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ABSTRACT 

 In the human body, sustaining the core body temperature (CBT) is of great importance to 

maintaining proper cellular and body functions. The temperature of 37°C (98°F) is the well-

established baseline and small variations are normal and expected depending on the environment 

and individual. However, when deviating significantly to under 35°C (95 °F) or over 40°C (104 

°F), several health complications can arise such as fatigue, decreased mental and physical 

performance, fluctuations in blood pressure and cardiac irregularities which can progress to loss 

of consciousness or coma if untreated. In spaceflight missions, baseline body temperature has been 

recently been studied and shown to increase by 1°C gradually. If unnoticed, astronauts CBT could 

reach dangerously high levels when doing physically challenging tasks such as a spacewalk or 

exercise. Therefore, a real-time multi-physiological parameter sensing system is needed to be 

developed to noninvasively monitor the status of crew members in space. The objective of this 

thesis is to develop a novel temperature sensor using a wearable electromagnetic radio frequency 

(RF) self-resonating sensor. A temperature dependent dielectric material, polyvinylidene fluoride 

(PVDF), was characterized using a dielectric probe and displayed temperature and frequency 

dependent dielectric properties in the frequency range of the sensor system (10 MHz to 3 GHz). 

Thin sheets of PVDF were integrated into the sensor system design as a substrate that interacts 

with the electromagnetic field created by the spiral sensor to result in a quantitative temperature 

monitoring sensor with an accuracy of 1°C. The study also displays that the studies using 

polyimide-based electromagnetic RF sensor systems are not impacted by small temperature 

changes. Future incorporation of this wearable temperature sensor will provide a thin, flexible, 

noninvasive method to monitor body temperature alongside vital signs of crew members in space.  
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CHAPTER 1  

INTRODUCTION 

1.1 Motivation 

For humans, the core body temperature (CBT) is of paramount importance to proper 

cellular and body function. Through the response of the hypothalamus to internal or external 

stimuli, complex mechanisms throughout the body allow for fine tuning the core temperature to 

maintain at about 37°C (98.6°F) [1, 2]. Whether an individual is at rest or in action plays a 

significant role on how the body adjusts its temperature [3]. For instance, during exercise, the 

body temperature is slightly elevated which has shown to improve mental functionality such as 

alertness and reaction time [4]. When the body exceeds 40°C (104°F), the individual can enter a 

state of hyperthermia where serious health complications can arise. This state can result in 

sweating, fatigue, confusion, and low blood pressure [5]. When the body is no longer able to 

regulate its core temperature, an individual can have a heat stroke in which they stop sweating. 

This can result in dizziness, losing consciousness, and having seizures [6]. On the other side of 

the body temperature spectrum, when the CBT falls below 35°C (95°F) the body enters a state of 

hypothermia. Severe health complications such as cardiac arrhythmia, respiratory depression and 

muscle dysfunction are a few effects of hypothermia. If untreated, individuals can also go into 

cardiac arrest or a comatose state [5, 7].  

In spaceflight, monitoring body temperature is of great interest to have a complete 

understanding of crew health. In a recent study, it was discovered that in long-duration space 

missions (over 75 days), astronauts CBT gradually increased about 1°C over the studied time 

period. While the lack of gravity limits sweat evaporation and convection of the body to dissipate 

heat and cool as effectively, the study also discovered the increased concentration of a key anti-
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inflammatory protein [8]. With the baseline CBT of the astronauts increasing almost 1°C, there 

is reason for concern of entering hyperthermia state when doing physical activity such as 

exercising or a spacewalk. In the study monitoring astronaut CBT, “Double Sensor” technology 

was utilized to monitor the temperature of the forehead. This sensor involves the use of two 

thermistors in an insulated system, measuring the heat flux from one thermistor to the other, and 

using this value to determine the surface temperature. While its precision and accuracy has been 

validated to relate the temperature of the forehead to the CBT, the sensor system is not designed 

for continuous wear and real-time monitoring. Additionally, the sensor is taped to the user’s 

forehead which is not ideal for long-term use. Furthermore, thermistors have a non-linear 

resistance temperature response, which can hinder the temperature monitoring capabilities. 

With the desire to monitor several physiological parameters at once, the use of multiple 

systems in spaceflight can quickly begin to take up limited space and valuable resources. These 

limitations drive the need to develop a single sensor technology capable of monitoring multiple 

physiological parameters in real time in a noninvasive fashion. Limiting the need of additional 

auxiliary systems could save space, money, and training from learning how to operate multiple 

instruments. As spaceflight missions are looking to travel farther than ever before as well as 

commercially available trips to space entering the market, the ability to monitor individual’s 

health will be of great value in the present and future. With the capability of monitoring 

temperature alongside other physiological parameters in real time, an improved understanding of 

the condition of an individual is possible. Irregularities in the measurements could notify the user 

to take countermeasures, preventing the risk of a dangerous body state from being reached. 
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1.2 Objectives and Specific Aims 

The primary research objective of this thesis is to develop a wearable electromagnetic 

resonant spiral temperature sensor able to produce real-time measurements for monitoring body 

temperature.  This objective can be achieved through the following specific aims:  

1. Specific Aim 1: Identify and investigate a material that produces a dielectric response to 

changes in temperature. 

2. Specific Aim 2: Development of a novel radio frequency resonant spiral temperature 

sensor by incorporating a material with temperature dependent dielectric properties.   

3. Specific Aim 3: Determine a quantitative measurement of temperature change of the 

sensor, representing the change in temperature of the human body. 

1.3 Thesis Outline 

1. Chapter one introduces the motivation along with the primary objectives and specific 

aims. 

2. Chapter two presents a literature review on the impact of wearable devices for monitoring 

physiological parameters in the consumer market and clinical setting, background and 

utilization of surface engineering, the importance of body temperature and temperature 

sensors, and the fabrication and operating principle of this wearable electromagnetic 

resonant spiral proximity sensor.    

3. Chapter three discusses the first study that was performed which characterized the 

dielectric properties of polyvinylidene fluoride (PVDF) (Specific Aim 1). 3D printed 

PVDF discs were investigated with a dielectric probe at room temperature and elevated 

temperatures. The results show the dielectric permittivity of the material was dependent 

on temperature and frequency.  
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4. Chapter four discusses the second study that investigates the temperature response of the 

electromagnetic radiofrequency spiral resonator incorporated with PVDF (Specific Aim 2 

and Specific Aim 3). A sensor was fabricated using PVDF sheets and compared to a 

polyimide-based sensor. The results show the PVDF-based sensor has a linear response 

to temperature. Furthermore, the results show the polyimide-based sensor response is not 

affected by temperature to alter the results of other studies using this technology. 

5. Chapter five is a discussion of the future work with this project and how this work can be 

expanded further. 

6. Chapter six provides an overall summary and conclusion of this work addressed in this 

thesis. 
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Abstract 

In a time of rising average population and complex illnesses, the healthcare system is 

strained and struggling to keep costs low. Wearable devices are a potential solution to detecting 

the onset of sickness allowing for early treatment as well as continuous monitoring to prevent 

readmittance. Utilization of sensors to monitor patients will allow them to return to the comfort 

of their home while still under physician supervision remotely in case treatment is necessary, 

freeing up hospital space and staff to treat those in need of direct care. Additionally, in the 

consumer market, wearable devices are utilized by millions of users to monitor their vital signs 

and general health. In this manuscript, various wearable device, biosensors, and their 

applications are presented, as well as methods such as surface engineering, a powerful tool to 

incorporate materials into devices to result in increased functionality. Current challenges and the 

future outlook of the wearables industry is also discussed. 

2.2 Introduction 

The human body is a complex system in which many variables can alter mental and 

physical performance. Having the ability to monitor multiple physiological parameters through 

the use of wearable sensors can play a vital role in personal healthcare as well as aiding medical 

diagnostics. In modern day wearable technology, a variety of instruments such as 

accelerometers, gyroscopes, optical, force, temperature, and magnetometers have been 

incorporated into clothing, watches, and eyewear [9-12] for the detection of location, movement, 

and health related criteria. As displayed in Figure 2.2.1, the sensor must be designed with 

location in mind to acquire a specific biosignal [13]. While current consumer market device 
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measurements consist of physical activity and vital signs, developments are being made to 

analyze biofluids such as saliva [14-16], sweat [17-21], and tears [22-24]. The real time 

monitoring of these parameters allows for an improved understanding of the user’s body 

conditions which can prompt early intervention of a serious health condition if abnormalities are 

detected.  

 

Figure 2.2.1. Sensing locations and associated biosignals [13]. 

In the medical setting, wearable sensors are the standard to monitor vital signs of the 

patients. A pulse oximeter can regularly be found clasped to the fingertip of a patient or foot of 

an infant, monitoring the person’s blood oxygen saturation in addition to pulse. With the use of a 

light emitter, the device uses the different absorbance levels of oxygenated hemoglobin and 

deoxyhemoglobin in a calculation to determine the peripheral blood oxygen saturation level [25]. 

While this value is not always identical to the arterial oxygen saturation level, the convenience 

and safety of acquiring the information in a noninvasive method for a near accurate reading has 

shown its value in clinical use. Other wearables seen in clinical use allow for the monitoring of 

body temperature, brain activity, and muscle motion [26]. In combination, these sensors allow 

for a significant understanding of the patient’s body condition, monitoring physiological 

parameters the individual may not express physically or be able to verbally explain when seeking 
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proper treatment. When adapted to functioning with a network, the sensors also permit the 

patient to return to the comfort of their home while still being monitored by physicians remotely. 

