogels to form an S-IPN silicone hydrogel. The last process that is usually 
done in manufacturing hydrogels is the addition of diluents to keep control of the properties of 
the hydrogel (Ottenbrite 2010) 
 
Substrate X 
 
Substrate X is a cyclo-olefin polymer, which means it has very low surface energy (Murray 
2011). Because of this quality, adhesive bonding to its surface does not happen easily (Petrie 
2007). This is a great quality for lab testing when weak adhesive bonding is desired. With S-IPN 
silicone hydrogels weak bonding properties are very desirable because the bond strength between 
S-IPN silicone hydrogels and cyclo-olefin polymers is weak. This is a great quality for the 
manufacturing of hydrogel components. This allows the S-IPN silicone hydrogels to debond with 
minimal damage. Other common traits of cyclo-olefin polymers and Substrate X are a high glass 
transition temperature, optical clarity, and low moisture absorption (Shin 2005). A high glass 
transition temperature is useful because it allows Substrate X to experience many different 
temperatures without drastic changes to its properties. Optical clarity helps with light curing and 
photographing. Low moisture absorption is a very important quality and useful here because of 
the hydrophilic nature of the S-IPN silicone hydrogels (Murray 2011). 
 
Mechanics 
 
Fracture 
Essentially, what is being investigated is fracture. Fracture can be separated into three different 
types. They can be named Mode I (opening mode), Mode II (forward shear mode), and Mode III 
(tearing mode) fracture, as shown in Figure 2-1 (Dillard 2005). 
 
 
 
 
 
 
 
 
 
 

 
Figure 2-1: The 3 Modes of Fracture 

 

 

 



For this study’s purposes, only in-plane fracture modes, mode I and mode II, were used. When 
studying the properties of fracture, multiple approaches could be used. However, only one 
approach was used in this study. This is called the energy release rate approach, which relates 
fracture to a balance of energy in the system. When studying fracture, it is also important to 
know that cracks tend to propagate and grow perpendicular to the stresses in the material. This 
has an effect on the bridging of the adhesive 
 
The Energy Release Rate Approach 
 
This approach was first advanced by A. A. Griffith in 1921 and it involves a balance of energy 
within the system in which fracture is occurring. (Griffith 1921). In other words, it takes energy 
to create new surfaces that result from debonding of two surfaces. This approach focuses around 
an applied strain energy release rate, G, which is the amount of energy per unit crack area 
available to a growing crack by the applied loading conditions. This energy release rate can be 
described by Equation 2-1:  
 

G =
𝜕(𝑊 −𝑈)

𝜕𝐴
 

 
where W is the external work, U is the stored elastic energy, and A is the crack area. This 
equation is for systems where dissipation is limited to the crack tip region. One advantage to 
using the energy release rate approach is that it can be easily applied to adhesive bonded joints. 
For systems where the deflection and load are related linearly the energy release rate can be 
defined as (Broek 1978): 
 

G =
1
2
𝑃2

𝑑𝐶
𝑑𝐴

 

 
where P is the applied load, C is the compliance of the system, and A is the area of new surface 
being created.  
 
This approach can be used in combination with simple beam theory to create an appropriate way 
to determine fracture mechanics for a double cantilever beam model. Wedge test specimens were 
made in such a way that they could be considered as small versions of double cantilever beams. 
Because of this, the theory applied to double cantilever beams could also be applied to our 
specimens. A double cantilever beam model involves two beams and an adhesive between them. 
In cases in this report, the adhesive does not fill the entire space between the beams in order to 
simulate a crack that has already been initiated. Simple beam theory applies to single cantilever 
beams. The equation for the maximum deflection of a cantilever beam is given by (Beer 2012): 
 

(Eq 2-1) 

(Eq 2-2) 

(Eq 2-3) 



𝑦𝑚𝑎𝑥 = −
𝑃𝐿3

3𝐸𝐼
 

 

 
 
 
where E is the Young’s Modulus of the beam and I is the second moment of area about the 
horizontal axis of the beam This equation can be applied to a wedge specimen or displacement 
loaded double cantilever beam with a few adjustments. The length of the beam is the same as the 
length of the crack, a. The equation for displacement for a double cantilever beam is shown by: 
 

𝛿 =
𝑃𝑎3

3𝐸𝐼
 

 

 
 
Usually, the use of beam theory in combination with a double cantilever beam model involves 
using a correction factor for the beam theory equations to account for the adhesive layer as the 
foundation for the beam. For purposes in this report, correction factors are not used. The reason 
for this is explained later in the report. 
 

Figure 2-2: Cantilever Beam 

Fgure 2-3: Double Cantilever Beam 

t 

(Eq 2-4)

 

   



Mode Mixity 
 
Mode mixity is any combination of multiple fracture modes. Studying fracture mode mixing is 
useful because it is more common than pure mode fracture. The only mode mixing situation 
studied in this report is in-plane mixed mode fracture. That means a mixture of mode I and mode 
II fracture. The equation for mode mixity is given by: 
 

𝜓 = tan−1 ��
G𝐼𝐼
G𝐼
� 

 
For the purposes in this report, it is important to be able to control mode mixity. Ideally, being 
able to control them separately for the same test so that both types can be applied as little or as 
much as possible, independently of each other, is perfect. 
 
