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ABSTRACT 

 

Carbon dioxide (CO2) in the blood has the potential to cause severe health detriments as 

well as milder cognitive effects if its concentration increases to unsafe amounts- typically either 

through environmental exposure or conditions affecting the respiratory system in one way or 

another. Astronauts, in particular, are prone to this exposure due to high ambient CO2 levels 

aboard spacecraft and have reported some symptoms due to CO2 exposure which aren’t always 

able to be identified as such without blood CO2 monitoring. Current state-of-the-art monitoring 

methods like arterial blood gas analysis and capnography are limited mostly to clinical settings 

due to requiring invasive procedures, operator training, or bulky equipment- and aren’t practical 

for use aboard spacecraft. Recent studies have investigated the usage of radiofrequency (RF) 

resonant sensors to measure health diagnostics noninvasively- and such a sensor could 

potentially address this gap quite well. This thesis focused on determining if a spiral resonator 

would be capable of detecting changes in dissolved gas CO2 due to the gas’s effect on the 

electromagnetic properties of water. In order to do this, a benchtop model was developed to 

control the amount of CO2 gas dissolved in water which was then measured using the spiral 

resonator sensor. A significant correlation between negative shifts in the sensor’s resonant 

frequency and an increase in dissolved CO2 gas was measured, with an R2 value of 0.923. While 

the detection of CO2 in blood will pose other challenges in accounting for factors like pulsatile 

blood flow and changes in other parts of blood content and discerning their effects from those of 

CO2, this work still demonstrates the potential of this methodology to be used as a noninvasive 

blood gas CO2 sensor. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Motivation 

When living and working for long periods of time in controlled air environments- such as 

aboard spacecraft, submersible vessels, some aircraft, and even in certain indoor spaces- there 

can be a risk of exposure to higher-than-normal levels of carbon dioxide. On the International 

Space Station, for example, the ambient level of CO2 is at a partial pressure of 3.8 mmHg on 

average, compared to just 0.23 mmHg on Earth [James & Zalesak, 2013]. While this level isn't 

inherently dangerous, it means that when an area of the space station has inadequate air 

circulation, or when certain situations such as astronauts meeting in one room for long periods of 

time cause CO2 levels to increase, they have been exposed to levels high enough to cause 

adverse physical effects. Some of these symptoms can often be subtle enough that they aren’t 

noticed or attributed to the air- such as lowered productivity, dizziness, or headaches- all of 

which can impact a person’s ability to perform well on a mission [Allen et al., 2016]. However, 

CO2 exposure can also have much more severe effects such as seizures and even coma or death 

[Chapman & Dragan, 2020].  

There are several different current methods for measuring the CO2 content of a person’s 

blood. Chiefly, these include arterial blood gas analysis, capnography, and some trans-cutaneous 

sensors. Of the three, arterial blood gas analysis is the most accurate and the most widely used in 

clinical settings- requiring blood to be drawn from the subject and then processed using a 

specialized machine [Huttmann et al., 2014]. However, since it is invasive and requires bulky 

equipment and trained personnel for analysis, it’s not ideal for some situations where CO2 

monitoring may be needed- like during space missions where available personnel are limited and 

weight is especially a concern due to the high costs of space travel. Some other sensing methods 
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are noninvasive, such as using transcutaneous sensors that measure blood gas levels through the 

skin [Van Weteringen et al., 2020]. These also suffer from similar issues where they either 

require specialized equipment or training, or instead produce results that aren’t reliably accurate. 

Because of these inadequacies there exists a significant gap for a blood gas CO2 sensor that is 

accurate, lightweight, and noninvasive- and can also be operated by people without extensive 

medical experience to monitor blood CO2 at a point of care level. 

Therefore, the motivation behind this thesis was to determine if an RF skin patch sensor 

could be developed as a viable alternative to existing CO2 monitoring techniques. Past research 

has already confirmed this technology’s potential as a noninvasive diagnostic sensor for other 

key health attributes such as blood flow and intracranial pressure [Cluff et al., 2018; Griffith et 

al., 2018]. Additionally, existing studies have shown that CO2 causes changes in the 

electromagnetic properties detected by the sensor- and should do so as well when dissolved in a 

liquid [Siefker et al., 2021]. This sensor would be lightweight enough to be used in a point of 

care setting on spacecraft or anywhere else, easily usable without much training, and noninvasive 

to not require any additional equipment for drawing blood or risk any infection like arterial blood 

gas analysis. 