This is beneficial towards conserving resources and workload on the medical team, resulting in 

improved care for those requiring close supervision and on-site treatment.  

While wearable devices continue to provide an important role in the clinical setting, the 

consumer market is currently undergoing tremendous growth. In 2016, the global wearable 

sensors market was valued at $146 million and is expected to reach $2.86 billion by 2025 [27]. 

With this estimated expansion, both the industry and the research community will continue to 

push the boundaries of healthcare innovation within wearable technology to provide real time 

monitoring of physiological parameters and activity.  

One of the most recent advancements to reach the consumer market headlines is the 

inclusion of electrodes capable of performing electrocardiography (ECG) on the Apple Watch 

[28]. While this ECG function is not of the same efficacy of a traditional 12-lead ECG as seen in 

clinical use, it does let users easily detect critical information such as a rapid, skipped, or 

irregular heartbeat that may be associated with atrial fibrillation from the convenience of a 

wristwatch.  

Traditionally, wearable sensors for the general population are tailored towards fitness. 

However, for many users, there is little understanding of the underlying technology involved in 

the smart device that is relaying information such as heart rate to their phone or computer. The 

significance of researchers with novel ideas in the form of smaller, cheaper, and more capable 

sensors of detecting multiple physiological parameters, the health monitoring of the general 

population will benefit with access to a wealth of information about their body’s status. One tool 

that engineers are utilizing to achieve innovative functionality in wearable sensors is the 

application of surface engineering. 
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2.3 Surface Engineering 

Surface engineering is the process of modifying the surface of a component by utilizing a 

treatment, coating or layer to enhance its properties. The purpose is to retain the key bulk 

properties of the component’s material, while offering improved functionality. These properties 

may include the elasticity, hardness, Young’s modulus, and yield, fatigue, and tensile strength 

necessary to perform the components duty [29]. In surface engineering, the engineered surface 

undergoes a process that can vary from a simple finishing method such as abrasive blasting and 

thermal treatments [30] to intricate chemical and plating surface coatings. Within these methods, 

the result can be a change to the surface metallurgy, chemistry, or an additional material layer to 

be exposed to the object’s functioning environment. The various methods used in surface 

engineering can be seen in Figure 2.3.1. 

 

Figure 2.3.1. Overview of the surface engineering applications and methods [31].  

The utilization of surface modification applies to a vast number of fields, scaling from 

nanoscale coatings in the biomedical field [32] to large scale wind turbines [33]. In each of these 

scenarios, a component needs to be constructed to meet a variety of requirements which may not 
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be possible from a single material. Ideally, the replacement material should mimic the natural 

component material it is replacing from a mechanical, chemical, biological and functional point 

of view. In the biomedical field, surface engineering has been applied on implantable devices to 

allow for components to be surrounded by biological tissue and fluids while remaining bioinert, 

biocompatible, or even biodegradable [34-47] depending on the application requirements. 

Biocompatible in that there is limited adverse response to surrounding tissue while limiting the 

intentional function of the device. Biodegradable in which it can be broken down by natural 

biological processes for the needed duration of the treatment. 

2.3.1 Implant Treatments 

One example of surface engineering developments in the biomedical research field would 

be magnesium-based orthopedic implants. On its own, magnesium is lightweight while still 

providing suitable mechanical properties in addition to stimulatory effects on bone growth [48, 

49]. However, the high corrosion rate and hydrogen evolution in the degradation of magnesium 

has limited its viability in clinical use. By incorporating a polymer coating consisting of 

polycaprolactone to the implant, the corrosion rate is able to be controlled, allowing for the 

component to fulfill its function for the prescribed healing period [50]. In another study, a 

hydroxyapatite coating was electrodeposited on AZ91D magnesium alloy to improve its 

biodegradable performance [45]. With hydroxyapatite’s bioactive properties that have shown to 

improve bone tissue growth [40-42], it continues to be a material of interest in research for 

orthopedic implant coatings. 

2.3.2 Drug Delivery 

On a smaller scale, surface engineering is being applied in drug delivery and cancer 

targeting systems as well. The body utilizes many physiological and cellular barriers to hinder 
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the traveling of a foreign object, however, they can by bypassed by a well-designed polymer 

coating or simply size. In cancer targeting research, groups are using superparamagnetic iron 

oxide nanoparticles (SPION) in conjunction with a therapeutic agent and magnetic resonance 

imaging to detect and monitor cancer cells within the body in a noninvasive fashion [34-39]. The 

architecture of these nanoparticles can be seen in Figure 2.3.2. These particles are able to 

circulate throughout the body and accumulate at the tumor site to provide physicians with 

monitoring abilities over prolonged periods of time. Several polymers have been engineered on 

the surface of the SPION, including dextran [36], polyethylene glycol [35],  and 

polyvinylpyrrolidone [34]. With iron oxide and the designated coating’s biodegradable 

properties, the particles can eventually be degraded and enter the body’s natural iron transport 

[39]. As nanoparticle research continues to advance alongside polymeric coatings, future drugs 

will be able to cure diseases that are currently thought to be untreatable.  

 

Figure 2.3.2. Simplified architecture of a surface engineered superparamagnetic iron oxide 

nanoparticles (SPION) with treatment agent [39]. 

2.4 Biosensors 

Surface engineering innovations have been incorporated into sensors to begin a new 

development in detection and monitoring. Biosensors are devices that contain a receptor that 
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detects and reacts to analytes in the application’s setting, resulting in a generated signal that is 

sent to a processing unit to record a measurement in a desirable format [51], as seen in Figure 

2.4.1. The very first biosensor was developed in 1962 to continuously monitor blood glucose 

levels during cardiovascular surgeries [52]. Since then, biosensors have made tremendous 

advancements and span from the use in the food and agriculture industry [53, 54] to defense 

systems [55] to integrated health monitoring and treatment [56-61]. With the versatility of 

selectively quantifying specific compounds from a small and effective device, biosensors have 

gained considerable attention from the research community. As expected, the biosensor industry 

has grown tremendously, amounting to an estimated $300 million annual worldwide investment 

and a continuously increasing number of publications and patents [62]. However, the 

commercialization of these devices has not followed the same path. Over 50 years after the 

biosensor to detect blood glucose levels was developed, handheld devices based on the same 

technology remain one of the only biosensors available to the consumer. This gap of progression 

is due to the lack of reliability of the sensor outside of a laboratory environment. The body is a 

complex system and the sensor needs to be able to acquire data accurately in a changing 

environment of chemical concentrations. Once accomplished, biosensors with have the potential 

to provide real-time results, replacing traditional testing procedures done in the hospital or 

appointment settings.  
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Figure 2.4.1. Simplified illustration of biosensor design and operation [51].  

Cost is another factor limiting the widespread application of these devices. With the 

aging population and rise of healthcare cost, the collective goal of the healthcare industry is to 

treat patients with minimized cost. For these sensors, there is significant investment needed for 

the required supplementary instruments, chemicals, and transducer. However, once proven to be 

a successful analytical tool in practical situations, biosensors will inevitably be a more viable 

option versus making a clinical visit, as seen today by those affected by diabetes monitoring their 

blood sugar levels at their own convenience. Additionally, once optimized and at lower cost, the 

widespread utilization of biosensors in developing areas of the world with food and water safety 

risks as well as high mortality rates to preventable diseases would be of incredible value [63]. 

The following sections will highlight the implanted and wearable biosensor technology 

currently in development within the health monitoring and medical diagnostic field. 
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2.4.1 Implanted 

Within the biosensor developments, integrated devices have the potential to drastically 

improve point-of-care diagnostics, patient monitoring, and treatment. With the ability to monitor 

specific metabolites or drug concentrations in real-time, treatments will be able to be optimized 

for maximum efficacy. Due to ineffective detection methods, many diseases, especially forms of 

cancer, are only discovered after it has metastasized through the body, which is often times 

beyond the point of treatment. Biosensors designed to target specific biomarkers such as those 

from tumors in the body would allow for early intervention before the disease progressed [61]. In 

one study, a group designed a sensor with an immobilized sequence-specific peptide for the 

detection of extracellular hydrogen peroxide, a byproduct released from breast cancer cells [60]. 

With a detection sensitivity down to 0.03 μM, the biosensor could be valuable for selectively 

detecting H2O2 in physiological systems. In another publication, carbon nanomaterials were 

utilized in the detection of lung cancer biomarker, hTERT, in incredibly low concentrations in 

the attogram and femtogram scale [59]. With the continuous innovations occurring in 

nanomaterial research, the future forms of cancer detection and treatment will be unmatched. 

Drug release systems are another area of great interest for biosensor researchers. With an 

implanted sensor to monitor the levels of a specific analyte, drugs can directly be released to the 

area of interest with maximum efficiency. For nearly two decades, groups have been working to 

develop a self-dosing implantable device to therapeutic agents [56, 57]. This would be beneficial 

in that less drugs will be needed due to direct site treatment or by skipping the ingestion stage 

entirely, while still receiving the necessary amount. Additionally, this would allow a controlled 

drug release to the therapeutic site over a time period [58].  
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2.4.2 Wearable 

In addition to the biosensors imbedded within the body to provide continuous data on the 

targeted component, biosensors are also in development as wearable sensors for the analysis of 

body fluids such as saliva, tears, urine, and perspiration. For a potential user, a noninvasive 

option to monitor the status of their body will be preferred if able to perform the same function, 

as introducing a foreign object to the body can trigger an inflammatory and wound healing 

response [64]. One area still seeking improvements is the monitoring of blood glucose for those 

with diabetes. With the current finger pricking method, users are forced to manually check their 

blood sugar, which is inconvenient and also dependent upon time after eating [65]. 