Wedge Test 
 
The wedge test is a simple and useful test method that can be used to investigate pure mode I 
fracture. Developed by Boeing, an example of the wedge test is shown in Figure 2-4 (Adams 
2009). 
 

 
Figure 2-4: Wedge Test 

 
Using the equations for beam theory and energy release rate, the equation for the energy release 
rate of the wedge test is given by: 
 

G=
9𝐸𝐼∆2

4𝑏𝑎4
 

 
where E is the modulus of elasticity of the material, I=bt3/12 is the second moment of area of the 
cross section of the substrates about the horizontal axis, and Δ=2δ. 
 
 
 
 

(Eq 2-5) 

(Eq 2-6) 



The Fixed Ratio Mixed Mode Test 
 
The fixed ratio mixed mode (FRMM) is a test designed to provide a specific amount of mode 
mixity, hence being called a fixed ratio test. The FRMM involves a single upward force or 
displacement acting on the top layer (A. J. Kinloch 1992): 
 

 
Figure 2-5: Diagram of Fixed Ratio Mixed Mode Test and Stress Element 

 
Using fracture mechanics with no adhesive and simple beam theory, the recorded ratio of mode I 
load to mode II load is always GI/GII = 4/3 (A. J. Kinloch 1992). Using the equation for simple 
beam theory with no correction factors, the derived equations for the applied energy release rates 
of the fixed ratio mixed mode test are derived to be:  
 

G𝐼 =
9𝐸𝐼∆2

𝑏𝑎4
 

G𝐼𝐼 = 27𝐸𝐼∆2

4𝑏𝑎4
 

 
where E is the modulus of elasticity of the adherends, I=bt3/12 is the second moment of area of 
the cross section of the substrates about the horizontal axis, and Δ is the displacement of the top 
adherend in the vertical direction. 
 
Bending 
 
The bending wedge test used a wedge and mode II bending to provide mode mixity. The mode II 
bending requires an understanding of the mechanics of the bending of a double cantilever beam. 
This bending creates mode II fracture for a double cantilever beam. A diagram of this is shown 
in Figure 2-6, along with the equation used to describe it (F.Chaves 2011).  
 

G𝐼𝐼 =
27∆2𝐸𝐼
16𝑏𝑎4

 

 

(Eq 2-7) 

(Eq 2-8) 

(Eq 2-9) 



 
Figure 2-6: Mode II Bending 

 
In the above equation, a is the crack length, and b is the width of the specimen. 

 
3: Methods 
 
In this section we describe the experimental methods used to setup and perform each test. This 
section allows for an understanding of the way each test is prepared. This is necessary to 
understand the results for the tests because different processes for the same test can create 
different results. Also, by providing the methods used, they can be done again the same way. 
 
Preparing Specimens 
 
Wedge test specimens were made up of two substrates with a length of 2.5 in and width of 1 in 
with a hydrogel layer of thickness 0.125 mm acting as an adhesive between them, as shown in 
Figure 3-1: 
 

 
 
 
 
In order to create wedge test specimens, the first step of the process was to gather two pieces of 
Substrate X and a large sheet of polycarbonate to be measured for thickness using a Mitutoyo® 
digital indicator (Model ID-H530E). Next, small rectangles of polycarbonate would be cut. The 
number of rectangles that were cut would be equal to the number of pieces of substrate. For half 
of the substrates, the polycarbonate would be placed on both ends of the substrate. The exact 
placement of the polycarbonate relative to the substrate would be a millimeter past the circles, or 

Figure 3-1: Wedge Test Specimen 



about 15 mm from the end of the substrate. The polycarbonate was used as spacers. The 
polycarbonate was measured to a thickness of 0.12 ± 0.01 mm. The polycarbonate was attached 
using tape (Scotch Brand Tap, Core series 2-1300, 3M) in a way so that the polycarbonate was 
on one side of the substrate and the tape was on the opposite. 
 

 
Figure 3-2: Placement of Polycarbonate 

 
This process was repeated for half of the substrates. The next step was surface treatment of the 
substrates. This was done by placing all substrates in a nitrogen rich curing chamber. The curing 
chamber, an acrylic glove box, was filled with nitrogen to a purity level of 98% at a rate of 10 
cubic feet per hour. Substrates were placed in the curing chamber for a minimum of three hours. 
This was to remove as much oxygen as possible from the chamber. After surface treatment had 
finished, the next step was the temperature of the environment. The environment was heated to 
60° Celsius using a space heater within the chamber. This, in combination with the nitrogen 
richness, would create a suitable environment for curing the monomer mixture. Once the 
environment reached 60°, the next step was application of the monomer mixture. Due to the 
properties of the monomer mixture, a specific type of lighting was required to keep it from 
curing while it was applied. All fluorescent lights in the room were turned off and yellow 
fluorescent lights with a longer wavelength were turned on. This change in lighting was to keep 
the monomer mixture from curing prematurely.  
 