 

1.2 Objectives 

The primary objective of this thesis is to investigate the use of an RF resonant skin patch 

sensor for non-invasively detecting carbon dioxide gas dissolved in the blood for the purpose of 

identifying and diagnosing excessive CO2 exposure.  
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1.3 Thesis Outline 

1. Chapter 1 introduces the motivation behind this thesis, as well as the primary objectives 

to be achieved. 

2. Chapter 2 presents a literature review covering the current state of the art in medical 

technologies measuring CO2 and other gases in the blood, how the CO2 present in the 

bloodstream is composed and how ambient CO2 levels affect it, the adverse effects of C 

CO2 exposure and the situations in which it might arise, and also how an RF sensor could 

measure dissolved CO2 and how such a sensor would function. 

3. Chapter 3 presents a benchtop model test established to control the amount of CO2 

dissolved in a liquid and determine if there is a correlation between the change in 

resonant frequency of the sensor and the liquid’s CO2 content. It discusses the results of 

this test, how this data can be processed, and explores the potential for future 

advancements in developing a functional RF sensor for detecting blood CO2 levels. 
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CHAPTER 2: LITERATURE REVIEW 

 

 

In this literature review, background information about how CO2 is carried in the blood, 

the effects it can have on the body, and situations in which it needs to be monitored will be 

provided as a basis for the need for a device capable of easily measuring it in the blood. The 

current state-of-the-art in CO2 blood monitoring technology will be explored, along with the 

drawbacks of these current technologies and gaps where improvement is needed. Finally, the 

feasibility of using an RF sensor to measure blood CO2 content will be examined, along with the 

fundamentals behind how such a sensor could work and respond to these changes and how its 

data could be processed. 

2.1 Carbon Dioxide in the Blood 

Carbon dioxide, or CO2 for short, is a gas which naturally occurs in the atmosphere and is 

also present in many different biological processes, and which is carried in the bloodstream. CO2 

enters the blood primarily through one of two ways- either as a product of biological processes in 

the body or through inhalation. In the first case, most CO2 produced by the body is a result of the 

citric acid cycle, also referred to as the Krebs cycle. This series of reactions is a key function of 

the mitochondria in releasing energy stored in sources like carbohydrates so that it can be used 

by the cell. After the CO2 is produced, it diffuses out from the cell into the bloodstream- where it 

will later then flow into the lungs. Upon entering the pulmonary capillaries, it diffuses into the 

air in the alveoli- provided that the CO2 concentration of the inhaled air is lower than that of the 

blood- and then is exhaled. If the inhaled air contains higher than normal concentrations of CO2, 

the process can wind up reversed- with CO2 diffusing from the inhaled air into the blood as it 

follows the gradient in partial pressure of CO2 across the barrier. Moderately high levels of CO2 
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in the inhaled air can also prevent the CO2 produced by the body from being able to diffuse out 

properly, causing it to build up in the blood.  

 

Figure 2.1: Diagram of blood flow into the alveoli and typical gas exchange from inhaled 

air into the blood [Dezube, 2019] 

 

While its transport by the blood is an important biological function, the actual amount of 

CO2 is comparatively quite small compared to the overall composition of blood- a small fraction 

of a percent. Additionally, while CO2 initially enters the blood as a dissolved gas, most of it 

doesn’t stay that way. Instead, most of the CO2 dissolved in the blood becomes and is stored as 

carbonic acid and bicarbonate, with only roughly 5% actually remaining as a physically 

dissolved gas. The CO2 is converted into carbonic acid through a reaction aided by the carbonic 
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anhydrase enzyme found in red blood cells- which help to carry the CO2 much like they do 

oxygen. The balance of dissolved CO2, carbonic acid, and bicarbonate is maintained in a 

complex buffer system which is affected by various external conditions like the presence of 

hydrogen ions and the availability of hemoglobin- with the reaction continuously taking place 

along the formula in equation (1). 