Developments have been made for the continuous analysis of tear glucose concentrations [22-

24]. The contact lens sensor fabricated by Yao et al. demonstrated a fast response, high 

sensitivity, and repeatability, providing optimism of a future wearable contact lens capable of 

chemical analysis. 

One particular area of interest, especially in the exercise science industry, is the analysis 

of sweat. The great advantage of evaluating sweat is that it is easily accessible at many locations 

on the body and has the potential to provide valuable physiological information [17-19, 21, 66] 

as well as detecting genetic disorders such as cystic fibrosis [67]. Different routes are being 

approached in this area of research, such as sensing pH, metabolites or proteins. In athletics, this 

could be especially valuable information to understand the fluid and electrolyte loss of the 

individuals. With the ability to track these parameters in parallel with vital signs, the mental and 

physical wellbeing of an individual under physical exertion can be tracked for prevention of 

injury or health risk. To analyze the sweat, different methods are being used to approach the 

challenge. Curto et al. incorporated ionic liquids into polymer gels and pH indicators to monitor 
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and display the sweat pH level by simple observation. This idea was incorporated into a 

wristband, as seen in Figure 2.4.2. 

 

Figure 2.4.2. Micro-fluidic system integrated into a plaster (a) and into a wristband (b) [18].  

While this electronic-free device allows for the user to inspect during physical activity, 

the pH values are predictions based on the color change of the pH indicator dyes, which could be 

subject to error. However, the convenience and ability to incorporate this sensing technology into 

a simple patch or clothing could be useful. In other developments, electrochemical sensors are 

being fabricated to detect the sodium and lactate concentrations in parallel while wireless 

communicating data [18]. This publication utilized microfluidic channels to guide sweat to the 

pH sensing iridium oxide membrane and lactate sensing doped enzyme deposit. Additionally, the 

sensor was adapted with Bluetooth technology to wirelessly transmit the data to an android 

application. With a response time of approximately 90 seconds and coefficient of variation under 

10% for each parameter, this work has potential to provide clinically important information from 

the convenience of a wireless skin sensor. 

Another body fluid that is under investigation in the biosensor research community is 

saliva. Just like perspiration, saliva is continuously available in convenient manner and it does 

not require physical activity to produce in measurable amounts. With the correlation between 
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saliva and blood analytes [14, 15], a mouthguard was developed to monitor metabolites in saliva 

[16]. In this study, lactate was specifically targeted for measurement by entrapping a lactate-

oxidase layer on the working electrode. By monitoring lactate, this wearable biosensor could be 

used to monitor the status of a user’s endurance during physical activity. While wearing a 

mouthpiece may not be the most comfortable scenario for the common person, athletes could 

benefit from the protection a mouthpiece provides while also acquiring real-time data on their 

body status. Indications of high lactate levels could inform elite athletes that they are not in peak 

physical condition and need to adjust their training regimen. 

These biosensors are a brief insight of what the research community is currently 

developing to further the monitoring and treatment process for individuals. On the clinical side, 

the goal is to get patients out of the hospital setting and back to the comfort of their home while 

still being under remote physician supervision. For consumer use, these wearable devices will 

allow for a better understanding of the body’s status, potentially leading to a desire to exceed 

goals for a healthier lifestyle. 

2.5 Temperature Monitoring 

To maintain proper body functionality, one important physiological parameter that needs 

to be sustained is CBT at about 37°C (98°F). For humans and animals, the body utilizes 

thermoregulatory functions to maintain homeostasis during rest and exercise [3]. Studies have 

shown that a slightly elevated CBT results in improved working memory, alertness, visual 

attention, and quicker reaction time [4]. For many individuals, having your temperature taken is 

almost exclusively tied to illness or a visit to see a doctor, yet temperature monitoring is not a 

parameter often thought about on a day to day basis. 
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2.5.1 Health Complications 

It is well documented that when deviating from baseline body temperature conditions, 

physical and mental health can be negatively impacted. CBT dropping below 35°C puts the body 

in a state of hypothermia where the body is unable to produce enough heat. Health complications 

occur from mild symptoms such as shivering and lack of coordination to moderate signs such as 

respiratory depression, cardiac arrhythmia, impaired mental function, muscle dysfunction. If 

untreated, this can progress to cardiac arrest or coma [5, 7]. On the other hand, rising and 

maintaining a CBT above 40°C results in a state of hyperthermia. In this condition, individuals 

may experience sweating, fatigue, lightheadedness, headache, muscle cramps, low blood 

pressure, and paresthesia, which can progress to losing consciousness, seizures, and in severe 

cases going into a coma [5]. At both extremes of body temperature, these symptoms and illnesses 

can hinder an individual’s ability to perform day to day tasks as well as threaten their life. 

In spaceflight, these small health complications can pose a significant threat to the health 

of the crew. A recent study monitored the temperature of astronauts before and after exercise 

while on earth compared to in space. The results showed there is a gradual increase in CBT 

during long duration space missions of about 1°C. While the body temperature increase in space 

has been thought to be due to the lack of gravity limiting sweat evaporation and convection, 

preventing the body from cooling as effectively, the study proposes the increase is associated 

with the amplified concentration of a key anti-inflammatory protein [8]. In addition to 

exercising, when wearing the extravehicular mobility unit, the user will be under mental and 

physical strain which can raise the body temperature even further [68]. Monitoring the 

physiological parameters of the crew is necessary for proper personal health and mission safety. 

However, the instruments to measure these parameters take up more capacity than desired and in 

space transportation, weight and size are at an absolute premium [69]. This limitation drives the 
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need to develop a thin sensor that can passively monitor multiple physiological parameters and 

communicate the data wirelessly in real time.  

2.5.2 Temperature Sensor 

In the current market, the population is familiar with the traditional temperature probes 

that are inserted in the mouth, rectum, or under the armpit to collect the respective data. These 

thermometers make use of a thermistor, an electrical resistor with temperature dependent 

resistance. While simple, affordable, and effective, these instruments can provide false readings 

if food or drink has been consumed within 15 minutes or if the individual has been frequently 

breathing through the mouth. For some users, this may be an unpleasant experience or 

inconvenient to monitor their body temperature. The goal would be to have a sensor to monitor 

the temperature in real-time without having to go through preparation or specific placement. 

In the previously mentioned study monitoring the temperature of astronauts, the device 

used was the “Double Sensor”. The system includes two thermistors separated by an insulating 

disc with a known heat transfer coefficient within an isolated casing [70, 71]. To calculate the 

CBT, an equation was used involving the temperature of the two thermistors, heat transfer 

coefficients of the components, and areas of the components. One limitation of the system 

mentioned is that heat loss is not considered in the calculation. With its flat, rigid surface being 

placed on a nonuniform forehead surface, environmental conditions could affect the accuracy of 

this device due to heat loss. Additionally, this system is limited to temperature monitoring of the 

forehead in relation to CBT. For continuous monitoring, this setup may be uncomfortable and 

prevent certain tasks from being done. In the scenario of an astronaut wearing the extravehicular 

mobility unit, this device would not be able to be utilized without modifications to the helmet. 

Another similar sensor system utilizing thermistors to estimate the CBT is the Temple Touch Pro 
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[72]. This noninvasive device involves an array of thermistors separated by insulators placed 

over the temporal artery. Like the double sensor, this system uses heat flux values in its 

proprietary algorithm to estimate CBT within 0.5°C of 37°C.  

In recent years, researchers have been working on innovative projects to non-invasively 

monitor body temperature in various ways. One route several groups have went is the utilization 

of RFID [73-77] to wirelessly transmit data at ultralow power consumption, allowing for 

wireless temperature monitoring system. One commercially available skin temperature sensor 

that uses RFID, the ThermoSENSOR by Cadi, was compared against a digital clinical 

thermometer as well as ear thermometer and found to be within 0.5°C [78]. However, with its 

high cost, lack of flexibility, need for a battery, and size protruding from the site of temperature 

detection, progress can still be made. 

One new and unique approach to monitoring the body temperature using a wearable 

device is a 3D printed hearing aid with the addition of an infrared sensor to measure the 

temperature of the ear drum [79]. While the use of tympanic thermometers has been around for 

two decades [80] and they are commercially available, the presence of ear wax or a curved ear 

canal can interfere with accuracy. For a typical consumer, this device may seem unappealing due 

to having an object inside the ear canal and attached to the surrounding area, however the dual 

functionality in addition to the personalized design could lead to more multi-function wearable 

devices, especially for infants, elderly, or at-risk patients. 

While there are current gold standards for measuring CBT using invasive methods, 

developments are still being made in this field. As mentioned in the previous section, the primary 

method of temperature monitoring is through the use of thermistors. However, thermistors are 

known to have non-linear resistance temperature responses as well as limited temperature ranges 
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Additionally, these systems are rigid solids that cannot conform to their environment. Lastly, the 

sensor systems are currently single parameter monitoring devices, leaving an opening for the 

development of a sensor that can monitor multiple parameters such as blood flow and 

temperature simultaneously. 