 
 
 
 
 
 
 
 



 

                            

 
 

Figure 3-3: Acrylic Curing Glove Box 
 
 
Monomer mixture was applied, using a pipet, to the substrate that had plastic taped to it. The 
plastic is used to provide a consistent thickness of monomer mixture for each specimen. For the 
application of the monomer mixture to the substrate, a thin line of monomer mixture was applied 
to one side of the substrate. Next, a piece of substrate without plastic was placed on top by 
placing the edge on the side with the monomer mixture first and then slowly laid across the rest 
of it. This specific technique was done to prevent bubbles in the monomer mixture. The 
substrates were also required to be lined up. Once the monomer mixture had spread through the 
entire specimen, the last step of the process was the curing. Each specimen was placed under an 
actinic curing light and exposed to an intensity of 0.5 mW/m2 for 15 minutes to allow for enough 
curing. Each specimen was then removed from the curing chamber. The tape and plastic was 
then removed from each specimen. (Murray 2011) 
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Improving Specimens 
 
One of the difficulties of the specimen making process was creating specimens that had a 
uniform thickness. A very common condition for specimens was having a lower thickness 
toward the center. This was due to the process involved with applying the monomer mixture. 
When the monomer mixture was applied, it was very easy for it to spread between the 
polycarbonate spacers and the substrate. This causes more thickness toward the ends of the 
specimens and was very difficult to prevent. Having uniform specimens allows for more accurate 
results in lab trials. To improve specimens, simple processes were added to the specimen making 
process that was already in place. While making specimens, weight was applied to the top of the 
specimen after applying the monomer mixture and before curing. The weight was kept on during 
the curing process. The weight used was a sheet of plexiglass. It is necessary for the weight to be 
clear so that curing can still happen. An image of this setup can be seen in Figure 3-5. 
 

 
 
 

 
There are disadvantages to the process. The main disadvantage is adhesion between the specimen 
and the applied weight. Because there may be extra monomer mixture spilling out from the 
specimen before curing, the extra monomer mixture can be cured so that it causes the specimen 
to adhere to the weight. It is possible that this may cause specimens to break apart while trying to 
keep debond them from the weight. This, however, was not a huge problem in the lab. When 
done carefully, it would cause no specimens to break apart. 
 

Fgure 3-4: Full Specimen with Polycarbonate 
Space and Monomer Mixture 

Figure 3-5: Diagram of Improved 
Specimen Making Process 



Wedge Test Procedure 
 
The wedge test was performed using a very simple procedure. The only thing required was a 
wedge that could be inserted between specimens. Once a specimen had been fully cured, one 
side of the specimen would be held together by the hands of the one performing the test. A 
wedge would then be inserted as far as possible. Each wedge would have tape around it to stop it 
from going too far. The distance of this tape from the edge of the wedge was 5 mm. Once the 
wedge had been inserted, the only thing left to do was let it set until the crack propagation had 
slowed significantly. 
 

 
Figure 3-6: Wedge Test 

 

 
Figure 3-7: Bridging that Occurs from Wedge Tests 

 
Test Methods to Create Mode Mixity 
 
There are multiple ways to conduct fracture tests in mode I, mode II, and mode mixing 
situations. The classic way to perform a trial in pure mode I was by using a simple wedge test. 
As long as the substrates were the same thickness, this test would globally apply opening mode 
fracture only. Applying sufficient mode mixity proved problematic, however. There are many 
testing methods already in place that can provide a suitable amount of mode mixity in a normal 
situation, however finding a way to apply a large amount of mode mixity to such a soft material 



as the S-IPN used here proved to be much more difficult. Multiple methods were attempted, 
some that were already well defined test methods, and some that had not been defined. 
 
Wedge test with substrates of different thickness 
 
One proposed idea was performing a wedge test with one substrate of normal thickness, and one 
with greater thickness. The thicker substrate would bend less as a result of an increased modulus 
of elasticity, creating some shear stress. The hope was that this would create some mode II 
applied load in the system. The procedure for performing a wedge test with substrates of 
different thickness is the same as that of a wedge test. The only difference took place during the 
specimen preparation process. The process involved bonding together multiple substrates using 
cyanoacrylate to create a thicker substrate before placing them in the nitrogen glove box. Once 
placed inside, the rest of the process continued the same as that of normal specimen preparation 
and testing for a wedge test.  
 
One advantage of this test was how easy it was to perform. It was just as easy to do this test as it 
was to do the simple wedge test. Also, no extra materials or fixtures were needed for this test 
other than the cyanoacrylate used to bond the substrate together to represent the thicker substrate. 
The main disadvantage of the wedge test with differing thicknesses is that it does not provide 
very much mode II loading. 
 
Wedge test with micrometer fixture 
 
One testing idea was to have a situation where mode I energy and mode II energy could be 
applied separately from each other. For this test, mode I fracture energy was created using a 
wedge test and mode II fracture energy was created using a micrometer, as shown in Figure 3-8. 
 

 
 

Figure 3-8: Micrometer Wedge Test 
 
The biggest advantage of this test is control. By having mode I and mode II fracture energy 
applied separately, control over the mode mixity was much easier to achieve. The micrometer 
allowed for applying mode II energy very slowly and carefully. 
 

 

Micrometer 

 
Constraint 



The main problem with this test is specimen buckling. When the micrometer begins to put force 
on the end of the specimen after the wedge has been inserted, rather than create shear stress and 
strain, it bends the specimen. Also, a special fixture is required to mount the micrometer. 
 