                                                         (1) 

 This buffer system allows for the blood to carry a greater amount of CO2 without it being 

in a regularly dissolved form. This is quite important to the health of the body, as one significant 

effect that this dissolved CO2 has is on the pH level of the blood, making it more acidic as the 

concentration of CO2 increases [Chapman & Dragan, 2020]. Increases in blood acidity (and 

therefore decreases in pH) are the main cause of the symptoms that are typically associated with 

hypercapnia- a term which covers the general condition of high blood CO2 levels, over a partial 

pressure of 35-45 mmHg, though the syndrome itself has many causes ranging from 

environmental conditions, chronic diseases, and more acute conditions such as respiratory 

failure. The exact symptoms resulting from hypercapnia can vary in severity and nature 

depending on the degree of hypercapnia and the patient, but some of the most common ones that 

are associated with it are headaches, dizziness, nausea, fatigue, and vomiting [Ismaiel & Henzler 

2011]. In more severe cases, where the hypercapnia is excessively severe or persists at a 

significant level for long periods of time, more serious and potentially life-threatening symptoms 

may present as well. These can include fainting, confusion, palpitations, seizures, coma and even 

death if severe and untreated. While severe cases of hypercapnia are treated with intubation and 

ventilation, most of the time the underlying medical or environmental condition causing the 
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excessive build-up of CO2- either from high ambient levels or the body’s inadequacy in 

eliminating the CO2 through the lungs on its own- are what must be treated instead. 

 

2.2 Hypercapnia: Medical and Environmental Causes and Outcomes 

While it’s been established that there can be significant health effects of hypercapnia, 

these aren’t typically of too much concern to the average person in most situations. In 

circumstances when blood CO2 levels are at risk of rising to subtly or severely impactful levels, 

there are two main types of causes: medical conditions impacting the ventilation ability of the 

lungs, and environmental conditions which create insufficient air circulation or otherwise result 

in a higher-than-normal level of ambient CO2.  

In the case of the former, there are many different conditions which can affect a person’s 

ability to breathe properly and eliminate CO2 through their lungs and exhalations. One of the first 

to be widely discovered, and which has led to a lot of the historical development of blood CO2 

measurement, was poliomyelitis (or just polio, as it is commonly referred to). During the polio 

epidemic of the 1950s, it was found that the greatest cause of mortality within polio patients was 

respiratory failure due to the weakness and paralysis of the intercostal muscles and diaphragm 

[Walley, 1959]. These muscles are essential to moving the chest wall and enabling the lungs to 

expand and contract during ventilation, and their paralysis can cause general respiratory failure. 

In some cases, even despite the administration of oxygen to help the patient breathe they still 

experienced respiratory acidosis due to the buildup of CO2 in their blood, which lead to more 

common usage of CO2 testing in hospitals to help understand this condition. And in general, for 

other types of respiratory failure as well, an increase in blood CO2 levels is seen as a significant 

indicator of failure in the ventilation capability of the lungs [Roussos & Koutsoukou, 2003]. 
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Aside from polio, acute hypercapnia related to respiratory failure can be a symptom of acute 

kidney failure, drug overdose, stroke, and many other conditions. Severe cases of COVID-19, to 

give a recently relevant example, can result in respiratory failure causing hypercapnia, though 

hypoxemia (low levels of oxygen in the blood) is a more common threat in most of those cases 

[Wilcox, 2020]. Acute hypercapnia can also be prevalent when a person is exposed to significant 

levels of CO2 in the air that they’re breathing, preventing their lungs from eliminating the CO2 

produced as waste by cellular processes and potentially introducing even more CO2 with every 

breath. 

