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ABSTRACT OF THE THESIS 

Design and Material Characterization of an Inflatable Vaginal Dilator 

By 

Po-Han Chen 

Master of Science in Engineering Sciences (Mechanical Engineering) 

University of California San Diego, 2022 

Professor Frank E. Talke, Chair 

 

 Cervical cancer is a common malignancy worldwide and is one of the leading causes of 

death for women. Vaginal stenosis is a common long-term side effect of pelvic radiation. Vaginal 

dilator therapy is the most common and universally accepted strategy to prevent vaginal stenosis, 

as it can promote epithelialization and increased vascularity of the tissues after brachytherapy. 

However, many patients feel uncomfortable with using commercial vaginal dilators that are 

manufactured using hard latex materials, struggle with transitioning from one dilator size to 

another, and have difficulty dilating the apex of the vaginal canal. In this thesis, an inflatable 

vaginal dilator made from silicone polymers was developed to overcome the problems inherent 

with hard plastic dilators. Silicone polymers are soft and inflatable materials and ideally suited for 

this application. In this thesis, we have investigated the stress-strain characteristics of silicone 

material used for manufacturing vaginal dilators. We have determined a two-term Mooney-Rivlin 
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equation to describe the behavior of silicone. Finite element analysis was used to simulate the 

dilator inflation and determine the force that the dilator exerts on the vaginal wall. In addition, 

experimental studies were conducted to verify the finite element simulation. Silicone dilator 

balloons of various wall thicknesses were fabricated.  
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Chapter 1 Introduction 

1.1 Medical Background 

Cervical cancer is the fourth most common female malignancy worldwide, and is one of 

the leading causes of death for women [1] [2]. More than 500,000 women are diagnosed with 

cervical cancer each year and over 300,000 deaths occur per year [1]. Figure 1 shows the cervical 

cancer incidence ranking compared to other cancers in the world. In 2018, twenty-eight countries 

were identified to have cervical cancer as the highest cancer rate in their country globally, with 

highest incidence countries concentrated in Africa [3]. With this surprising number of patients 

suffering from this disease, it is important to consider both the treatment efficacy for cervical 

cancer, but also the issues that arise following treatment to help women recovering from radiation-

induced injury. 

 

Figure 1: Incidence ranking of cervical cancer compared to other cancer in 2018 of all ages 

women [3] 
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1.1.1 Radiotherapy in Treating Cervical Cancer 

The treatment of cervical cancer can include surgery, radiation, and chemotherapy [4]. The 

most common treatments for cervical cancer are pelvic radiation therapy (RT) and brachytherapy 

[5]. Brachytherapy is a type of radiation therapy where the doctor inserts a radioactive material 

inside a localized portion of the body to treat cancer. This is also referred to as internal radiation, 

while pelvic radiation therapy projects radiation from an external radiation source [6]. 

 

1.1.2 Effect of Radiation Therapy and Radiation on 

Tissue 

Adverse events for both pelvic radiation therapy and brachytherapy can be divided into 

short-term and long-term side effects. Some common short-term side effects include tiredness, 

upset stomach, loose stools, nausea, and vomiting [7]. In addition, radiation can also irritate the 

vagina, causing radiation vaginitis [7]. The most common long-term side effects are lymphedema, 

premature menopause, and vaginal stenosis (VS) [7]. Vaginal stenosis is characterized by the 

buildup of scar tissue in the vaginal canal, which causes the vagina to become shorter, narrower, 

less flexible, drier, and more fragile. It can also result in dyspareunia and a reduced ability of 

doctors to conduct pelvic examinations [8]. This thesis will focus on the design of a vaginal dilator 

used for the treatment of long-term radiation injury of cervical tissue.  

Through an examination of vaginal biopsies after radiotherapy, it was found that chronic 

effects of radiation included tissue atrophy, formation of scar tissue, and vasculature changes [9]. 
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Figure 2 illustrates the difference between the vaginal wall before and after radiation. We observe 

that after the radiation of tissue, epithelial denudation occurs. These changes will cause loss of 

elasticity of the vaginal tissue and stenosis of the vaginal canal. 

 

Figure 2: Tissue effect of radiation [50] 

 

1.1.3 Current Treatment of Vaginal Stenosis After 

Radiation 

    Since vaginal stenosis occurs from either pelvic radiation therapy or brachytherapy, 

there are several treatments to prevent or reduce the severity of vaginal stenosis in cervical cancer 

patients. These include vaginal dilator therapy, hyaluronic acid therapy, intravaginal laser therapy, 

and vaginal estrogen therapy [10]. Among the aforementioned treatment methods, vaginal dilator 

therapy is the globally accepted vaginal stenosis prevention strategy [10]. 
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1.1.3.1  Vaginal Dilators 

    Vaginal dilators are often prescribed by doctors to decrease anxiety and pain in 

anticipation of dyspareunia (genital pain during intercourse) or vaginal examinations [11]. The use 

of vaginal dilators can promote epithelialization and increased vascularity of the tissues after 

radiation treatment [12]. Vaginal dilators are typically smooth, cylindrical devices that are inserted 

into a woman’s vagina to facilitate the stretching and relaxation of the underlying tissues [11]. 

These vaginal dilators are commonly sold in multiple sizes [13] as shown in Figure 3. They are 

typically made of hard plastic or latex materials. Some dilator models have additional features to 

improve user experiences, such as temperature or vibration control. For instance, dilators that 

feature an auto-heated, vibrating design help decrease pain sensitivity and dilator handles make it 

easier to insert and hold the dilator in place [11]. 