Fixed ratio mixed mode test 
 
The fixed ratio mixed mode test was the most strongly considered test method for mixed mode 
fracture  because it is supposed to have a fixed ratio of GI to GII of 4/3. (Kinloch, Wang, 
Williams, and Yayla). 
 
The largest advantage of the fixed ratio mixed mode test was the combination of ease of 
application and the amount of mode mixing it created. This was a test that could easily be 
applied. When applying the fixed ratio mixed mode test with the fingers to observe with the 
naked eyes, it created a noticeable amount of controllable shear stress without other problems, 
which sets it apart from the other tests. 
 
The main disadvantage of the fixed ratio mixed mode test is that it does not provide enough 
mode mixing required for the current purposes. Even though it did create mode II fracture 
energy, it was not enough compared to the amount of mode I fracture energy already present 
because of the fixed ratio imposed. 
 
The fixed ratio mixed mode test was done at first to find if the crack would switch from one 
adherend to the other so that we could observe the amount of mode mixity that occurred during 
the test. However, the more common result was small types of bridging and, in a few cases, more 
intense bridging. The procedure for using the fixed ratio mixed mode test involved first inserting 
a wedge to begin a crack. After observation of which side the majority of the hydrogel layer was 
bonded to, the fixed ratio mixed mode test was performed to optimize the chances of a bridge 
happening or spreading. Whatever side had more hydrogel bonded to it was the adherend that 
was pulled for the test. The reason for doing this was because the crack would have more 
tendency to switch adherends. 
 
When performing the fixed ratio mixed mode test using this procedure, the end of the specimen 
that did not have a crack was clamped to a block to keep it from moving. Next, the top adherend 
was pulled to a displacement of 10 mm. This caused the crack to propagate through the entire 
specimen. Once the crack had propagated through the entire specimen, the specimen was set with 
a spacer on each end to separate the adherends, which allowed for observation without the 
specimen healing. 
 
 
Bending Wedge Test 



 
This test used a combination of the wedge test and mode II bending. It allowed for a large 
amount of control with mode mixity and independent application of both types of fracture 
energy. A wedge would be inserted to induce mode I fracture while an outside force would bend 
the specimen to induce mode II fracture. This test involved using a special fixture that was built 
specifically for it. A picture of this fixture can be seen in Figure 3-9. The bending wedge test 
mechanics were described using the energy release rate for a wedge test for mode I fracture. The 
mode II fracture mechanics were described using the equation for shear bending. 
 

 
 
 
 
This method first requires the insertion of a wedge. A normal wedge, however, would not work 
because it was too heavy. Depending on the desired thickness of the wedge, anything could be 
used. For this report, wedges for this test were either round objects or multiple layers of 
polycarbonate that were 0.6 mm thick. Once the wedge was inserted, the specimen was observed 
to find which adherend the hydrogel layer had debonded from. The adherend that the hydrogel 
debonded from was placed on the side of the micrometer within the fixture. The specimen was 
clamped into the fixture and the displacement from the micrometer was applied. For each test, 
the specimen was displaced 15 mm. The results were observed and photographed. 
 
Temperature Gradient 
 
To apply a temperature gradient to specimens, a heating mechanism and a cooling mechanism 
were required. This required a normal wedge test specimen. The resources used were a radiator 
and a cooling box. The specimen was placed between these two objects so that the radiator was 
heating underneath the specimen and the cooling box was cooling the top of the specimen. It was 

Figure 3-9: Bending Wedge Test 
Fixture 



important for the radiator and the box to be in contact with the specimen as much as possible. A 
picture of the setup is shown in Figure 3-10. 
 

    
Figure 3-10: Setup for Creating a Temperature Gradient 

 
 
The radiator was heated to a temperature of 60° Celsius and the cooling box was cooled to a 
temperature of -10° Celsius. Once the objects had reached the desired temperatures, the wedge 
test specimen was placed between the objects for an hour. After that, whatever test was 
necessary was performed. If the test required healing of the specimen, the specimen was given 
time to heal as much as possible. Once the specimen was done healing, it was flipped around and 
placed back in between the objects. The reason for doing this is explained in the results section 
of this report. 

 
4: Numerical Modeling 
 
Finding a way to create mixed mode fracture required resources in the lab, many of which were 
not available. For this reason, using a finite element analysis method became a more practical 
and efficient way to find mixed mode situations. Numerical modeling was performed for 
multiple situations in order to find the best mixed mode scenarios. 
 
The Numerical Model 
 
The model used in simulations did not perfectly resemble lab specimens. However, it did serve 
the purpose of creating mixed mode situations. The model involved two substrates with a layer 
of adhesive material like hydrogel in between. Listed below are the specifications for each 
material in the simulation. 
 
 

Cooling Box 

Radiator 



 
 
 

Material Hydrogel A Substrate X 
Young’s modulus 0.4 MPa 2.1 GPa 

Poisson’s ratio 0.5 0.41 
Thickness (mm) 0.35 0.7-2.1 

Length (mm) 45 50 
Mesh (mm) 0.05 0.1 

 
There were 5 different models, with the only difference being the thickness of the bottom 
adherend in order to test the effects of having substrates of different thickness. The thickness of 
the top adherend was always 0.7 mm. The bottom adherend had thicknesses of 0.7, 1.05, 1.4, 
1.75, and 2.1 mm. This created ratios of the bottom adherend’s thickness to the top adherend’s 
thickness of 1, 1.5, 2, 2.5, and 3. The thickness of the hydrogel layer was always 0.35 mm, half 
the thickness of the top adherend. The length of each substrate was 50 mm and the length of 
hydrogel layer was 45 mm. The model was 2-dimensional. Even though each test used the same 
models, they each had their own unique boundary conditions to better simulate how that test 
would work in a real experiment. 
 