While acute hypercapnia produces the most immediately significant symptoms, 

experiencing longer-term but more subtly elevated levels of blood CO2 can have a range of 

detrimental effects as well. The most common disease in which this type of persistent 

hypercapnia is found is chronic obstructive pulmonary disease, or COPD for short- though there 

are other conditions capable of causing it as well such as neuromuscular disorders, asthma or 

even obstructive sleep apnea. In the case of COPD, long-term damage to the air sacs of the lungs 

and the inflammation of the bronchi inhibits both breathing and the transfer of oxygen and CO2 

between inhaled air and the bloodstream. As a result, one study found that about 39% of COPD 

patients experienced significant levels of hypercapnia [Zainab et al., 2014]. Additionally, a 

number of patients also experienced hypocapnia instead- or a lower-than-normal level of CO2. In 

both cases, whether the patients’ blood CO2 levels were higher or lower than the typical 

averages, the study found an association with an increased chance of mortality associated with 

the disease as shown below in Figure 2.2. This emphasizes the importance of blood CO2 

monitoring with this condition to help evaluate the overall health of the patient. 
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Figure 2.2: Hazard ratio of different levels of capnographically-measured CO2 concentrations in 

exhaled air among COPD patients compared with the average level of 6.5 kPa [Zainab et al., 

2014] 

 

While certain health conditions are known to produce a risk of hypercapnia, there are 

different environments that can lead to the condition as well. Typically, this results from either a 

heightened ambient level of CO2 in the air being breathed, or inadequate ventilation or 

circulation in an environment causing the CO2 exhaled by people within that environment to 

build up to abnormal levels. One common environment where excessive CO2 exposure may 

occur is in the office workplace. In an indoor location like that where a lot of people are close 

together, the CO2 they exhale can build up to higher-than-normal levels if there is insufficient 

ventilation and air circulation around the building. While there are some health and safety 

regulations in place to ensure proper ventilation for workers, they still allow up to 1,400 ppm of 

CO2 in the air- which is a few times higher than typical outdoor levels and can be enough to 

produce some adverse effects [Allen et al., 2016].  
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Heightened ambient levels of CO2 are also found in controlled air environments sealed 

off from any outside circulation. One place where this is especially of concern is aboard 

spacecraft. Aboard the International Space Station (ISS), for example, there are many complex 

systems in place to circulate air throughout the station and provide astronauts with fresh oxygen 

to breathe. Despite this, the ambient concentration of CO2 is still much higher than it is on Earth- 

at least 3000 ppm and sometimes higher, compared with only 400 ppm at sea level on Earth 

[Georgescu et al., 2020]. Additionally, in some areas aboard the ISS and spacecraft in general 

there may be pockets where the air doesn’t circulate properly due to insufficient ventilation, 

creating especially high CO2 levels in those areas. As a result, astronauts are especially prone to 

experiencing hypercapnia. Typically, NASA astronauts undergo training before flights where 

they are exposed intentionally to heightened (but not dangerous) levels of CO2 so that they can 

learn the warning signs of excessive CO2 exposure- which could be very serious in space in the 

case of failing life support systems [Law et al., 2017]. However, hypercapnia often also presents 

itself at lower levels which are less obvious to even trained personnel but still can have a 

significant impact on a person’s health and cognitive function. Headaches attributed to high CO2 

levels are a fairly common occurrence on the ISS and have been correlated directly in previous 

studies with ambient CO2 levels. One study found that headache incidences among crew 

members doubled for each increase of 1 mmHg in the partial pressure of ambient CO2 [Law et 

al., 2014]. These sorts of headaches are also frequently reported when crew members are all 

gathered together for long periods of time- presumably due to CO2 increases from their 

combined breathing. Aside from the headaches, which are still a concern to crew comfort, CO2 

exposure at even mild levels can have another potentially serious detriment in the form of 

decreased cognitive abilities- which might not even be noticed or realized as an effect of CO2. A 
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study examining the effects of different CO2 levels on office workers found significant decreases 

at higher CO2 levels in several test scores evaluating different cognitive functions as shown 

below in Figure 2.3 [Allen et al., 2016]. NASA themselves have investigated this phenomenon as 

well- finding clear detriments to decision-making caused by CO2 and some anecdotal reports of 

more difficulty with the same sorts of complex tasks in space compared with their training on 