 

Figure 3: Commercially available vaginal dilators 
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1.1.3.2 Potential Problems with Vaginal Dilators 

    Often, patients undergoing dilator therapy experience issues when transitioning from 

one dilator to the next larger size, or they can even find the insertion of the smallest size very 

painful [18]. Since the sizes of commercially available dilators are fixed, patients who cannot 

transition to the next size frequently give up on this treatment altogether. Additionally, the rigidity 

of the dilators can cause pain and extreme discomfort for patients. Vaginal dilator therapy often 

requires weeks or months to be successful, and treatment can become expensive, time-consuming, 

and physically painful [14]. 

 

1.1.4 Need for an Inflatable Balloon Dilator 

   As a result of these difficulties in vaginal stenosis therapy, patient adherence to long term 

dilator therapy is low (Figure 4) [15]. A soft, inflatable dilator design would be highly desirable, 

especially if it could address the issue of size and rigidity and reduce pain during treatment for 

vaginal stenosis. Such a design could also incorporate a monitoring system to provide real-time 

feedback on the inflation of the dilator, allowing patients to determine what size dilator is most 

comfortable for them during therapy. 
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Figure 4: Patient adherence of vaginal dilator for 3 times a week and once a week [15] 

 

1.1.4.1 Materials for Dilator 

Commercially available silicone materials were investigated as candidates for dilator 

materials and found to be a good choice for inflatable dilators. Figure 5 shows the Shore hardness 

scale of typical polymers [16]. The materials used for the manufacturing of inflatable dilators were 

based on silicone of Shore hardness A10 (Dragon Skin 10 medium). 
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Figure 5:  Durometer Shore Hardness scale of polymers [16] 

 

1.1.4.2 Monitoring System 

     A monitoring system to control the amount of inflation of the dilator and the temperature 

of the warm saline water for inflating the dilator is needed for both doctors and patients to record 

the values that feel the most comfortable during therapy. 

 

1.2 Engineering Background 

In this thesis, we are focusing on the design and manufacturing of inflatable vaginal dilators. 

We measure the inflation of the dilator, determine the force that the dilator exerts on the vaginal 

wall when expanding, and determine the effect of wall thickness and design parameters of the 

dilator. 
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1.2.1 Design 

In order to address the problem of selecting the correct dilator size, an inflatable dilator is 

desirable. In addition, painless insertion and use are important. Thus, a soft material to replace the 

hard plastic, latex or glass dilator is needed. A prototype of an improved dilator is shown in Figure 

6. This dilator is made of soft silicone and can be expanded in size by increasing the internal 

pressure. 

 

Figure 6: Current prototype of the vaginal dilator 

 

1.2.2 Polymer Materials and Material 

Characterization Testing 

1.2.2.1 Elasticity and Plasticity 

    When applying a force on a solid object, it will experience a deformation process. Within 

a small deformation range, an object can experience elastic deformation where the object can 

recover its original shape and size [17]. In the linear elastic deformation region, stress is 
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proportional to strain. If the stress exceeds a proportionality limit (point H in Figure 7), it can cause 

non-linear elastic or plastic deformations [52]. The main material properties to describe elasticity 

are elastic modulus and elastic limit [52]. Elastic modulus is a measure of the intensity of 

deformation, and the elastic limit indicates the critical point where permanent plastic deformations 

start, (point E, Figure 7(a)) [52]. If an object deforms beyond the elastic limit (Figure 7(a)), it will 

experience plastic deformation [18]. In the plastic deformation region, the material remains its 

deformed shape, [18].  For ductile materials, plastic deformation will always occur after elastic 

deformation, while for brittle materials, very little elastic deformation will occur before breakage 

[17]. 
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Figure 7: (a) Stress and strain response of a common material [52] and (b) stress and strain 

response of a hyperelastic material 
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   Hyperelasticity is a special case of elasticity, where the material will respond elastically 

and nonlinearly under large deformation [53]. The characteristics of hyperelastic materials are:  1) 

the materials are deformable and recoverable, 2) the materials are nearly incompressible, and 3) 

the materials will show a highly nonlinear stress-strain relationship (Figure 7(b)) [53]. In general, 

the strain-energy function is used to describe the mechanical behavior of hyperelastic materials 

[19]. 

1.2.2.2 Constitutive Equations 

    Constitutive equations are used to describe the stress-strain response of any material. 

[21]. Special equations to characterize hyperelastic materials such as silicones have been derived 

[22]. The stress-strain relationships are determined by experimental studies. In this thesis, a two-

term Mooney-Rivlin constitutive model was used for the characterization of silicone (Dragon Skin 

10). 

Several constitutive models have been used to fit hyperelastic materials, e.g., Mooney–

Rivlin, Yeoh, Neo–Hookean, Ogden, Humphrey, Martins, and Veronda–Westmann [19]. Finding 

the best fit for the constitutive equation is a prerequisite for numerical simulations. Without 

accurate constitutive equations, finite element analysis is not reliable [20].  

    In order to characterize the mechanical properties of materials, uniaxial tensile testing 

experiments were performed. A commercially available uniaxial tensile testing machine (ESM303) 

was used to measure the stress-strain relationship of silicone. Digital Image Correlation (DIC) 

methods were used to determine the stress-strain relationship of the silicone material.  
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1.2.3 Finite Element Simulation 

    Finite element analysis (FEA) is the process of simulating the behavior of a part or 

assembly under given boundary conditions [23]. The finite element simulation method can be used 

to decrease the need for physical prototypes in the design process [24]. In addition, it can help to 

optimize the prototype during the design process [24]. In this thesis, finite element simulations 

were performed to provide a reasonable prediction of the inflation of the dilator. 

1.2.4 Software 

    In this thesis, commercially available computer-aided design (CAD) software 

(SolidWorks) was used for the mechanical design of the prototype. Commercially available finite 

element analysis software (Altair Hypermesh) was used for meshing and assigning boundary 

conditions, and another commercially available finite element analysis software (LS-DYNA) was 

used to perform the time-dependent simulation. 