Hydrogel Layer 
 
One of the most important parts of the model was creating an accurate model of the middle 
hydrogel layer. Hydrogel A has very complex properties that are not fully understood yet, 
making it difficult to completely simulate numerically. The most important objective was 
discovering trends in mode mixity near the crack tip for the hydrogel layer, so many of these 
properties did not have an effect on these trends. Even approximate values would work for these 
trends. 
 
Boundary Conditions 
 
Boundary conditions for simulations varied for each different type of test in order to simulate 
real-life experiments. Each boundary condition involved a force and at least two points of the 
specimen being fixed in place. Boundary conditions have an effect on the results of the 
simulation. The main purpose of fixing certain points was fixing the specimen so that proper 
simulations were possible. Instead of using displacement for the action of the test, forces were 
used. The forces allowed for accurate comparison between test methods. Orange and Blue dots in 
Fig. 4.1 represent fixed points while yellow arrows represent loads. 
 
Wedge Test with Varying Thickness Substrates 
 



The wedge test with substrates of different thickness used the same boundary conditions and 
forces. For these simulations, the two corners on the side opposite the wedge of the bottom 
adherend were fixed. A force of 1 N was applied to the corner of both substrates to simulate the 
wedge. Once the bottom adherend begins getting thicker and adds more shear stress and strain, 
fixing the top adherend will create different results. A picture of the boundary conditions and 
loads can be seen in Figures 4-1 and 4-2. 
 

 
Figure 4-1: Boundary Conditions for Wedge Test 

 

 
Figure 4-2: Boundary Conditions for Wedge Test with Differing Thickness Adhesives 

 
Micrometer Wedge Test with Varying Thickness Substrates 
 
The micrometer wedge test with varying thickness substrates required similar boundary 
conditions to the normal wedge test boundary conditions. There were two conditions tested for 
the micrometer wedge test. As a result of having different thickness substrates, simulations were 
run to acquire the results of applying the micrometer to each substrate separately. When the 
micrometer was applied to the top adherend, the corners of the bottom adherend were fixed. 
When the micrometer was applied to the bottom adherend, the corners of the top adherend were 
fixed. For both situations, the force of the wedge remained the same, which was 1 N on both 
substrates. The force of the micrometer was applied to the adherend that was not fixed, with two 
forces of 0.5 N applied on the end to create a total force of 1 N. For this test, the boundary 
conditions simulated a fixture that was used to perform the test. All scenarios from the finite 
element analysis are shown in Figures 4-3 and 4-4. 
 

 
Figure 4-3: Boundary Conditions for Micrometer Wedge Test Pushing on Top Adherend 

 



 
Figure 4-4: Boundary Conditions for Micrometer Wedge Test With Differing Thickness 

Adherends and Top Adherend Being Pushed 
 
Fixed Ratio Mixed Mode Test 
 
The fixed ratio mixed mode test was simulated for adherends with equal and differing 
thicknesses, just like the wedge test and the micrometer wedge test. When performing the fixed 
ratio mixed mode test with the actual specimens, one side is completely clamped, restricting the 
substrates’ movement in any direction. This is reflected in the simulation by fixing the corners at 
the end of both substrates. The only force in the simulation is a 2 N force applied upward at the 
end of the top substrate. This was done for all bottom substrate thicknesses. The top adherend 
thickness was always the same; the bottom adherend thickness is what changed. 
 

 
Figure 4-5: Boundary Conditions for Fixed Ratio Mixed Mode Simulation 

 

5: Results and Discussion 
 
The results and discussion section provides information about what happened during the tests 
and discussion about why certain results occurred. The first section discusses the results from 
numerical tests. This involves using graphs to compare each individual test to analyze the 
stresses. The second section involves the experimental results. These results show what 
happened when bridging was attempted and when mode mixity was created. 
 

Numerical Results 
 
In order to judge which test method would provide the most mode mixity, simulations for each 
individual test were conducted. The measured results for each test involved the tensile stresses 
and shear stresses. A sufficient way to find approximate mode mixity was comparing the tensile 
stresses to the shear stresses. 
 



Comparing Mode Mixity 
 
Each method was simulated, taking a record of the tensile and shear stresses for certain places 
within the adhesive. The most useful place for studying fracture with adhesive is within the 
adhesive layer itself. The best spots are places just within the edge of the adhesive. 11 spots were 
chosen for each simulation and each simulation used the same 11 sections within the adhesive. 
Each specific section was a certain distance from the edge of the adhesive that was undergoing 
fracture. The sections were 0, 0.175, 0.35, 0.525, 0.7, 0.875, 1.05, 1.225, 1.4, 1.575, and 1.75 
mm away from the edge of the adhesive. This allowed for easy measurement because it meant 
that the distance of each section from the edge was a ratio of the thickness of the adhesive. These 
ratios for each section, respectively, to the distances above, are 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 
and 5. These 11 points are shown in Figure 5-1 along with symbols for this section of the report. 
 