Earth [James and Zalesak 2013]. This sort of decreased cognitive function is already detrimental 

enough when it takes place on Earth due to the potential to affect things like productivity in the 

workplace. But aboard spacecraft during mission-critical situations where decision-making and 

mental clarity are paramount, it could potentially affect mission outcomes or even astronaut 

safety. Therefore, there is a need for the monitoring of blood CO2 levels to help identify when 

this subtle hypercapnia is taking place so that corrective measures can be taken to ensure proper 

ventilation and peak astronaut performance. 
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Figure 2.3: Cognitive test scores of workers subjected to different levels of CO2, with “Green+” 

targeting 550 ppm, “Medium” targeting a level of 945 ppm, and “High” targeting 1400 ppm 

[Allen et al., 2016] 

 

2.3 Measurement Methods and State-of-the-art 

A variety of methods have been developed over the years to measure the CO2 content of 

the blood in different applications. Initially, it was done indirectly by estimating it based off the 

pH of the blood instead, but as technology advanced it became possible to evaluate the level of 

CO2 more directly. The current methods employed to do this include two main techniques: either 

measuring through some form of direct contact with the blood itself, or by inferring the CO2 

concentration by using the partial pressure of CO2 in the air exhaled by a patient. Either way, 
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these results are typically represented as PaCO2, or the partial pressure of carbon dioxide present 

in either the blood or exhaled air. 

The latter method, known primarily as capnography, is commonly used in surgical, 

emergency room, and intensive care settings. In these situations, it can be essential to ensure that 

the patient is properly exhaling out CO2 while under assisted ventilation, during a surgical 

procedure, or in other scenarios in which their breathing must be carefully monitored. The most 

common and economical capnography method is via infrared sensors integrated into hospital 

ventilator systems, measuring the CO2 of exhaled air as it flows through either the breathing 

circuit or an attached sampling tube. As shown in Figure 2.4 below, capnography both provides 

insight into the CO2 exhaled by a patient, as well as the waveform of the CO2 in the air they 

exhale over time. This can provide information about their breathing patterns and how well the 

gas is exchanged within the alveoli of their lungs allowing them to alter breathing assistance or 

better assess the patient’s condition. Some other methods of analyzing the data from 

capnography exist as well- presenting the data relative to the volumetric changes in the air being 

breathed and giving insights into how well the lungs are eliminating CO2 from the body [Kodali 

2013]. However, this methodology overall does have some drawbacks. There is a delay of a few 

seconds between the patient’s breathing and the measurements, as it takes time for the CO2 to 

reach the sensor through the ventilation system. The disconnect of measuring exhalations instead 

of the blood also means that the measurements may be misleading. And one other large 

limitation is that capnography typically requires the patient to be intubated and breathing through 

a ventilator, requiring a lot of equipment and a trained practitioner- which limits its practical use 

mostly to hospital settings. 
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Figure 2.4: Capnograph showing the typical waveform of CO2 content in a patient’s 

exhaled air over time [Kodali 2013] 

 

The most commonly used method for blood CO2 evaluation in a clinical setting is arterial 

blood gas analysis (ABG). ABG allows for an accurate measurement of both the partial pressure 

of CO2 in a patient’s blood along with the partial pressure of oxygen- generally to within a 

fraction of 1 mmHg. In both cases, the result is obtained by analyzing a blood sample taken 

either through a puncture or from an existing catheter. Typically, the blood is drawn from the 

radial artery in the forearm- provided that there is sufficient circulation to the upper extremities. 

For some patients whose conditions may be causing circulatory issues, blood must be taken from 

elsewhere like the femoral artery instead [Castro et al., 2021]. The sample is then processed in a 

machine which returns information about its dissolved gas content, as well as the pH and other 

information like the bicarbonate content that helps provide insight into the overall CO2 content. 

While the information provided by an ABG is generally very accurate and is important for many 
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healthcare situations, much like capnography its usefulness is rather limited outside of clinical 

settings. It can still provide point-of-care information in hospitals and clinics that have access to 

it, but the bulky equipment required to process the blood samples makes it impractical for 

continuous monitoring or usage in areas with limited resources. Additionally, the fact that it 

requires an invasive procedure in drawing the blood poses other risks such as infection and 

makes it necessary to have the person performing the test be trained in venipuncture.  