1.2.5 Experimental Studies 

    In addition to the numerical simulations, experiments were conducted to measure the 

size of the dilator during inflation, and the force of the dilator that was exerted on the surroundings 

when inflated. From these two experiments, we were able to obtain a better understanding of the 

dimension of the dilator as a function of the pressure and estimate the force that the patient will 

experience during vaginal dilator therapy. 
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1.2.5.1 Setup of the Dilator and Vaginal Wall Force 

Recording and Inflation Experiment 

   To measure the relationship between dilator inflation and the force applied to the wall of 

the vagina, we used the experimental setup shown in Figure 38 and Figure 42, consisting of a load 

cell, actuator arm, pressure sensor, peristaltic pump, a set of 3D printed flat plates to simulate the 

vaginal wall, and a dilator. A digital camera was used to record the size and shape of the dilator 

during inflation. By measuring the cross-sectional area as a function of time. A microcontroller 

(Arduino Mega2560) was used to gather the data collected by the pressure sensor. A load cell was 

used to obtain the applied force of the dilator to the vaginal wall. 

 

1.3 Thesis Objective 

    The objective of this thesis is to design and implement a soft and inflatable vaginal 

dilator. To achieve this goal, material selection and characterization are important considerations. 

Finite element simulation and experimental studies were used to determine the optimal thickness 

of the silicone balloon used in the dilator. 

1.4 Organization of thesis 

    Chapter 1 introduces the medical background of cervical cancer, radiotherapy, and 

brachytherapy, and the problem patients encounter when performing vaginal dilator therapy. The 

engineering background of dilator design is introduced, along with material testing, numerical 

simulation, and experimental investigation. 



 

14 
 

    Chapter 2 deals with the initial design of a single chamber dilator and introduces an 

improved dual chamber dilator design. The manufacturing process of the dilators will be discussed, 

and the design of the monitoring system to control the dilator’s inflation will also be introduced. 

    Chapter 3 presents the results of the material testing of hyperelastic silicone materials 

for manufacturing vaginal dilators. Stress and strain data collected using a uniaxial tensile testing 

machine and Digital Image Correlation will be described. Mooney-Rivlin coefficients for a 

hyperelastic material will be obtained. 

    Chapter 4 discusses a numerical study of dilator inflation using the Mooney-Rivlin 

material coefficients of Chapter 3. Plots of pressure versus cross-section area and pressure versus 

load on a vaginal wall are obtained for silicone dilators with varying silicone wall thicknesses. 

Chapter 5 shows the details of the experimental setup. Different wall thicknesses of silicone 

dilators will be displayed as a function of internal pressure. The experimental results are compared 

to the numerical studies performed in Chapter 4. 

   Chapter 6 will conclude the thesis with a summary and will provide future directions and 

goals for the project. 
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Chapter 2 Design and Fabrication of an 

Inflatable Balloon Dilator 

2.1 Design Requirements 

   Commercially available dilators [25] are generally sold in a set of four to five with 

multiple graded diameters. Recently, an inflatable dilator was developed and commercialized. 

Inflation of the dilator is accomplished by a mechanism of spines and distal arms (Figure 8(b)) and 

can be controlled by means of a microcontroller [26]. The cross-section of the dilator changes into 

an asterisk-like shape upon inflation (Figure 8(a)) and does not fully stretch along the vaginal canal. 

Our design requirements are to improve the current commercial dilator into a fully expanding 

dilator capable of controlling independent sections of the dilator. 
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Figure 8: (a) Cross-sectional view of the inflatable vaginal dilation device (b) Mechanism of the 

inflatable vaginal dilation device [5] 
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2.2 Initial Design of an Inflatable Balloon Dilator 

     The initial design of our new dilator was inspired by an existing vaginal stent prototype 

[27]. This vaginal stent was made of polyurethane foam with a dimension of 255 mm in length, 

145 mm in width, and 3 mm in thickness. The polyurethane foam was covered with a latex condom 

with the inflation tubing exiting the open end of the condom [27]. Our initial prototype was a 3D 

printed model with the shape of a commercial dilator and covered with a thin layer of silicone. 

This initial device did not inflate well due to sealing problems and uneven silicone layer thickness. 

Figure 9 shows the initial design of the vaginal dilator. 

 

Figure 9: Initial design of the vaginal stent 
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2.3 Single Chamber Inflatable Balloon Dilator 

    The initial design of the dilator was improved by the use of a 3-part mold (Figure 10), 

which allowed the control of the wall thickness of the dilator. After the mold was manufactured, a 

rod was used to maintain the shape of the dilator. In order to inflate the dilator, air channels (Figure 

11) were incorporated.  

 

Figure 10: First iteration of 3-part mold design 
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Figure 11: Cross-section model of dilator design [47] 

 

2.3.1 Manufacturing Process of Single Chamber 

Dilator 

    The first step in manufacturing the vaginal dilator was to design a three-part mold. The 

dimensions of the three-part mold are shown in Figures 12 and 13. The manufacturing of the mold 

was performed using 3D printing. Parts designed in computer-aided design software (Solidworks) 

were exported to the Slicer software for 3D printing. A commercially available 3D printer was 

used to fabricate the three-part mold. After printing and postprocessing the mold, silicone was 

poured into the mold and the inner rod was inserted. An inner rod with holes was designed and 3D 

printed to serve as an air channel. After the silicone was cured, the thin silicone membrane obtained 

from the mold, the inner rod with air channels, and the inflation tube were assembled. A zip tie or 

rubber band was used at the groove position to prevent leakage when inflating the dilator. Figure 



 

20 
 

14 shows the steps needed for manufacturing a vaginal dilator and Figure 15 shows the assembled 

dilator. 