2.6 Wearable Electromagnetic RF Sensor 

The sensor technology used in this thesis is expanding on a system National Aeronautics 

and Space Administration (NASA) originally developed to be used with aerospace composite 

structures. An array of sensors would cover the surface of the structure to provide lightning strike 

protection, damage detection, and damage diagnosis [81, 82]. The development is called SansEC 

Sensing Technology, with SansEC meaning without electrical connections. The technology was 

created to offer a sensor without the need of electrical circuitry traditionally used, but rather 

powered wirelessly using external oscillating magnetic fields. The following sections will go into 

detail on the fabrication, operating principles, and the correlation between data with meaningful 

results. 

2.6.1 Fabrication 

One of the most advantageous aspects of this electromagnetic spiral resonator system is 

the ease of fabricating different sensors based on the desired needs. The first process in the 

fabrication step is the design of the sensor using a MATLAB script. Within the code, details of 

the sensor design such as number of sides, number of turns, trace width, gap width, and antenna 

width can be specified. The result is a scalable vector graphics file that is taken into Inkscape and 

can be modified to the desired size. Figure 2.6.1 is an example of a finalized sensor design. 
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Figure 2.6.1. Sensor design of the electromagnetic spiral resonator system. 

 Once a final design has been established, it is wax printed on a polyimide flexible copper 

clad laminate. The laminate with the wax sensor print is then suspended in a heated ferric 

chloride tank to chemically etch the unprotected copper away, leaving the copper sensor spiral 

design on the polyimide backing. The polyimide-copper laminate is readily available to purchase 

in addition to polyimide being a dielectrically neutral material [83]. Following an alcohol wipe 

cleaning to remove the remaining wax, another polyimide film with adhesive is placed over the 

exposed copper spiral. The sensor is then equipped with a SubMiniature version A connection 

that is soldered to the surrounding copper antenna with lead wires, allowing it to be connected to 

the VNA. 

2.6.2 Operating Principles 

Literature has shown spiral RF resonators theory and operating principles involving the 

calculations to find impedance, inductance, capacitance and resonant frequency response [81, 82, 

84, 85]. When the loop antenna becomes electrically excited, it couples to the sensor trace, 

inducing a current. The energized sensor then forms its own electromagnetic fields that penetrate 
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surrounding materials. This interaction between the electromagnetic waves and surrounding 

material is dependent on the effective dielectric permittivity. The resonant frequency response is 

based on the inductance (L), capacitance (C), and resistance (R). The sensor design (length, 

width and gaps) determines these properties of the resonator and when the sensor is in use, the 

electrical impedance of the substrate is reflected in the sensor’s resonant response. This allows 

for the sensor to detect permittivity and conductivity changes associated with the surrounding 

environment. Currently, the sensor has been used in published studies monitoring limb 

hemodynamics, intracranial fluid volume shifts, and volume changes in the heart [86-88]. Figure 

2.6.2 shows a cross sectional view of the sensor and surrounding electromagnetic fields. 

 

Figure 2.6.2. Cross section side view of resonant open-circuit sensor that illustrates the antenna 

coupling to the spiral trace and interactions with the dielectric material within the 

electromagnetic field lines [82]. 

The magnitude of the magnetic field depends on the inductance that is calculated using Eq. (1) 

[81, 82]. 

 𝐿 =
𝜇0

4𝜋𝐼2
∬[

𝐽(𝑟𝑖)𝜇𝑖∗𝐽(𝑟𝑗)𝜇𝑗

∣𝑟𝑖−𝑟𝑗∣
]𝑑3𝑟𝑖𝑑

3𝑟𝑗 (1) 

where L is the total inductance, J(ri) is the spatial current density as a function of ri is the length 

of the spiral trace is, µo is the free space magnetic permeability (μ0 = 4π x 10-7 N*A-2), µi and µj 
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are the relative magnetic permeability, and I is the total current in the circuit. The magnitude of 

capacitance for the sensor can be calculated from Eq. (2) [81, 82]. 

 𝐶−1 =
1

4𝜋𝜖0𝜖𝑟∣𝑞0∣
2∬[

𝜌(𝑟)𝜌(𝑟′)

∣𝑟−𝑟′∣
]𝑑𝑟𝑑𝑟 ′ (2) 

where C is the capacitance, εo is the free space relative permittivity εr is the relative permittivity, 

qo is the charge density, ρ is the current density, and r is the conductive trace length.  From (1) 

and (2), we can see there is a dependence on magnetic permeability for the inductance and 

relative permittivity for the capacitance of the sensor. This dependency carries on to the resonant 

frequency response. Additionally, the geometrical values of the spiral trace are also found in (1) 

and (2), indicating that a change in sensor design will result in a different electromagnetic field.  

The changes occurring in the electromagnetic field due to the permeability and permittivity of 

the surrounding environment results in changes in the resonant frequency response that can be 

measured, monitored, and correlated to meaningful results. Resonance occurs at specific 

frequencies where energy is stored in the electromagnetic field. The first principle resonant 

frequency can be calculated using Eq. (3) [81, 86-88]. 

 𝑓 =
1

2𝜋√𝐿𝐶
 (3) 

where f is the first principal frequency, L is the inductance, and C is the capacitance. 

With an understanding of the sensor’s functionality with surrounding materials, one 

method to add functionality to the SansEC sensor is to incorporate surface engineering into the 

design that will produce a dielectric permittivity change in response to a change in the 

environment. The following sections will go into detail of how thermoresponsive polymers and 

dielectric materials could be utilized with this sensor technology to add temperature sensing to its 

current physiological monitoring capabilities.  
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2.6.3 Thermoresponsive Materials 

Thermoresponsive polymers are a class of “smart” polymers with the property to respond 

to changes in temperature [89-93].  In aqueous solutions, these materials undergo solubility 

changes at a critical temperature. Among the dozens of polymers and copolymers that exhibit 

thermoresponsive behavior, poly(N-isopropylacrylamide) (PNIPAM) is the most extensively 

investigated polymers due to its transition temperature being in between room temperature and 

body temperature at 32C. At room temperature, PNIPAM is soluble and transparent when in 

water. However, as the temperature rises above its lower critical solution temperature, the intra- 

and intermolecular hydrogen bonding dominates, resulting in a collapse of the polymer and 

changing of the solubility [90]. This transition results in clouding, but upon cooling, the polymer 

response reverses and becomes soluble again.  

What makes thermoresponsive polymers attractive is that the temperature at which the 

transition takes place is tunable. Introducing hydrophobic or hydrophilic groups allows for the 

adjustment of the transition temperature to increase or decrease, as well as manipulate the 

temperature range at which response occurs to be a slow or sharp transition. Studies have shown 

there is a dielectric permittivity change in the aqueous solution containing thermoresponsive 

polymers [94-97]. By incorporating a microgel coating containing a thermoresponsive polymer 

in solution that transitions near physiological temperatures to the electromagnetic RF resonating 

sensor, a sensor with biomedical applications could be developed. However, this complicated 

method would result in a complex sensor fabrication as well as potential misreading due to 

volume shifts in the microgel.  

2.6.4 Dielectric Materials 

For the electromagnetic RF resonator sensor to measure temperature, surface 

modification will need to be implemented to use a dielectrically sensitive film that can increase 
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selectivity of the sensor frequency response to changes in skin temperature. In preliminary 

studies, the feasibility was explored for application of polyvinylidene fluoride (PVDF) as a 

potential substrate and measurement sensitive dielectric material to be incorporated into the skin 

temperature sensor [98].  

PVDF is a corrosion resistant thermoplastic that has displayed dielectric properties that 

are strongly dependent on temperature and frequency. Previous studies have been conducted at 

lower frequencies in the Hz to MHz range which indicates the ability of the polymer to show 

variations in dielectric permittivity with variations in temperature [99-102] and frequency [99-

105]. This relationship can be seen in Figure 2.6.3.  

 

Figure 2.6.3. Frequency and temperature dependent dielectric permittivity of PVDF [99]. 

However, no report exists that elaborates on the effects of temperature on dielectric 

properties of PVDF in the 10 MHz to 3 GHz range, which is the frequency range the sensor uses 

for physiological measurements. By utilizing the temperature dependent dielectric properties of 

PVDF with the functionality of the electromagnetic resonating sensor, it is envisioned that an 

innovative passive, wireless temperature sensor can be developed. In addition to the 
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advantageous dielectric properties of this polymer, the flexibility and durability PVDF is known 

and used for in the industry will further benefit the proposed skin temperature sensor in creating 

a more robust device.  

2.7 Future Outlook and Challenges 

As our population ages and the healthcare system is strained, there is a demand to 

monitor individuals without being on site to lower costs and provide suitable attention to those in 

need. Ongoing challenges being targeted in sensor research consists of real-time accurate 

monitoring, cost, comfort, power consumption, and reliable information transmission [106]. For 

flexibility, comfort, and sensitivity, one promising avenue for advances in sensor development is 

the incorporation of nanotechnology, another research topic of immense interest [107, 108]. 

Nano-carbon materials are being considered to replace traditional silicon for computing to allow 

for flexible and stretchable devices. Additionally, nanomaterials high surface to volume ratio 

allows for improved sensitivity. With healthcare cost being the underlying motivation behind the 

development of wearable, this challenge will take care of itself over time [109]. New 

technologies initial high cost and exclusivity will become more affordable and available with 

advancements in fabrication methods and material availability.  