Besides capnography and ABG, there are a couple of other techniques being studied for 

use in measuring blood CO2, but the most significant by far is by transcutaneous means- 

measuring the CO2 that diffuses into the skin through the capillaries. In order to achieve this, an 

electrode is placed against the skin- which is heated slightly to encourage the gas’s movement 

through the layers of the skin. The CO2 within the skin then slowly diffuses into a CO2-

permeable membrane placed against the electrode, which then measures the change in pH of this 

membrane- yielding an estimation of the amount of CO2. The measured amount is typically 

higher than the actual concentration in the blood due to its diffusion through the skin and the 

metabolism of cells in the skin producing excess CO2- though the amount in the blood can still 

be estimated based on this value. Due to this difference, though, there can be some inaccuracies 

in transcutaneous blood CO2 measurement- and while recent improvements have helped to 

reduce this gap it can still cause issues in certain situations. Different skin thickness in different 

patients, drugs which affect the diffusive properties of the skin, and conditions which may cause 

vasoconstriction and impair circulation can all impair the accuracy of transcutaneous CO2 

measurement [Nassar & Schmidt, 2017]. Generally, transcutaneous measurement isn’t accurate 

enough to be clinically acceptable (within 7.5 mmHg of variance) [Conway et al., 2019]. 

Additionally, the skin is slower to respond to changes in the blood CO2 levels compared with 
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other methods- and the electrode heating required to help the CO2 diffuse can also be a bit 

uncomfortable for patients and use more power. 

 

Figure 2.5: Display of how CO2 diffuses from the capillaries through the skin and is 

measured by a transcutaneous CO2 monitoring electrode [Nassar & Schmidt, 2017] 

 

Overall, current methods of blood CO2 evaluation are sufficient in most areas for 

hospital-based situations in the operating room or ICU where careful monitoring of blood gases 

is important to ensuring patient health. However, options for CO2-monitoring are more limited 

when it comes to point-of-care applications or situations in which continuous monitoring would 

be helpful outside of a clinical setting. Additionally, in a situation like spaceflight there are extra 

limitations on the availability of trained personnel to operate monitoring devices as well as a 

limitation on the potential mass of a sensor due to the high cost to weight ratio of putting 

anything into orbit. Therefore, there exists a significant gap for a blood CO2 sensor that is 

lightweight, portable, noninvasive, and which doesn’t require much operator training- while still 

being accurate enough to detect subtle changes in blood CO2 that may cause negative health and 
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cognitive effects. This would allow for the point-of-care monitoring of people at risk of CO2 

exposure in settings such as spaceflight, or in some cases for continuous monitoring patients with 

conditions that may cause hypercapnia. 

2.4 RF Resonator Sensing Methodology and Dissolved Gas Detection 

One type of sensor which could potentially fill this gap would be a radiofrequency-based 

sensor that utilizes electromagnetic fields. By measuring the changes in electromagnetic 

properties of the blood using an interrogating electromagnetic field, the associated changes in 

blood CO2 content could be discerned. This sort of sensing methodology operates based on the 

dielectric permittivity of the measurand- or the degree to which the molecules of a material are 

polarized by an electromagnetic field. In the case of an RF sensor, the electromagnetic field 

produced by the sensor is perturbed to a degree by the material it passes through, depending on 

that dielectric permittivity. While the overall effective relativity depends on a number of factors 

affecting the electromagnetic field as a whole, each material has a specific characteristic which 

affects its ability to be polarized. This dielectric constant of the material varies from one material 

to another and also depends on the temperature (and in the case of gases, the pressure as well). 

Based on how much of the power of the produced electromagnetic field is reflected back to the 

sensor, inferences can be made about the surrounding area within that field. RF sensors based off 

of this sensing methodology have been used to measure volumetric shifts and changes for 

various applications [Wylie et al., 2006; Li et al., 2014] but have not been explored to as much of 

a degree for the purposes of evaluating chemical changes or dissolved gases. However, it still 

stands to reason that a significant change in carbon dioxide content should have an effect on the 

permittivity of blood that would produce a measurable effect in an RF sensor.  
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Carbon dioxide, at room temperature, has a dielectric constant of roughly 1.01 to 1.1 

depending on the pressure [DDBST GmbH, 2021]. By contrast, water, the main component of 

blood, has a much higher dielectric constant around 77 near room temperature [Anderson et al., 

2000]. When CO2 (or any gas, for that matter) dissolves into water, the gas molecules occupy the 

small spaces in between the water molecules without significantly increasing the volume of the 

water- as long as the amount of CO2 stays below the saturation level at which the CO2 would 

begin to bubble out. Therefore, the CO2 molecules should produce a change in the overall 

effective permeability of the liquid as a whole- which could be detected by an RF sensor. 