 

Figure 12: Single chamber dilator mold (outer case) with dimensions 
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Figure 13: Dilator mold (inner rod) with dimensions 

 

 

Figure 14: Manufacturing steps of the vaginal dilator 
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Figure 15: Single chamber vaginal dilator  

 

   The single chamber dilator was improved by sealing the base of the dilator with extra 

silicone. In addition, the dimensions of the dilator were reduced (Figure 16). The scaled-down 

design was similar in dimensions to commercially available hard plastic dilators of smaller 

diameters. A 3mm diameter cylinder was added at the apex of the mold for centering the inner rod 

in the three-part mold and improving the accuracy of the silicone wall thickness. Figure 17 shows 

the design of the dilator that was used for all subsequent experiments and tests. 
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Figure 16: Mold of vaginal dilator 
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Figure 17: Assembled vaginal dilator 

 

2.4 Dual Chamber Inflatable Balloon Dilator 

    A schematic of a dual chamber vaginal dilator design is shown in Figure 18(a). 

Compared to the single chamber dilator, a dual chamber dilator permits inflation and control of 

two individual sections of the dilator (Figure 18(b)). The advantage of this design is that it allows 

the dilator to address locations in the vagina where stenosis is most serious. The manufacturing 

steps for fabricating a dual chamber dilator are similar to those of a single chamber dilator. 

However, two different molds are needed to fabricate the apex part of the dilator separately from 

the base part of the dilator. The manufacturing steps are as follows: 1) design and print the mold 

for the apex part of the dilator shown in Figure 19 and Figure 20; 2) pour silicone into the 3-part 
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mold; 3) cure silicone; 4) and insert the inner rods with the tube into the silicone sheet and seal the 

base of the dilator with silicone. The base part of the dilator is created by repeating steps 1 through 

4 using silicone. The dimensions of the 3-part mold for manufacturing the base chamber of the 

dilator are shown in Figures 21(a)-(b).  

             

Figure 18: (a) Schematic of a dual chamber dilator and (b) an improved design of dual chamber 

dilator 
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Figure 19: 3-part mold inner rods with dimensions labeled 

 

 

Figure 20: 3-part mold apex part with dimensions labeled 
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Figure 21: (a) 3-part mold double chamber inner rods and (b) 3-part mold double chamber base 

case 

 

2.5 Reliability of Inflatable Balloon Dilator 

    One of the main problems with vaginal dilators is the leaking of air when inflated. 

Leaking is related to incomplete sealing due to variations in the thickness of the dilator wall, and 

bubble formation in the silicone during the manufacturing process. Modifying the design of the tip 

of the inner rod improved the uniformity of the dilator wall thickness.  

    Another cause of leakage was found to be insufficient sealing between the tube and the 

silicone dilator (Figure 11). This problem was initially solved with the use of a zip tie or rubber 

band to tighten the silicone dome. For later designs, we used a dilator cap injected with silicone to 
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seal the gap between the dilator cap and the dilator. This created a thick silicone layer that 

prevented leaking. 

 

2.5.1 Vaginal Dilator Accessories 

    Both the single chamber and the dual-chamber dilator caps shown in Figures 22(a) and 

22(b) cover the base of the dilator. A hole of a diameter of 3.5 mm was used into inject silicone to 

the cap of the dilator to reduce leaking (Figure 23). 

 

Figure 22: (a) One chamber dilator cap and (b) Two chamber dilator cap  
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Figure 23: Silicone injection into the dilator cap 

 

   The dilator handle was designed so that a patient can hold the dilator easily during dilator 

therapy. Figure 24 shows the assembled dilator handle and dilator. 

 

 

Figure 24: Dilator handle with dilator 
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2.6 Design and Manufacturing of the Dilator 

Monitoring System 

    A monitoring system was developed to measure the pressure, flow rate, and temperature 

of the dilator during inflation. Two different frequencies were used comparing to different severity 

of vaginal stenosis. The aim of designing a monitoring system is to give doctors and patients 

information about the effectiveness of dilator therapy with a minimum level of pain, which will 

help determine the design and performance specifications of the dilator.  

 

2.6.1 Overview of Monitoring System 

    The housing of the monitoring system was designed to incorporate the microcontrollers, 

sensors, and monitors to display the sensor data. A flow sensor, a temperature sensor and a pressure 

sensor were used to collect data for the flow rate, the temperature of the fluid, and the pressure of 

the inflating dilator, respectively. Three microcontrollers (Arduino mega 2560) were used to gather 

data from three sensors and to display the measurements recorded in real-time [62]. Control 

buttons were used for modifying the frequency of inflation and deflation, respectively, and the 

overall therapy time [62]. Two sets of pumps and valves were used to move the liquid and maintain 

a steady pressure when the pump stops inflating the dilator [62]. A micro-SD card slot was used 

to help save and output the data collected from the sensor. A cylindrical reservoir was attached to 

the monitoring system case and connected with plastic tubes to provide enough liquid to inflate 

the dilator. Two power adapters were used for providing power to the microcontroller and to the 

pumps and valves. The housing was split into upper and lower sections. Electronic components 
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were seated on the upper section, while the pump and the valve were located in the lower section 

of the case. Figure 25 shows the overall design of the housing and Figure 26 shows the actual 

monitoring system manufactured. 