τ12 Shear Stress 
σ22 Normal Tensile Stress 

FRMM Fixed Ratio Mixed Mode 
WT Wedge Test 

MWTT Micrometer Wedge Test (Push Top) 
MWTB Micrometer Wedge Test (Push Bottom) 

ATR Adherend Thickness Ratio 
 

 
Figure 5-1: Diagram of the 11 Points Used to Gather Simulation Results 

 
The main objective of these results is to compare the effectiveness of each test when it comes to 
creating mode mixity. The first set of graphs displays the relation between distance from the 
edge of the adhesive and the ratio of shearing stress to vertical tensile stress. In order to allow for 
enough space to properly display results, not every single simulation is shown on each graph. 
Each of the following graphs represents the results for simulations of each individual thickness. 
 



 
Figure 5-2: Wedge Test Simulation Result 

 

 
Figure 5-3: ATR 3 Wedge Test Simulation Result 

 

 
Figure 5-4: ATR 3 Micrometer Wedge Test (Pushing Top Adherend) Result 

 

 
Figure 5-5: Fixed Ratio Mixed Mode Test Simulation Result 

 
 
 



An interesting trend for each test occurs near the crack tip. Due to a crude mesh, the first point, 
the point on the edge of the adhesive layer, can be neglected. When this is neglected, the stress 
ratio seems to plateau and approach a certain value as it nears the crack tip. This occurs for most 
simulations. The errors of the crude mesh can be seen in the figures of the results. The line that 
moves through the edge of the adhesive layer is a sign that the edge mesh is not showing 
accurate results. This plateau that occurs is the best place for comparison between tests and is the 
most promising for accurate comparison. The closer to the crack tip the point is, the more 
representative the results are of the stresses that will have the most effect in fracture. The closer 
to the edge, the more significant the ratio. 
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Below is graph showing the results for all tests where the adherend thickness ratio was 1/1 and 
3/1 to get a proper understanding of the effect of differing adherend thickness on the results. 
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As the point moves farther from the edge of the adhesive, the ratio of shear stress to vertical 
tensile stress increases.   For all tests, the mode I fracture has the most effect toward the edge of 
the adhesive. As you move further away from the edge, the effect of mode I fracture energy 
decreases. If this graph were to continue all the way through the adhesive layer, the vertical 
tensile stress would continue to decrease. This result is due to the mechanics involved with beam 
theory. When the adherends bend, they act as cantilever beams. The difference here is that the 
adhesive layer acts as the flexible foundation rather than a solid foundation. At a certain point in 
the adhesive layer, the vertical tensile stresses become negative. When it comes to mode II 
fracture, the entire adhesive layer is affected. The shear stresses within the adhesive layer only 
slightly change as the point of measurement is moved from the edge of the adhesive layer. As the 
vertical tensile stress decreases, the shear stress remains the same, causing this pattern of 
increasing for each test. Below are the graphs for the tensile stresses and the shear stresses for 
each test of adherend thickness ratio 1 and adherend thickness ratio 3. For these graphs, the 
stresses of the first point can be very confusing. These edge points can be neglected since they 
are the result of a crude mesh and may not be accurate. The stresses should dramatically increase 
at the edge of the adhesive, and the graphs do not accurately show that. 
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It was obvious from the results that the best test to use out of the ones simulated was the fixed 
ratio mixed mode test. The ratio of shear stress to vertical tensile stress proved to be much 
greater for the fixed ratio mixed mode test than that for any other test. Once this conclusion had 
been reached, it was important to focus more on the fixed ratio mixed mode test. Below is a 
graph of the fixed ratio mixed mode test for all adherend thickness ratios. 
 

 
 

0 

200 

400 

600 

800 

1000 

1200 

1400 

1600 

1800 

2000 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

σ2
2 

x/h 

Vertical Tensile Stresses for ATR 1 and ATR 3 

WT ATR3 

MWTT ATR3 

MWTB ATR3 

FRMM ATR3 

WT ATR1 

MWTT ATR1 

MWTB ATR1 

FRMM ATR1 

0 

1 

2 

3 

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 

τ1
2/
σ2

2 

x/h 

FRMM Stress Ratios for All ATR 

ATR1 

ATR1.5 

ATR2 

ATR2.5 

ATR3 



The best adherend thickness ratio is 1/1 for the fixed ratio mixed mode test. When performing 
this test, the higher the ratio of shear stress to tensile stress the better. With a higher ratio of shear 
stress to tensile stress, which is an appropriate indicator of the ratio of GII fracture energy to GI 
fracture energy, there tends to be a higher ratio of GII fracture energy to GI fracture energy.  
 
Fixed Ratio Mixed Mode with Differing Middle Layers 
 
In order to verify the validity of a GI/GII ratio of 4/3 for the fixed ratio mixed mode test, separate 
simulations were run to find how close the simulation results were to this value. Two separate 
simulations were run, with the difference being the material of the middle layer. The first 
condition was to have a typical specimen with the middle layer as Hydrogel A. The second 
condition was to replace the hydrogel middle layer with a layer of Substrate X. Each of these 
scenarios was compared to the GI/GII ratio of 4/3 using the ratio of shear stress to vertical tensile 
stress. The difference with these tests is a boundary condition. Rather than use a force of 2 N, the 
end of the numerical model experienced a 10 millimeter displacement. These results can be seen 
below. 
 