2.8 Conclusion 

This review presents and discusses wearable devices, their current application, and the 

potential they could provide to improved healthcare monitoring and treatment. With the 

tremendous growth that is expected in the wearable devices field, diagnostic and monitoring 

instruments used in clinical and research applications will slowly trickle into the consumer 

market. To be effective, these wearable devices will need to be safe, comfortable, and be able to 

provide clinical grade information to replace the current instruments used in healthca 



 

27  

  

CHAPTER 3  

INVESTIGATING THE EFFECT OF TEMPERATURE AND FREQUENCY ON 

DIELECTRIC PROPERTIES OF POLYVINYLIDENE FLUORIDE (PVDF) FOR ITS 

APPLICATION IN A SKIN TEMPERATURE SENSOR 

3.1 Abstract 

Monitoring physiological parameters of crew on spaceflight missions is of upmost 

importance for long term microgravity expeditions. Body temperature is one particularly 

important parameter, as changes in thermoregulation or circadian rhythms may be connected to 

decreased mental and physical performance if it deviates significantly from 37° C. In this paper, 

the effects of temperature and frequency on the dielectric properties of 3D printed 

polyvinylidene fluoride (PVDF) discs were studied. The objective is to incorporate the polymer 

into an electromagnetic resonating sensor to measure skin temperature. The temperature 

dependent dielectric permittivity of the polymer interacting with the electromagnetic field of the 

sensor will result in a resonant frequency shift that can be correlated to report body temperature 

in a noninvasive, lightweight, and wireless fashion. 

3.2 Introduction 

The human body is a complex system in which many variables play a role in mental and 

physical performance. One important physiological parameter includes maintaining a core body 

temperature (CBT) of about 37°C (98°F). It is well documented that when deviating significantly 

from these conditions, bodily health issues arise. Falling below 35°C induces hypothermia, 

where complications occur such as respiratory depression, cardiac arrhythmia, impaired mental 

function, muscle dysfunction, and can progress to cardiac arrest or coma if untreated [5]. 
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Alternatively, rising above 40°C results in a state of hyperthermia which can cause sweating, 

fatigue, lightheadedness, headache, muscle cramps, low blood pressure, and paresthesia, which 

can lead to loss of consciousness, seizures, and coma [5].  

In microgravity, these health complications can pose a significant threat to the health of 

the crew. In spaceflight, a recent study has shown there is a gradual increase in CBT during long 

duration space missions of about 1°C. The lack of gravity limits evaporation and convection, 

preventing the body from cooling as effectively [8]. Monitoring the physiological parameters of 

the crew is necessary for proper health and safety, however, the instruments to measure these 

parameters take up more capacity than desired.  In space transportation, weight and size are at an 

absolute premium where missions cost $10,000 per pound of payload [69]. As a research group, 

the goal is to design and fabricate an innovative skin patch sensor that monitors the temperature 

in a wireless and non-invasive fashion. This innovation would allow for other tools, instruments, 

and increased efficiency of the spacecraft. 

The sensor technology being developed is an electromagnetic radio frequency (RF) 

resonator that can measure physiological parameters in a non-invasive manner. When powered 

using external oscillating magnetic fields, a loop antenna becomes electrically excited, and 

couples to the sensor, which is a simple spiral copper trace. The energized sensor then forms its 

own electromagnetic fields that can penetrate into surrounding materials,  as seen in Figure 3.2.1 

[82]. These fields interact with nearby substrates, and changes in the electrical impedance cause 

changes to the resonant response of the sensor, allowing it to detect permittivity changes 

associated with the substrate using s-parameters [81]. Figure 3.2.2 is an example of an 

electromagnetic resonating sensor fabricated for studying multiple physiological parameters, 

which uses polyimide film as sensor substrate on both sides of the conductive copper trace. 
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Preliminary findings have shown the sensor to be effective in measuring physiological 

parameters such as blood flow and intracranial pressure [86-88].  

 

Figure 3.2.1. Cross section side view of resonant open-circuit sensor that illustrates the antenna 

coupling to the spiral trace and interactions with the dielectric material within the 

electromagnetic field lines [82]. 

In order for the sensor (Figure 3.2.2) to measure temperature, surface modification will 

need to be explored by using a dielectrically sensitive film that can increase selectivity of the 

sensor frequency response to changes in skin temperature. In this study, the feasibility was 

explored for application of polyvinylidene fluoride (PVDF) as a potential substrate and 

measurement sensitive dielectric material to be incorporated into the skin temperature sensor.  

 

Figure 3.2.2. Electromagnetic resonant sensor. Conductive copper spiral trace surrounded by a 

coplanar antenna. 
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PVDF is a corrosion resistant thermoplastic that has displayed dielectric properties that 

are strongly dependent on temperature and frequency. Previous studies have been conducted at 

lower frequencies in the Hz to MHz range which indicates the ability of the polymer to show 

variations in dielectric permittivity with variations in temperature [99-102] and frequency [99-

105]. However, no report exists that elaborates on the effects of temperature on dielectric 

properties of PVDF in the 10 MHz to 3 GHz range, which is the frequency range the sensor uses 

for physiological measurements. By utilizing the temperature dependent dielectric properties of 

PVDF with the functionality of the electromagnetic resonating sensor, it is envisioned that an 

innovative passive, wireless temperature sensor can be developed. In addition to the 

advantageous dielectric properties of this polymer, the flexibility and durability PVDF is known 

and used for in the industry will further benefit the proposed skin temperature sensor in creating 

a more robust device. The objective of this work is to investigate the effect of temperature on the 

dielectric properties of PVDF within the operating frequency of the sensor and investigate its 

viability for use in the electromagnetic resonator.  

3.3 Materials and Methods 

3.3.1 Specimen Fabrication 

PVDF samples were 3D printed using Fluorinar-H Kynar PVDF Filament in a XYZ da 

Vinci Pro 1.0 printer. Nozzle temperature was set to 250° C and print bed temperature of 90°C. 

Other important printing parameters to achieve a uniform specimen was a layer height of 0.15 

mm, printing speed of 20 mm/sec, and infill density of 100%. Samples were printed with a 

diameter of 50.0 mm and varied thicknesses, followed by sanding the surface. A smooth surface 

had to be achieved to minimize air gaps between the sample and probe for consistent data 

collection. Following sanding, the resulting thicknesses of the three PVDF specimen were 3.0, 
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5.9, and 7.4 mm. At room temperature, samples were rigid solids. The three samples can be seen 

in Figure 3.3.1.  

 

Figure 3.3.1. 3D printed PVDF samples post-sanding. 

Leica DM1000 was used to collect 4X magnification surface images. Optical microscopic 

imaging was done to identify if the surface of the sample contained a smooth and flat surface for 

the testing with the dielectric probe. Figure 3.3.2 shows the sample before and after polishing of 

the sample with sandpaper. 

 

Figure 3.3.2. a) Raw surface optical microscope image at 4X magnification, 3.0 mm thick 

sample. b) Polished surface optical microscope image at 4X magnification, 3.0mm sample 

a) b) 
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3.3.2 Experimental Setup for Dielectric Characterization 

PVDF dielectric properties were characterized using the coaxial probe method, using a 

dielectric kit (SPEAG DAK-12) connected to a vector network analyzer (VNA) (Rohde & 

Schwarz ZNC) communicating data to the host computer. Frequency sweeps were collected from 

10 MHz to 3 GHz with 5000 data points per sweep. The experimental setup for dielectric 

characterization of the PVDF sample can be seen in Figure 3.3.3. The PVDF sample was placed 

on top of a thin piece of Styrofoam to allow for compression between the probe and sample to 

minimize air gaps, as change in effective permittivity in the sample volume could introduce error 

into the measurements. 

 

Figure 3.3.3. Experimental setup between PVDF sample and DAK-12, dielectric probe. 

3.4 Data Collection 

Frequency dependency: To monitor the repeatability of this study, dielectric data was 

collected with the probe on the PVDF samples at room temperature on three different sessions, on 

three separate days. The setup and process of the experiment remained unchanged between the 

days of the testing. Data was collected three times for each sample thickness on the three separate 

days as to try to monitor the effect frequency had on the dielectric permittivity of PVDF.  
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Temperature dependency: Following the room temperature testing, PVDF samples were 

heated thoroughly and evenly using a hot plate, placed beneath the probe and instantly tested for 

dielectric properties. The temperature of the samples was monitored with an infrared 

thermometer camera immediately before and after testing. Temperatures seen in data are post-

testing. Temperatures changed from room temperature to 52°C (131°F) to test temperature 

extremes beyond physiological levels. Data was collected three times for each sample thickness 

after heating and were compared to investigate the effect that increased temperatures had on the 

dielectric permittivity of the material. 

3.5 Results and Discussion 

Polyvinylidene fluoride discs were 3D printed with a diameter of 50.0 mm and varied 

thicknesses (Figure 3.3.1). In order to achieve maximum surface area contact between the 

samples and the dielectric probe, the surface was sanded until smooth to the touch. Optical 

images at 4X magnification were taken before (Figure 3.3.2 a) and after (Figure 3.3.2 b) surface 

polishing. Smoothing the surface allowed for minimal air gaps between the sample and the probe 

to improve the accuracy of the data acquisition. 
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Figure 3.5.1. Day comparison of dielectric permittivity at room temperature, 7.4 mm sample. 

In order to produce a thorough and systematic study, the dielectric properties were 

collected for each sample on three separate days to monitor the effect of frequency on the 

dielectric permittivity of the material. Figure 3.5.1 displays the average dielectric permittivity of 

the thickest sample at room temperature in a frequency range of 1000 to 3000 MHz. It was 

observed that for each sample, the dielectric permittivity was highest at lower frequencies. This 

trend was consistent in each sample, as seen in Figure A1 and Figure A2 in the appendix. 

Additionally, when comparing intraday trials, there was small standard deviations between runs. 