 

Figure 25: CAD model of the case of the monitor system and brief description 

 

 

Figure 26: Actual monitor system and the combination of vaginal dilator [62] 
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    The steps of using the dilator and the monitoring system to perform vaginal dilation 

therapy are as follows. 1) Connect the dilator to the monitor system. 2) Connect the power adapters 

to a power supply, and check that the monitor lights up. Make sure there is a micro-SD card in the 

card reader slot to store the data. 3) Pour warm saline solution into the reservoir. 4) Insert the 

vaginal dilator to the vagina with lubricant. 5) Choose a suitable therapy mode and start the therapy. 

For patients that have more advanced vaginal stenosis, a therapy mode where the dilator does not 

expand too much or too fast will be more suitable, with the opposite applying to less severe cases 

of vaginal stenosis. 

 

 

Chapter 2 and Chapter 4, in part, contains published material as it appears in Rafaela 

Simoes-Torigoe, Po-Han Chen, Yu M. Li, Matthew Kohanfars, Karcher Morris, Casey W. 

Williamson, Milan Makale, Jyoti Mayadev, Frank Talke, “Design and Validation of an Automated 

Dilator Prototype for the Treatment of Radiation Induced Vaginal Injury,” 2021 43rd Annual 

International Conference of the IEEE Engineering in Medicine & Biology Society (EMBC), IEEE.  

The thesis author was a co-author of this paper. 

Chapter 2, in part, contains unpublished material as it appears in Shengfan Hu, Karcher 

Morris, Po-Han Chen, Rafaela Simoes-Torigoe, Yu M. Li, Milan Makale, Jyoti Mayadev, Frank 

Talke, “A Soft Robotic Closed-Loop System for the Treatment of Vaginal Stenosis,” 2022 JSME-

IIP/ASME-ISPS Joint International Conference on Micromechatronics for Information and 

Precision Equipment (MIPE2022).  The thesis author was a co-author of this paper. 
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Chapter 3 Uniaxial Tensile Testing of 

Hyperelastic Polymers 

3.1 Properties of Elastomers 

The silicone that is being used for fabricating the dilator is an elastomer. An elastomer is a 

polymer that experiences large reversible strain in response to applied stress [28]. In this thesis, 

the silicone elastomer used will be tested to determine its mechanical characteristics. Figure 27 

shows the difference in the stress-strain curve between a linear elastic material and a hyperelastic 

material. Linear elastic materials have stress values proportional to strain. Hyperelastic materials 

respond elastically but respond nonlinearly under deformation.  

 

Figure 27: Stress-strain curve of elastic and hyperelastic material [51] 

  Silicone elastomers have good thermal stability, low electrical conductivity, and are 

generally biocompatible. [29]. Silicone polymers have a backbone of alternating units of silicon 
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and oxygen, which causes high flexibility and high thermal stability [30]. A general chemical 

formula for typical silicone elastomers is shown in Figure 28, the symbol ‘R’ in Figure 28 denoting 

the organic group that is attached to the silicone backbone. Silicone polymers and other amorphous 

polymers increase in their elastic response when cross-linked [31]. Compared to plastics, 

elastomers have a great capacity for large elastic deformation under applied stress, and they can 

be stretched over 100% of their original length with no permanent deformation [32]. Common 

silicone elastomers can be classified into three categories based on their curing temperature: room 

temperature vulcanizing (RTV), high temperature vulcanizing (HTV), and liquid silicone rubber 

(LSR) [31]. Most commercial silicone elastomers are mixed with a crosslinker and a base or a 

polymer, and are typically crosslinked using hydrosilylation, condensation, or radical reaction [31]. 

Hydrosilylation is the insertion reaction of an unsaturated vinyl group into a silicon 

hydrogen bond [54]. Condensation of a polymer means that its monomers or oligomers react with 

each other to form larger units and will release smaller molecules (water) during the reaction [55]. 

The free radical reaction is an addition of free radicals that takes place to form the polymer unit. 

[56] 

 

Figure 28: General chemical formula of silicone [57] 
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3.2 Introduction to Hyperelastic Models 

The nonlinear stress-strain relationship exhibited by hyperelastic materials such as silicone 

elastomers requires specialized constitutive models to describe their mechanical behavior [22]. 

Hyperelastic models depend on experimentally determined variables. A number of models for the 

constitutive equations of hyperelastic materials have been proposed using various material 

parameters [32]. Among the most popular constitutive models are the so-called Neo-Hookean 

model, the Mooney-Rivlin model, the Ogden model, the Yeoh model, the Fung-Demiray model, 

and the Veronda-Westmann model, the Arruda-Boyce model, and the Gent model [34]. For the 

derivation of the constitutive equations of the various models, the materials were assumed to be 

isotropic and incompressible. Least square methods are generally used to calculate the best fit for 

a material coefficient from experimental measurements. The constitutive equation can later be used 

for finite element analysis. 

  The Mooney-Rivlin model is one of the most widely used models for hyperelastic 

materials [35]. This model characterizes the mechanical behavior of rubber materials at small and 

medium elongations [35]. Several forms of the Mooney-Rivlin model exist in the literature, and 

they are categorized by their number of material parameters in the equation [36]. In deriving the 

Mooney-Rivlin model, the strain energy density function W is used.  