 
 
The results shown verify that the ratio of stresses for each test were very close to the GI/GII ratio 
of 4/3. As a result, this verified the use of the equations for the fixed ratio mixed mode test. The 
results of the graph show that Hydrogel A has a shear to tensile stress ratio close enough to 3/4 to 
use for experimental testing. The reason for this being different than the results for the fixed ratio 
mixed mode test when compared to all other tests is unknown. The most likely reason for the 
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difference is the use of displacement instead of force. When displacement was used, much higher 
stresses were reported. 
 

Lab Results 
 
There were two objectives of lab work. The first objective was observing mode mixity. This was 
done with the fixed ratio mixed mode test and the bending wedge test. The second objective was 
attempting bridging. There were two different ways to try to make bridging happen. The first 
was using mode mixity. From simulations, it was decided that the best method to use was the 
fixed ratio mixed mode test. However, once the fixed ratio mixed mode test proved not to be 
effective enough, the bending wedge test was briefly used. The second method used was a 
temperature gradient. The temperature gradient was not used for many tests, however, it did 
provide interesting results for the few tests that were performed using it. 
 
When bridging was attempted, many different results were obtained and often occurred 
unpredictably. When testing, the desired result was to have the propagating debond switch 
completely from one adherend to the other. An illustration of this is shown in Figure 5-6. This 
result did not occur as often as was hoped for, however, promising forms of bridging occurred. A 
second expectation was to have some tearing of the hydrogel layer occur as a result of bridging. 
This did happen in some cases. A picture of this can be seen in Figure 5-7. 
 

 
 
 
The bridging results are modeled using diagrams that show specimens from the top view. The 
blue lines represent the boundary of the hydrogel layer. The red lines represent the sections of 
the bridging that is not bonded to any surface. The following diagram shows what the desired 
type of bridging would look like. 
 
 

Figure 5-6: Image of Ideal Bridging Scenario Figure 5-7: Tearing of the Hydrogel Layer 



 
 
 

 
 
 
 
Using Fixed Ratio Mixed Mode Test 
 
The fixed ratio mixed mode test, as revealed from the numerical simulations, tended to create 
mode mixity. The main point of using the fixed ratio mixed mode test was to create bridging. 
The fixed ratio mixed mode test never created a perfect bridge like the ideal bridge shown above. 
The fixed ratio mixed mode test created a few common patterns when it came to bridging. The 
most common situation was having the hydrogel layer bridge around the corners. This, however, 
would hardly lead to tearing of any kind. A second common scenario was bridging that occurred 
on the edge of the specimen. This type of bridging rarely led to tears. A total of 12 tests were 
performed, allowing for enough variety of results to see many possibilities that could happen. In 
Figures 5-9, 5-10, and 5-11 are the most common scenarios for bridging when the fixed ratio 
mixed mode test was used and the number of times it occurred. It was possible for more than one 
type of bridging to occur per test. 
 
 

  
 
 
 

 
 
 
 

Figure 5-8: Overhead Diagram of 
Ideal Bridging Scenario 

Bridge Hydrogel Layer 
Boundaries 

Figure 5-9: Bridging in the Corner 
Occurred 7 times 

Figure 5-10: Bridging on the Edge 
Occurred 4 times 

Figure 5-11: Bridging in the Center 
Occurred 3 times 



There were two situations where more extensive bridging did occur as a result of bridging from 
wedge tests. In both of these cases, tearing of the hydrogel layer occurred. 
 

  
 
 
 
The main reason for these intense bridging situations was a result of bridging that occurs during 
a wedge test. The behavior of these bridging scenarios is somewhat predictable. The bridges tend 
to move toward the outside of the specimen. The reason for this is not fully known. It is also 
important to note that the bridges do not simply move straight to the outside, they move toward 
the other end of the specimen as well. The destructive results of these more extensive bridging 
scenarios are shown in Figure 5-13. The tearing would occur because of the amount of adhesive 
that was bonded to both adherends. For the smaller, more common bridging scenarios, there was 
a majority of the adhesive bonded to one adherend while a very small part was bonded to the 
other adherend. It took a small amount of energy to cause this small area to debond. When it 
came to the extensive bridges, both times it would take less energy to tear the hydrogel layer than 
it would to cause debond from either adherend. 
 

 
 
 

 

Figure 5-12: Bridging Scenarios that Resulted from 
Wedge Test Bridging and Led to Tearing 

Figure 5-13: Result of Extensive Bridging Scenario 



When it comes to the common bridging situation, the behavior is a little more predictable. It was 
not easy to predict when it would occur, but once it had occurred, it was easy to predict what 
would happen to the bridging scenarios. When bridging occurred in the corners, it would always 
end up debonding from the adherend that the corners of the adhesive were bonded to. This would 
end up causing the corners to be undamaged. For bridges on the edge or in the middle, they 
would always have a circular or elliptical shape and simply debond like the corners. The result 
for the edge was the same as that of the corners. The result for the middle bonding was different. 
Bridging in the middle of the specimen would cause an air bubble to fill underneath. This 
however, caused no failures in the hydrogel layer. 
 