This trend was present for each different thickness sample. Another observation is the variability 

of permittivity when comparing trials between different days. This variability suggests that the 

values of the dielectric permittivity should not be taken to be absolute and can only be compared 

to trials taken within the same testing period. Thus, it was concluded that intraday calibration 

would be necessary and relative changes of dielectric permittivity could be deemed reliable. 
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Figure 3.5.2. Dielectric permittivity at elevated temperatures and room temperature, 7.4 mm 

sample. 

 

Figure 3.5.3. Frequency and temperature effect on dielectric permittivity, 7.4 mm sample. 
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The effect of temperature of the PVDF disc on its dielectric properties was investigated. 

Figure 3.5.2 displays a representative plot of the dielectric permittivity of the thickest sample at 

room temperature compared to an average elevated temperature of 39.2 ± 0.9°C and 51.5 ± 

0.7°C. The thickest sample yielded the largest dielectric permittivity differences between room 

temperature and elevated temperature at a Δε of 0.9 at low frequency. In comparison, the 

permittivity difference between room temperature and elevated heat (38.2 ± 1.8°C) for the thin 

sample was 0.3 at 100 MHz (Figure A3, appendix). The permittivity difference for the middle 

thickness sample when heated (46.8 ± 2.8°C) was 0.7 at 100 MHz (Figure A4, appendix). It is 

hypothesized that the increased volume of the thicker samples allows for more heat to be 

absorbed, allowing for higher temperatures to be met as well as a longer period before returning 

to room temperature. In each set of data collected of the two thicker samples, regardless of day, 

the elevated temperature trials resulted in an increase in dielectric permittivity across the entire 

frequency range. The thin sample displayed unexpected results when being characterized in that 

when above 500 MHz, the permittivity of the heated sample was less than that of the room 

temperature sample. Due to the thin nature of the sample and metallic composition of the probe, 

it is hypothesized that the rapid dissipation of heat from the sample caused uncharacteristic 

results. Dielectric loss is another measurable dielectric characteristic of a material. In this 

experiment, the dielectric loss was also found to be dependent of temperature as seen in Figures 

A5, A6, and A7 in the appendix. 

The permittivity data collected for the samples displayed observable trends between the 

effects of temperature and frequency changes on dielectric properties. Figure 3.5.3 displays the 

effect of increased temperature on dielectric permittivity across the frequency range for the 7.4 

mm sample. These observed changes provide preliminary evidence that suggests the feasibility of 

using PVDF as a thin film coating for electromagnetic based temperature measurement It was 
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noted that at lower frequencies (100 MHz), the permittivity difference due to elevated temperature 

was larger than at higher frequencies. In addition, the standard deviation of the heated sample 

permittivity from baseline room temperature permittivity is larger at low frequency than high. 

Within these samples, the standard deviation of the permittivity was less than 0.01 at room 

temperature and 0.1 at increased temperature. While small, the standard deviation could be further 

reduced by increased number of trials and more consistent heating. These trends between the 

change in permittivity with respect to temperature and frequency were consistent across all 

samples data, which suggests that the probe provided reliable measurement of dielectric 

permittivity of the materials. This study provides valuable information on the dielectric behavior 

of PVDF with temperature changes at high frequencies and is the first to do so. 

Although the results demonstrated feasibility of using PVDF to detect electromagnetic 

changes with temperature, it was concluded that for the aim of this study to use PVDF as a 

dielectric material and substrate backing, lower frequencies should be considered when 

designing and fabricating a resonant sensor due to the higher sensitivity of the film at that range. 

With a sensor that resonates at a lower frequency, a smaller change in temperature will be easier 

to detect due to a larger change in dielectric permittivity subsequently affecting the 

electromagnetic field formed by the sensor. Further work is currently in progress to optimize the 

incorporation of PVDF films into more application relevant sensor designs. 

3.6 Conclusion 

This study demonstrated the effect on the dielectric properties of PVDF from changes in 

temperature and frequency, and may be a valuable material for use in electromagnetic sensing 

applications. By increasing the material permittivity response change due to temperature, sensors 

measuring this property could be used to correlate changes with body temperature to the 
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electromagnetic changes that are detected. This preliminary study and the findings reported in 

this manuscript provide confidence in the utilization of PVDF as a dielectric material backing 

and sensor substrate. 
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CHAPTER 4  

APPLICATION OF POLYVINYLIDENE FLUORIDE (PVDF) IN RF RESONATOR 

FOR TEMPERATURE DETECTION 

4.1 Abstract 

In the human body, maintaining the core body temperature (CBT) is vital to ensure 

proper cellular and body functions. The temperature of 37°C (98°F) is the well-established 

baseline for CBT, but significant deviations to under 35°C (95 °F) or over 40°C (104 °F) can 

result in several health complications. In spaceflight, baseline body temperature has been 

recently been studied and shown to gradually increase 1°C. If unnoticed, astronauts CBT could 

reach dangerously high levels when doing physically challenging tasks such as a spacewalk or 

exercise. Therefore, a real-time multi-physiological parameter sensing system is needed to be 

developed to noninvasively monitor the status of crew members in space. The purpose of this 

paper is to propose a novel temperature sensor using a wearable electromagnetic radio frequency 

(RF) self-resonating sensor. Thin sheets of polyvinylidene fluoride (PVDF), a temperature 

dependent dielectric material, were integrated into the sensor system design as a substrate. This 

substrate interacts with the electromagnetic field created by the spiral sensor to result in a 

quantitative temperature monitoring sensor with a resolution of 1°C. The study also displays that 

the studies using polyimide-based electromagnetic RF sensor systems are not impacted by small 

temperature changes. Future incorporation of this wearable temperature sensor will provide a 

thin, flexible, noninvasive method to monitor body temperature alongside vital signs of crew 

members in space. 
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4.2 Introduction 

Maintaining the core body temperature (CBT) at 37°C (98.6°F) is a critically important 

function of the hypothalamus in the brain [1, 2]. Failing to do so and allowing the body to 

elevate and sustain core temperatures above 40°C (104°F) or drop below 35°C (95°F) puts 

cellular and body function at risk [5, 7, 110]. In some cases, a slight increase in body 

temperature for a period of time will result in improved alertness, memory, and reaction time [4]. 

Failure to regulate the heat could send the body into a state of hyperthermia, displaying signs of 

excess sweating, muscle fatigue, low blood pressure, and moments of confusion and dizziness 

[5]. In severe cases, the body may lose control of thermoregulation and have a heat stroke, a 

condition that can result in loss of consciousness and even death. When the CBT falls below 

35°C (95°F) the body enters a state of hypothermia associated with severe health complications 

such as cardiac arrhythmia, respiratory depression and muscle dysfunction. If untreated, 

individuals can also go into cardiac arrest or a comatose state [5, 7].  

Recently, a study was done monitoring the CBT of astronauts during spaceflight 

missions, comparing their body temperatures at rest, during exercise, and after exercise in space 

to the baseline testing the individuals did on earth before the mission. It was discovered that in 

long-duration space missions (over 75 days), astronauts CBT gradually increased about 1°C over 

the studied time period [8]. Being able to monitor the body temperature alongside vital signs of 

astronauts is of great interest to understand the crew members’ mental and physical condition. 

As the baseline CBT of the astronauts increases approximately 1°C, there is reason for concern 

of entering a state of hyperthermia when doing physical activity such as exercising or a 

spacewalk. In the consumer market and recent research developments, most temperature sensing 

systems are utilizing thermistors. A thermistor is a type of resistor whose resistance is dependent 

on temperature. One limitation of thermistors is their non-linear resistance temperature response, 
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which can hinder the temperature monitoring accuracy. In the study monitoring astronauts, 

“Double Sensor” technology was utilized to monitor the temperature of the forehead. This sensor 

involves the use of two thermistors in an insulated system, measuring the heat flux from one 

thermistor to the other, and using this value to determine the surface temperature [70, 71]. The 

precision and accuracy of this system has been validated in studies correlating the temperature of 

the forehead to the CBT. However, the system is not designed for continuous wear and real-time 

monitoring with its bulky size, required forehead placement, and two-minute response time.  

There is a desire to monitor several physiological parameters at once, the use of multiple 

systems in spaceflight can quickly begin to take up limited space and valuable resources. These 

limitations drive the need to develop a single sensor technology capable of monitoring multiple 

physiological parameters in real time in a noninvasive fashion. Limiting the need of additional 

auxiliary systems would save space, money, and training from learning how to operate multiple 

instruments. As spaceflight missions are looking to travel farther than ever before as well as 

commercially available trips to space entering the market, the ability to monitor the health of an 

individual will be of great value in the present and future. With the capability of monitoring 

temperature alongside other physiological parameters in real time, an improved understanding of 

the condition of an individual is possible. Irregularities in the measurements could notify the user 

to take countermeasures, preventing the risk of a dangerous body state from being reached. For 

these reasons, this study will utilize surface engineering to incorporate a temperature sensitive 

material into an electromagnetic RF resonating sensor system. This sensor system was originally 

developed by NASA to provide lightning strike protection, damage detection, and damage 

diagnosis to aerospace composite structures [81, 82]. The development is called SansEC Sensing 

Technology, with SansEC meaning without electrical connections. The technology was created 

to offer a sensor without the need of electrical circuitry traditionally used, but rather powered 
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wirelessly using external oscillating magnetic fields. Since development, the sensor system has 

been tailored for great physiological monitoring techniques including limb hemodynamics, 

intracranial fluid-volume shifts, and heart volume changes [86-88]. Proximity monitoring with 1 

mm accuracy has also been developed with this self-resonating sensor [111]. 