   W (I1, I2)  =  C1 (I1 − 3)  +  C2 (I2 − 3)                                     (3.2.1) 

In Equation 3.2.1, the coefficients C1 and C2 are the so-called Mooney-Rivlin material coefficients, 

while I1 and I2 are the principal invariants defined by using the left Cauchy–Green deformation 

tensor, 𝐷𝑅 , and the principal extension ratios λ1, λ2 , and λ3  [37]. The left Cauchy–Green 

deformation tensor is defined as 𝐷𝑅 = FF𝑇, where F is the deformation gradient and  𝑇 denotes the 

https://www.sciencedirect.com/topics/engineering/deformation-gradient
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transpose [58][59]. If one assumes that the principal extension ratio λ1 = 𝜆, and the material is 

incompressible λ1λ2λ3 = 1, we obtain λ2  =  λ3 =
1

√λ
. Here, 𝜆 is the normalized elongation of the 

coupon specimen and 𝜀 is the strain of the coupon specimen,  𝜆 =   1 +  𝜀 [36] [37]. F is defined 

as, 

                   (3.2.2) 

and 𝐷𝑅 as, 

                   (3.2.3) 

The I1 and I2 strain invariants are:  

I1 = 𝑡𝑟(𝐷𝑅) =  λ1
2 + λ2 

2 + λ3
2                                              (3.2.4) 

I2 =
1

2
[𝑡𝑟(𝐷𝑅

2) − (𝑡𝑟(𝐷𝑅
2))2] =  λ1

2 λ2 
2  + λ2 

2  λ3
2+ λ3

2 λ1
2                           (3.2.5) 

where “tr” is the trace operator of the matrix, and “det” the determinant operator of the matrix 

[60]. Inserting equation 3.2.4 and 3.2.5 into equation 3.2.1, we obtain 

W (I1, I2)  =  C1 (λ2 + 
2

λ
− 3)  +  C2 (2 +

1

λ
− 3)                             (3.2.6) 
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The stress (σ ) and elongation of the Mooney–Rivlin model is obtained by performing the 

differentiation of equation 3.2.6 with respect to the elongation [61]. 

σ =  𝜆
𝜕𝑊

𝜕𝜆
 = 2 C1 (λ2 - 

1

λ
) + 2 C2 (λ - 

1

λ2)                                          (3.2.7) 

In equation 3.2.7, the coefficients C1 and C2 are the so-called Mooney-Rivlin coefficients. 

3.3 Inadequate and Inconsistent Mooney-Rivlin 

Material Parameter of Silicone 

The existing literature provides very few details about the two-term Mooney-Rivlin model 

for silicone that we are using in this thesis. Two papers were found with the value for the two-term 

Mooney-Rivlin model for silicone [38] [39]. Gopesh [38] performed a biaxial test with thin films 

of hyperelastic material. He determines the Mooney-Rivlin coefficients for commercially available 

silicone (Dragon Skin 10) to be C1=0.18 MPa and C2=0.0117 MPa [38]. In Lecce’s paper, 

coefficients of C1=0.12 MPa and C2=-0.097 MPa were used for the same material (Dragon Skin 

10) [39]. From these two papers, the difference in the parameters is large, indicating that the 

stiffness of the same material is quite different. Clearly, without accurate parameters for the 

silicone used, it would be impossible to perform an accurate finite element analysis calculation. 

Thus, we decided to perform experimental measurements of the stress-strain relationship to 

determine the Mooney-Rivlin coefficients for our silicone dilator. 

3.4 Uniaxial Tensile Testing of the Silicone 

Experiments were set up to obtain stress and elongation measurements for commercially 

available silicone (Dragon Skin 10) used for our vaginal dilator prototype. A commercially 
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available uniaxial tensile tester (in accordance with ASTM D412 standards) and a camera were 

used, as shown in figure 29(a)-(b). Dog-bone specimen (Figure 29(c)) for the tensile strength test 

was fabricated in accordance with ASTM D412 standards [40]. Digital image correlation, a non-

contact optical technique to measure the deformation of the material, was implemented to measure 

elongation. Stress was calculated by dividing the load from the uniaxial tensile experiment by the 

cross-sectional area of the dog-bone specimen. 

 

Figure 29: (a) Uniaxial tensile tester, (b) a camera, and (c) a dog bone specimen 
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3.4.1 Stress and Elongation Result of Silicone 

  In Figure 30, we show the stress versus elongation measurements for the silicone used in 

our work. Our observation of the data confirms that the silicone matches the hyperelastic behavior 

seen in Figure 27. Least square analysis was used for obtaining the two-parameter Mooney-Rivlin 

coefficient. The green curve in Figure 31 shows the two-parameter Mooney-Rivlin fit, indicating 

good agreement with experimental data. The Mooney-Rivlin coefficients of the silicone obtained 

from our tests are C1= 0.026 MPa and C2= 0.0093 MPa. 

 

Figure 30: Experimental data of stress versus elongation of silicone 
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Figure 31: Stress-elongation experimental data and Mooney-Rivlin fit for silicone 

 

The reason that the Mooney-Rivlin parameter of Gopesh et al [38] 2 term was different 

from our measurements might be due to the different fabrication techniques used for the same 

material. (Figure 32) This includes manufacturing temperature, cure duration, the sample’s 

thickness, and the strain interval. In order to run an accurate finite element simulation, the testing 

of the material parameters should ideally be performed for the same manufacturing condition as 

those of the prototype. 

Figure 32 shows the stress versus elongation plot for the experimental measurement 

along with the data reported by Leece et al. and Gopesh et al [38][39]. We observed that our 

Mooney-Rivlin parameters fit well with Leece’s data for the strain interval from 0 to 1 [39] [41]. 
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Figure 32: Stress-elongation plot of two term Mooney-Rivlin curve fit [38] [39] 
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Chapter 4 Numerical Study of Inflatable 

Balloon Dilator 

4.1 Introduction of Finite Element Analysis 

 Finite Element Analysis is a numerical method for simulating physical phenomena with 

complex boundary conditions and material properties [23] [43]. It can be applied to various kinds 

of engineering problems, including structural or fluid flow, thermal transport, and mechanical 

systems [44]. The principle of finite element analysis is to discretize a model of the system into 

finite elements to estimate the value of the independent variable at the nodes of elements [23].  