Bending Wedge Test 
 
The bending wedge test was used to create controllable mode mixity and attempt bridging. The 
advantage of the bending wedge test was having mode I and mode II fracture applied separately. 
For the results, two different stages of the test were captured. The first was after mode I fracture 
was introduced. This caused the crack to begin propagating. Next, mode II fracture was 
introduced by bending. It was evident that mode II fracture was occurring because the crack 
would continue to grow once bending was introduced. This showed that mode mixity was 
occurring. A second image was taken after mode II fracture was introduced. A total of 6 tests 
were done using the bending wedge test. In all of these tests, no situations of ideal bridging 
occurred. In Figures 5-14 and 5-15, results from two of the tests are shown. 
 

 
Figure 5-14: Results of Bending Wedge Test 

 Air Channels 



 
Figure 5-15: Result from Bending Wedge Test 

 
A common trend from these tests was where the crack propagated most. The crack propagated 
most when the adhesive was bonded to the adherend that is not in contact with the micrometer. 
This result can be seen from Figures 5-14 and 5-15. The reasons for this may have been a result 
of the direction of shear stress. However, the actual reasons are unknown as to why this happens. 
A second trend that occurred in this test and no other tests was the formation of channels of air 
through the adhesive layer. An example of this is shown in Figure 5-15. This is most likely a 
result of how close the adherends are at this point in the specimen. Because this point is so far 
from the wedge, it is experiencing less opening. With much more shear than opening fracture, 
this scenario is very common. It happened in all tests performed. 
 
Temperature Gradient 
 
Only two tests were run for the temperature gradient, both of which were very brief. Their results 
however, make it important to include the information. The results show enough significance to 
provoke possible future work. The first test using temperature gradient only involved a wedge 
test. The objective of the first test was to see if, after a crack heals, it would propagate from the 
opposite surface. In other words, a temperature gradient was created so that the bottom side of 
the specimen was warm and the top side was cold. Next, a wedge test was applied. Once the 
specimen was allowed to heal, it was turned around so that the top of the specimen became the 
warm side and the bottom became the cold side. Once the temperature gradient had again been 
created, the wedge test was again performed to see what would happen. The largest temperature 
gradient that was achieved with the given resources was a difference of 4.2° Celsius (24.2° and 
28.4°) 
 
When the test was performed, the hydrogel layer debonded completely from the warmer 
adherend both times. This is extremely significant because it shows a tendency for the hydrogel 
to debond from the warmer substrate. Also, after the hydrogel layer heals back to a substrate, it 

Air Channels 



has more tendency to debond from that substrate again because it does not heal completely. The 
healing was performed when the specimen has no temperature bias. With isothermal wedge tests, 
it is very common for wedge test bridging to occur, which was discussed and shown earlier. Two 
factors make the results from this test very significant. The first is that no wedge test bridging 
occurred with a temperature gradient. By itself, this would not be significant. The second factor 
was that the hydrogel layer debonded from the opposite adherend than in the first test. This 
means that it debonded completely from the warmer adherend both times. In an isothermal test, 
the hydrogel layer would have much less tendency to debond from the opposite surface. 
 
The second test for the temperature gradient was a test to attempt bridging. A crack was begun in 
the adhesive. The important thing was to make sure no bridging occurred from the wedge test. In 
order to keep the specimen fairly flat, two layers of polycarbonate were used as a wedge since a 
normal wedge would be too thick. Once a crack had propagated, the side in which the adhesive 
was still bonded to was placed on the radiator and the specimen was left between the radiator and 
cooling box for an hour. After the hour, a thicker wedge (thickness 2 mm) was used to see if the 
crack would switch to the other substrate. 
 
The crack did not switch substrates. It did not create bridging. However, there was only a small 
temperature gradient. Results for a larger temperature gradient could have been much more 
significant. 

 
6: Conclusions 
 
Numerical 
 
The results of the experiment provided significant discoveries and satisfied a number of goals 
that were stated at the beginning of the report. Conclusions for numerical results and methods 
include: 

• Found an appropriate and simple method to apply mixed mode stress and fracture to 
wedge test specimens with extremely soft adhesive layers (Fixed Ratio Mixed Mode 
Test). Fixed ratio mixed mode test does provide mode mixity for soft adhesive layer 
wedge test specimens 

o Did not lead to the bridging that was desired, but still created some bridging 
situations that were beneficial 

• When using soft adhesive layers, a GI/GII ratio of 4/3 for the fixed ratio mixed mode test 
is appropriate according to simulation results from fixed ratio mixed mode simulation 

Numerical Results also showed the difficulty of creating shear stress in soft adhesive wedge test 
specimens. With the data from the numerical results, lab testing processes were quickly 
established. 



 
Experimental 
 
When testing in the lab, goals were more difficult to achieve. The most difficult goal was 
creating a controllable and consistent bridging situation. Conclusions that came from 
experimental results: 

• Two tests were established that provide mode mixity and create bridging in some 
situations. Also these tests were controllable. 

o Fixed ratio mixed mode test 
o Bending wedge test 

• While the ideal bridging situation was not created consistently, other types of bridging 
were created that led to failure of the hydrogels. These situations were created using the 
fixed ratio mixed mode test 

• The bending wedge test was established as a very controllable mode mixing test with a 
well-defined and simple method. 
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