The operating principle and readings of the sensor are dependent upon the relative 

permittivity of its surroundings, one way to add temperature functionality to this system is to 

integrate a material that displays a dielectric response to changes in temperature. In the previous 

study, polyvinylidene fluoride (PVDF) was dielectrically characterized and shown to have 

dielectric permittivity values dependent on both frequency and temperature in the operating 

frequency range of the electromagnetic RF resonating sensor system [98]. This information 

aligns with literature on PVDF and composites displaying frequency and temperature dependent 

dielectric properties [99, 102, 103]. With the understanding of the sensor technology and the 

temperature dependent material, this study will present the sensor incorporating thin PVDF 

sheets into the design and its newfound temperature monitoring capability. 

4.3 Materials and Methods 

4.3.1 Sensor Theory and Operating Principle 

Literature has shown spiral RF resonators theory and operating principles involving the 

calculations to find impedance, inductance, capacitance and resonant frequency response [81, 82, 

84, 85]. When the loop antenna becomes electrically excited, it couples to the sensor trace, and a 

current is induced. The energized sensor then forms its own electromagnetic fields that penetrate 

surrounding materials. This interaction between the electromagnetic waves and surrounding 

material is dependent on the effective dielectric permittivity. The resonant frequency response is 

based on the inductance (L), capacitance (C), and resistance (R). The sensor design (length, 
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width and gaps) determines these properties of the resonator and when the sensor is in use, the 

electrical impedance of the substrate is reflected in the resonant response of the sensor. This 

response allows for the sensor to detect permittivity and conductivity changes associated with the 

surrounding environment. Currently, the sensor has been used in published studies monitoring 

limb hemodynamics, intracranial fluid volume shifts, and volume changes in the heart [86-88]. 

Figure 4.3.1 shows a cross sectional view of the sensor and surrounding electromagnetic fields. 

 

Figure 4.3.1. Cross section side view of resonant open-circuit sensor that illustrates the antenna 

coupling to the spiral trace and interactions with the dielectric material within the 

electromagnetic field lines [82]. 

The magnitude of the magnetic field depends on the inductance that is calculated using Eq. (1) 

[81, 82]. 

 𝐿 =
𝜇0

4𝜋𝐼2
∬[

𝐽(𝑟𝑖)𝜇𝑖∗𝐽(𝑟𝑗)𝜇𝑗

∣𝑟𝑖−𝑟𝑗∣
]𝑑3𝑟𝑖𝑑

3𝑟𝑗 (4) 

where L is the total inductance, J(ri) is the spatial current density as a function of ri is the length 

of the spiral trace is, µo is the free space magnetic permeability (μ0 = 4π x 10-7 N*A-2), µi and µj 

are the relative magnetic permeability, and I is the total current in the circuit. The magnitude of 

capacitance for the sensor can be calculated from Eq. (2) [81, 82]. 
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 𝐶−1 =
1

4𝜋𝜖0𝜖𝑟∣𝑞0∣
2∬[

𝜌(𝑟)𝜌(𝑟′)

∣𝑟−𝑟′∣
]𝑑𝑟𝑑𝑟 ′ (5) 

where C is the capacitance, εo is the free space relative permittivity εr is the relative permittivity, 

qo is the charge density, ρ is the current density, and r is the conductive trace length.  From (1) 

and (2), we can see there is a dependence on magnetic permeability for the inductance and 

relative permittivity for the capacitance of the sensor. This dependency carries on to the resonant 

frequency response. Additionally, the geometrical values of the spiral trace are also found in (1) 

and (2), indicating that a change in sensor design will result in a different electromagnetic field.  

The changes occurring in the electromagnetic field due to the permeability and permittivity of 

the surrounding environment results in changes in the resonant frequency response that can be 

measured, monitored, and correlated to meaningful results such as volume change in the heart, 

skull, or limbs [86-88]. Resonance occurs at specific frequencies where energy is stored in the 

electromagnetic field. The first principle resonant frequency can be calculated using Eq. (3) [81, 

86-88]. 

 𝑓 =
1

2𝜋√𝐿𝐶
 (6) 

where f is the first principal frequency, L is the inductance, and C is the capacitance. 

With an understanding of the sensor’s functionality with surrounding materials, one 

method to add functionality to the SansEC sensor is to incorporate surface engineering into the 

design that will produce a dielectric permittivity change in response to a  change in the 

environment. The following sections will go into detail of how thermoresponsive polymers and 

dielectric materials could be utilized with this sensor technology to add temperature sensing to its 

current physiological monitoring capabilities.  
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4.3.2 Sensor Design 

The sensor geometry has a length and width of 65 mm that contains a 30-turn spiral with 

a trace and gap width of 0.5 mm (Figure 4.3.2). The copper spiral trace has a thickness of 0.5 

mm between two 0.5 mm thick PVDF sheets. A loop antenna made of copper with a width of 2.0 

mm surrounds the sensor trace and is connected to a coaxial cable using a 50 Ohm SMA 

(SubMiniature version A) connector. A sensor with identical design was fabricated with copper 

clad polyimide, the substrate used in other studies (Figure 4.3.3 A and B) [86-88].  

 

Figure 4.3.2. Electromagnetic RF spiral resonator sensor trace design with surrounding loop 

antenna. 
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Figure 4.3.3. a) Fabricated sensor incorporating PVDF into sensor design as substrate.                

b) Fabricated sensor with polyimide substrate. 

When connected to the VNA, the antenna radiates RF waves and allows for the collection 

of resonant frequency signals and S11 reflection coefficient data. The VNA was calibrated using 

open short match method over the selected frequency bandwidth. The primary factor affecting the 

S11 parameter in this study is the change in the effective permittivity of the substrate that the sensor 

electromagnetic field interacts with. With the sensor substrate being PVDF, a material with 

temperature and frequency dependent dielectric permittivity, the resonant frequency response of 

the sensor was investigated in an environment of elevated temperature. 

4.3.3 Experimental Setup 

The RF resonating sensor and additional temperature sensor (Vernier STS-BTA) used for 

validation were suspended through holes in the cover of a glass enclosure. Heat was introduced 

to the sensor environment via heat gun through a third hole in the cover of the glass enclosure 

(Figure 4.3.4). Heating was stopped when the thermocouple indicated 45°C. With the use of 

MATLAB and LabView, data from the sensor and thermocouple were simultaneously recorded 

a) b) 
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for 60 seconds. This process was repeated ten times for both resonating sensors with 

approximately two minute breaks in between trials. 

 

Figure 4.3.4. Glass enclosure experimental setup for monitoring sensor response to elevated 

temperatures. 

4.3.4 Signal Processing 

Following data collection, signal processing was performed to identify the relationship 

between the changes in temperature and the sensor resonant signal response. In this case, a 

resonant frequency peak was selected and recorded over time as the sensor cooled. A zero-phase 

digital filter was implemented using MATLAB to smooth the resonant response curve and 

remove irregular spikes without altering the phase. The electromagnetic RF sensor data was 

plotted alongside the thermistor-based temperature sensor with respect to time. 
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4.4 Results 

4.4.1 Electromagnetic RF Resonator 

The resonant frequency response of the PVDF-based and polyimide-based sensors in the 

frequency range of 1 MHz to 3GHz can be seen in Figure 4.4.1. As seen by the frequency 

response, the alteration of sensor substrate resulted in noticeable changes. With the identical 

sensor design parameters such as trace width, gap width, number of turns, and antenna thickness, 

the changes in frequency response can be associated with the change in effective permittivity 

between PVDF and polyimide.  

 

Figure 4.4.1. A) PVDF-based sensor resonant frequency response. B) Polyimide-based sensor 

resonant frequency response. 

a 

b 
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 The PVDF-based sensor resonated at three primary peaks: 76 MHz, 1.96 GHz, 2.60 GHz. 

In comparison, the polyimide-based sensor resonated at 124 MHz, 1.23 GHz, 2.62 GHz. From 

each of these peaks, preliminary trials were done to monitor the resonant frequency shift before 

expanding to a full study. The frequency ranges selected were 1.96 GHZ for the PVDF sensor 

and 1.23 GHz for the polyimide sensor. Both of these frequencies displayed the largest shift for 

each respective sensor design and also fall under the Ultra High Frequency (UHF) range between 

300 MHZ and 3 GHz. 

4.4.2 Temperature Sensitivity Measurement 

A temperature sensitivity study was conducted to investigate the sensor response due to 

the increased temperature of the sensor and its environment. For image clarity, Figure 4.4.2 

shows the first and last sweep of the resonant frequency response curve for a single trial with the 

PVDF-based sensor. The first sweep curve represents the sensors resonant response at elevated 

temperature and the last sweep at the cooled temperature 60 seconds later (in this case, 44.4°C 

and 27.3°C respectively). A shift can be seen in the single trial moving from 1966.2 MHz to 

1969.9 MHz as the environment and sensor cooled. 

 

Figure 4.4.2. First and last sweep resonant frequency of the PVDF-based sensor. 
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 When plotting the peak of this resonant frequency response curve from the 60 second 

collection period with respect to temperature from the reference temperature probe, the outcome 

for each trial can be seen in Figure 4.4.3 for the PVDF sensor. One notable observation that was 

recognized is the acclimation of the sensor and glass enclosure to being heated. It can be seen 

that the first two trials displayed lower frequency responses. This was consistent in the 

polyimide-based sensor trials where the first four trials also displayed lower frequency responses 

and can be seen in Figure 4.4.4. When averaging the resonant response curves from the PVDF-

based sensor trials, the respective points for every half degree Celsius can be seen in Figure 

4.4.5 with an average frequency shift of 2.36 MHz and standard deviation bars between 0.05 and 

0.15 MHz. Figure 4.4.6 displays the response of the polyimide-based sensor with an average 

frequency shift of 0.81 MHz and standard deviation between 0.10 and 0.15 MHz. In both 

sensors, a statistical correlation analysis indicated a strong relation (R2 = 0.98 and R2 = 0.99) 

between peak shifts in the resonant frequency response and change in temperature. Root mean 

square error was found to be 0.039 MHz for the PVDF sensor and 0.006 MHz for the polyimide 

sensor. 
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Figure 4.4.3. Resonant frequency response of the PVDF-based sensor with respect to the 

enclosure temperature cooled from 45°C to 30°C. 