The advantage of using finite element methods is that engineers can reduce the number of 

physical prototypes and can optimize their designs by performing simulation studies [45]. The 

designs can easily be adjusted by changing dimensions, constraints, material properties, and 

repeating the calculations. Using the finite element method, one can reduce the manufacturing time 

and cost of developing a product. 

  The four main steps of finite element analysis are: 1) discretizing the solution region into 

a finite number of elements, 2) deriving governing equations for a typical element, 3) assembling 

all elements in the solution region, 4) and solving the system of equations obtained [46]. In this 

thesis, finite element analysis was used to simulate the inflation of the dilator to predict the 

displacement of the dilator and the force exerted on the vaginal wall. Finite element analysis 

software (Altair Hypermesh) was used to perform the preprocessing for finite element analysis, 
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including meshing, assembling of all elements, and applying material properties. Another 

commercially available finite element analysis software (LS-Dyna) was used to run the simulations 

to determine the deformation of the dilator as the function of time. 

4.2 Effect of Wall Thickness of Vaginal Dilator 

 The characteristics of an ideal inflatable vaginal dilator are:1) a small initial pre-inflated 

size so that it can be inserted easily into the vagina, 2) slow and gentle dilator inflation for not 

causing pain during therapy, 3) the dilator should be able to inflate to reach the size of 

commercially available vaginal dilators, and 4) the pressure inside the dilator should be low to 

increase reliability during free inflation. Four different wall thicknesses of silicone dilators were 

evaluated to address the above points. (2mm, 2.5mm, 3mm, and 3.5mm respectively) 

 

4.2.1 Finite Element Model 

 Figure 33 shows the geometry of the vaginal dilator and the vaginal wall with boundary 

conditions and applied pressure. In the simulations, four values of silicone wall thickness were 

considered (2mm, 2.5mm, 3mm, and 3.5mm). A six-degree of freedom constraint was 

implemented at the base of the dilator to prevent the dilator from moving, and a three-degree of 

freedom (rotation of X, Y, and Z axis) constraint was used at the tip of the dilator to prevent the 

dilator from rotating. The vaginal canal in the simulation was a simplified model and the vaginal 

width was controlled to be 15mm. The dilator has meshed with approximately 30,000 tetrahedral 

elements. At the beginning of the simulation, we assume that the dilator does not contact the 

vaginal wall. 
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Figure 33: Schematic of vaginal dilator for finite element analysis [47] 

 

4.2.2 Change of Cross-Section of the Dilator as a 

Function of Pressure 

  A finite element analysis was first conducted without the constraints of the rigid walls. 

The inflation of the dilator as a function of pressure was simulated while keeping all other 

dimensions and boundary conditions the same. The material was characterized by the Mooney-

Rivlin parameter discussed in Chapter 3. For the silicone used, the Mooney-Rivlin coefficients 

were C1= 0.026 MPa and C2= 0.0093 MPa. 

  Figure 34 shows the side view of a typical dilator during inflation. We observe that the 

largest inflation exists at the center, while the least inflation occurs at the ends. Figure 35 shows 

the cross-sectional area of the dilator as a function of internal pressure for four different wall 
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thicknesses of silicone. We observe that the maximum area of the dilator decreases as the dilator 

wall thickness increases. 

 

Figure 34: Cross-section of dilator (2mm wall thickness) before and after inflation using finite 

element simulation 
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Figure 35: Cross-section area of dilator for four silicone wall thicknesses (2mm, 2.5mm, 3mm, 

3.5mm) as a function of pressure 

4.2.3 Force on the Vaginal Wall Dilator 

  Figure 36 shows the maximum force exerted by the dilator on the vaginal wall for the 

dilator wall thickness of 2mm, 2.5mm, 3mm, and 3.5mm dilator, respectively. We observe that 

that force exerted on the vaginal wall at constant pressure is larger for a small wall thickness than 

a large wall thickness. 
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Figure 36: Force versus pressure for dilators with different wall thickness (2mm, 2.5mm, 3mm, 

3.5mm) and 15mm vaginal wall distance  

4.3 Stress Concentration at the Interface of the 

Dilator and the Plastic Air Tube 

From our finite element simulation, we observe stress concentration at the junction part 

between the dilator and plastic tube. This stress concentration causes large deformation, which in 

turn leads to leakage problems of the dilator. 
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Figure 37: Stress concentration at the base of the dilator (wall thickness 2.5mm) 

 

 

Chapter 2 and Chapter 4, in part, contains published material as it appears in Rafaela 

Simoes-Torigoe, Po-Han Chen, Yu M. Li, Matthew Kohanfars, Karcher Morris, Casey W. 

Williamson, Milan Makale, Jyoti Mayadev, Frank Talke, “Design and Validation of an 

Automated Dilator Prototype for the Treatment of Radiation Induced Vaginal Injury,” 2021 43rd 

Annual International Conference of the IEEE Engineering in Medicine & Biology Society 

(EMBC), IEEE.  The thesis author was a co-author of this paper. 
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Chapter 5 Experimental Measurement of 

Dilator Inflation 

5.1 Introduction 

   To investigate the inflation of the vaginal dilator we have measured the cross-sectional 

area of the dilator as a function of internal pressure and the force that the dilator exerts on the 

vaginal wall during inflation. Four wall thicknesses of dilators (2mm, 2.5mm, 3mm, and 3.5mm) 

were used and compared. These experiments were performed to allow comparison with results 

from the finite element analysis. 

 

5.2 Experimental Setup 

The first experiment was to measure the inflation of the dilator with a fixed volume of air 

injected into the dilator. The cross-sectional area of the dilator and the pressure inside the dilator 

chamber was recorded and compared to the finite element simulation. 

    Figure 38 shows the experimental setup for measuring the area and pressure of the 

vaginal dilator during inflation. The setup consists of a dilator, a camera, a black background, a 

peristaltic pump, a syringe pump, and a pressure sensor. A camera was used to record the dilator 

shape during inflation. The recorded video was used to calculate the area inflation of the dilator 

over time using MATLAB. A black background was used to improve the visibility of the dilator 
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image during inflation. A peristaltic pump was used to provide air for the dilator to expand, and a 

syringe pump was used to measure the volume of inflation. A pressure sensor was used to measure 

the pressure of air in the dilator. 

 

Figure 38: Experimental setup of cross-sectional area and pressure measurement 

 

5.2.1 Dilator Pressure and Area Test Results  

Four dilator wall thicknesses (2mm, 2.5mm, 3mm, and 3.5mm) were investigated. The 

dilators were inflated to a constant volume of 30ml. In Figure 39, we show the area increase as a 

function of pressure for a wall thickness before and after filtering of the pressure data. Figure 40 

shows the results for four different wall thickness dilators after filtering.  
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Figure 40 shows the change in cross sectional area as a function of pressure for four values 

of wall thicknesses. We observe that the measurements agree well with the numerical simulation 

of section 4.2.2  

 

Figure 39: Area versus pressure for 3.5mm thick dilator 
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Figure 40: Area versus pressure for four different dilator wall thicknesses 

 

From the experimental results, we observed that the cross-sectional area of the dilator was 

smaller than the prediction of the finite element simulation (Figure 35).  

 

5.3 Experimental Setup of Measurement of Force and 

Pressure of the Dilator on the Vaginal Wall 

    Figure 41 shows the experimental setup for measuring the force and pressure of an 

inflating vaginal dilator against the vaginal wall. The distance between the vaginal walls was 

adjusted by an actuator arm controlled by a microcontroller to simulate different dimensions of the 

vaginal canal. A peristaltic pump was used to provide an adequate amount of air for the dilator to 

expand, and the syringe pump was used to measure the amount of volume of inflation.  A pressure 
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sensor was used to measure the dilator pressure during inflation, while a load cell was used for 

measuring the force of the dilator against the vaginal wall. Four different dilator thicknesses were 

investigated, keeping the distance between the vaginal wall at 15mm. 

 

Figure 41: Experimental setup of force and pressure measurement 

    Figure 42 shows the average force of the vaginal wall for a dilator wall thickness of 2mm. 

The maximum standard deviation of the force was 4.63 N and the pressure was 33.61 mmHg. 

Figure 43 shows the average pressure and force of the inflating dilator against the vaginal wall.  
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From Figure 43, we observe that the maximum force increases as the dilator wall thickness 

decreases keeping the internal pressure constant. 

 

Figure 42: Force versus pressure for 2mm wall thickness and 15mm vaginal wall distance 
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Figure 43: Force versus pressure for 15mm vaginal wall distance for four different wall 

thicknesses  

    The experimental measurements show a higher maximum pressure compared to the 

finite element simulation (Figure 36), but the trend is in good agreement between numerical 

calculation and experimental measurement. Differences in pressure between the experimental and 

analytical model were mainly due to the friction between the vaginal wall and the dilator in the 

experimental setup. 

5.3.1 Discussion 

From both the experimental studies and finite element simulation, it can be concluded that 

dilators with smaller wall thickness inflate easier than dilators with thicker wall thickness. On the 

other hand, the maximum pressure in a dilator with large wall thickness is larger than in a thin-

walled dilator. Clearly, the experimental results and numerical studies show similar trends. 
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Chapter 6 Summary and Future Work 

Vaginal stenosis (VS) is one of the common side effects of radiotherapy. To treat vaginal 

stenosis, a vaginal dilator is needed to promote epithelialization and increased vascularity of the 

tissues [8][12]. In this thesis, a vaginal dilator was investigated that can gradually be inflated. The 

dilator was made of commercially available silicone. Material characterization of silicone was 

conducted, and stress versus strain relationships for hyperelastic silicone was performed. In 

addition, finite element simulations and experiment measurements were carried out using 

inflatable vaginal dilators with several different wall thicknesses of silicone. The deformation of 

the dilator and the force of the dilator against the vaginal wall were measured.  

Future work on the dilator prototype should focus on improving the dual chamber dilator 

approach. The manufacturing time and steps should be decreased and the reliability of the dual 

chamber dilator must be improved. Additional dilator chambers would be desirable to allow 

control of the inflation at specific locations of the vaginal canal. A more ergonomic dilator handle 

should be created to increase the convenience for the patient holding the dilator. Different kinds 

of materials should be explored for the dilator handle.  

The monitoring system that inflates and records the information of the dilator should be 

more user-friendly, and the control system should focus on supplying both a “common therapy” 

mode for patients and a “maximum pressure test” mode. The design of the housing and reservoir 

should be improved to be more user-friendly, and the accuracy of the pressure and flow rate 

measurements should be improved. 
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  Finite element analysis should be conducted before manufacturing new dilators. The 

simulation should predict how well the dilator expands when it is in contact with tissue. For this 

purpose, the design of a so-called vaginal phantom should be considered. 

In our present studies, we simulated the dilator by it positioning it between two flat 

boundaries with adjustable distances to mimic different dimensions of the vaginal canal. In the 

future, silicone vaginal phantoms must be designed and implemented to study the interactions 

between the dilator and the vaginal tissue. The material stiffness of the phantom should be similar 

to the vaginal tissue to provide an accurate measurement of the force between dilator and phantom. 

On the medical side, the project needs to gain Institutional Review Boards (IRB) approval, 

and patient testing in the clinic is needed. 

After the inflatable vaginal dilator system is tested, it would be desirable to initiate 

commercialization of the dilator. 
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