 

Figure 4.4.4. Resonant frequency response of the polyimide-based sensor with respect to the 

enclosure temperature cooled from 45°C to 30°C. 
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Figure 4.4.5. Average resonant frequency response of the PVDF-based sensor with respect to the 

enclosure temperature cooled from 45°C to 30°C (Trials 3 through 10). Statistical correlation 

analysis between the temperature increase and frequency shift illustrate a strong relationship (R2 

= 0.98). 

 

Figure 4.4.6. Average resonant frequency response of the polyimide-based sensor with respect to 

the enclosure temperature cooled from 45°C to 30°C (Trials 5 through 10). 
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4.5 Discussion  

This study has demonstrated the temperature sensing capability of an electromagnetic RF 

resonator paired with a PVDF substrate. The temperature dependent dielectric permittivity of 

PVDF integrated into the design of a sensor that reflects a resonant frequency response 

dependent on the surrounding permittivity resulted in a novel electromagnetic RF temperature 

sensor. The thin film sensor system has shown to monitor fluid shifts in the limbs, cranium, and 

heart, proving to be an innovative sensor in a wearable form factor [86-88]. Detecting 

temperature change with a multi-physiological parameter monitoring sensor is a pivotal first step 

towards non-invasively measuring CBT. Additionally, when comparing the PVDF-based sensor 

to the traditional polyimide-based design used in the other physiological monitoring studies, 

there can now be confidence that the measurements being recorded in those investigations are 

not impacted by minor temperature changes. 

4.5.1 Sensor Temperature Sensitivity 

The results of this study indicate that shifts in the resonant frequency correspond with the 

increase in effective permittivity of the PVDF substrate integrated into the electromagnetic RF 

resonator due to exposure to increased temperature. The increase in dielectric permittivity of 

PVDF has been associated with increased temperature across the entire operating frequency 

range of the sensor [98, 99]. This change in dielectric permittivity associated with increased 

temperature resulted in changes in the capacitance value, thus a shift in the sensor frequency 

response (Eq (3)) [88], The two sensor systems displayed repeatable readings with low standard 

deviations. Due to each sensor having the same design but slightly different fabrication 

processes, the resonant frequencies were in the same very high frequency (VHF) and ultra-high 

frequency (UHF) bands with some deviation. However, the behavior of the two systems differed 

considerably. As shown in the results, the PVDF sensor response to temperature demonstrated 
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the resolution of the sensor to be within 1°C in a temperature range of 30°C to 45°C. 

Additionally, the sensor displayed a linear relationship in its resonant frequency response to 

temperature. For the dielectrically neutral sensor substrate, the polyimide-based sensor 

maintained similar accuracy with a small standard deviation and a linear relationship between the 

resonant frequency and temperature. However, when looking at the small overall frequency shift, 

the results display the sensors lack of ability to distinguish temperatures at meaningful resolution 

in the physiological temperature range. At any specific frequency response, it could fall within a 

5°C range. 

While both sensors show consistency by having small standard deviations, when 

compared to the polyimide-based sensor response, the PVDF-based sensor shows a drastic 

improvement to temperature monitoring in the physiologically relevant temperature range with a 

resolution of 1°C  with almost three times the frequency shift. 

4.5.2 Potential Clinical Application 

As shown by other studies[86-88], the use of a simple wearable sensor may be valuable 

to monitoring patients or astronauts in areas with limited resources. By adding temperature 

monitoring functionality to the electromagnetic RF resonator, valuable understanding of the 

individual’s status can be obtained in real time. When paired with monitoring the limb 

hemodynamics, intracranial fluid- volume shifts, or cardiac intraventricular stroke volume, the 

dynamic sensor system can provide a simple point of care assessment for heart, brain, and limb 

related health issues in parallel with temperature related health complications to give further 

insight on the condition of the user. 
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4.5.3 Limitations and Future Work 

Despite the strong correlation of resonant frequency response to temperature, this study 

does have limitations that need to be addressed before it can be considered a skin temperature 

sensor system to relate to core body temperature. Firstly, the sensor was suspended in air with no 

physical interference with the surrounding electromagnetic waves. Furthermore, on the 

experimental setup, the enclosure was not completely sealed and susceptible to uncontrolled heat 

loss through the holes in the lid. In the future, a sealed, temperature-controlled environment 

could result in even more accurate results to relate resonant frequency with a specific 

temperature. Additionally, future studies could be conducted at other temperature ranges to 

determine the feasibility of the temperature sensor for various applications. 

To display its ability to be a mutli-physiological parameter monitoring device, future 

work will need to be done. A study involving a tissue phantom or humans subjected to localized 

heating and cooling to the skin at the sensor location will demonstrate its ability to monitor 

temperature when the electromagnetic waves are interacting with the effective permittivity of the 

sensor substrate in addition to the body or phantom. 

Further limitations of the sensor include the wired connection to a vector network 

analyzer to interrogate the RF resonator. This challenge is currently being addressed with the 

development of a miniaturized instrument that would allow the sensor system to be worn and 

wirelessly transmit data [112]. 

4.6 Conclusion 

In summary, this study and the findings provide confidence that the utilization of PVDF 

as a sensor substrate has added temperature monitoring ability to the electromagnetic RF 

resonator, further improving the sensor system and understanding of its operation. With 

established knowledge of the sensor being influenced by the effective permittivity of its 
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surroundings, alongside the established temperature and frequency dependent dielectric 

permittivity properties of PVDF, the culmination is the sensor presented in this work. With its 

previously reported functionality detecting volume shifts in the body that can be used to detect 

several health-related issues from a wearable form factor, the sensor may be utilized in areas 

with limited resources such as space missions as an easy to use and cost-effective pre-assessment 

tool.  
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CHAPTER 5  

CONCLUSION AND FUTURE WORK 

This research built on the understanding of the electromagnetic RF resonating sensor 

system as well as the scientific knowledge base of the dielectric properties of PVDF. When 

incorporating the temperature dependent PVDF material into the sensor design as a substrate, a 

temperature sensor was developed. Future work involving this temperature sensor is still 

necessary to display its benefit as a mutli-physiological parameter monitoring device. Moving 

forward, there are a few routes that can be taken to improve and demonstrate this sensors 

capability. Firstly, the sensor trace design can be configured to resonate at desired frequencies if 

there are limitations to the equipment powering the device. One of the most advantageous 

characteristics of using the spiral resonator technology is the ability to tailor the resonant 

frequencies by altering the geometry and configuration of the spiral trace. As our understanding 

of the sensor system continues to grow through experimentation, fabricating a small and 

comfortable wearable sensor that maintains its functionality in volume shift and temperature 

detection could demonstrate its novelty. Another future study that could be investigated is 

altering the thickness of the PVDF substrate thickness. This modification could be observed to 

monitor if there are improved temperature detection capabilities at thicker levels or if the 

sensor’s flexibility can be improved with thin films while still retaining the temperature sensing 

ability. Last and most importantly, the sensor needs to be tested on human subjects to test its 

temperature sensing when in contact with the skin surface. In this thesis, the sensor was 

suspended in air inside of a glass enclosure, allowing the electromagnetic waves to only interfere 

with the temperature dependent substrate. When in direct contact with human tissue, the resonant 

response will differ from those displayed in the studies presented in this thesis. A study involving 
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a tissue phantom or humans subjected to localized heating and cooling to the skin at the sensor 

location will demonstrate its ability to monitor temperature when the electromagnetic waves are 

interacting with the effective permittivity of the sensor substrate in addition to the body or 

phantom. From here, the study can then be expanded to testing the multi-physiological parameter 

monitoring ability of the resonator by observing a pulse at varied controlled temperatures and 

correlating the respective changes in the resonant frequency response. If successful, this would 

demonstrate the novelty of the electromagnetic RF resonator sensor system by having the 

capability of monitoring temperature and volume changes in a wearable form factor that could be 

used as a pre-assessment tool to monitor health conditions of the user. 
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APPENDIX 

 

Figure A1. Day comparison of dielectric permittivity at room temperature, 3.0 mm sample. 

 

Figure A2. Day comparison of dielectric permittivity at room temperature, 5.9 mm sample. 
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Figure A3. Frequency and temperature effect on dielectric permittivity, 3.0 mm sample. 

 

Figure A4 Frequency and temperature effect on dielectric permittivity, 5.9 mm sample. 
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Figure A5. Effect of temperature on dielectric loss, 3.0 mm sample. 

 

Figure A6. Effect of temperature on dielectric loss, 5.9 mm sample. 
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Figure A7. Effect of temperature on dielectric loss, 7.0 mm sample. 
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