Additionally, as mentioned previously, CO2 in the blood is carried both as a dissolved gas and in 

other chemical forms, such as carbonic acid (H2CO3) and bicarbonate (HCO3). While the 

dissolved gas form would be more quickly sensitive to changes in the overall levels of CO2 in the 

blood, it only makes up a relatively small portion of the overall amount- and thus being able to 

measure the other two forms would be useful as well for easier diagnostics. The exact dielectric 

properties of carbonic acid and bicarbonate, however, are not very well studied- but they could 

still potentially be different enough from that of blood overall that a change in their 

concentrations could still be detected. Some studies have tested RF resonant sensors for 

biochemical applications a bit as well, helping to prove the viability of the concept. One study 

that tested a proposed RF resonant biochemical sensor found significant differences in the 

sensor’s resonant frequency that depended on the chemical being measured, allowing for them to 

be measured and discerned from one another nonintrusively as shown below in Figure 2.6 

[Pandit et al., 2020]. While the difference between the effective permittivity of the biochemicals 

measured in this study may be greater than the difference in the effective permittivity of regular 
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blood and blood with an increased concentration of CO2, a sensor which is sufficiently sensitive 

should still be able to measure some degree of shift. 

 

 

Figure 2.6: Recorded resonant frequencies of an RF sensor across a sweep of frequencies 

for different biochemicals [Pandit et al., 2020] 

 

While their usage across a variety of industrial applications has been more established in 

the past, RF resonant sensors have recently begun to be explored in a number of medical 

applications as well. One 2015 study, for example, utilized an array resonator (and also tested a 

couple of other types as well) placed on the wrist to measure the heart rate of sleeping subjects in 

order to evaluate changes in cardiac activity through the night due to conditions such as sleep 

apnea [Kim et al., 2015]. The sensor was able to accurately measure heart rate, even through the 

barrier of the patients’ clothing and despite their tossing and turning through the night. A more 

recent study investigated the possibility of using cylindrical resonators to detect blood glucose 

levels as an alternative to more invasive measurement methods [Turgul & Kale, 2019]. It 
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identified a number of significant challenges, though, which would have to be overcome with the 

fairly weak sensor design that was considered in order to make this a feasible measurement 

method- many of which will need to be considered in order to facilitate the measurement of 

blood CO2 as well. Array and cylindrical resonators are just a couple of designs capable of 

making these sorts of measurements using an electromagnetic field, though- and many different 

designs of resonators and antennas exist with the potential for use as a sensor. Spiral resonators, 

in particular, are used regularly in a variety of electronics applications- quite often as bandpass 

filters for wireless communications- but have been tested for use as RF sensors in biomedical 

applications as well. Their usage as sensors for different medical diagnostics such as heart stroke 

volume, limb blood dynamics, and intracranial pressure [Alruwaili et al., 2018; Cluff et al., 2018; 

Griffith et al., 2018]. The same sorts of spiral resonator sensor designs were also examined for 

usage in sensing material changes rather than volumetric shifts- such as differentiating between 

healthy and malignant skin tissue in order to screen suspicious moles for skin cancer. The proven 

capability of this spiral resonator sensor to detect these types of differences could potentially 

make it a good candidate for detecting dissolved gas CO2 in the blood as well.  

Typically, the type of spiral resonator used as a sensor for these sorts of applications 

would be composed of a single trace of copper in a flat spiral pattern. This would make it quite 

lightweight and able to be used directly as a skin patch sensor. The spiral resonator is surrounded 

by a loop antenna which interrogates it. As an alternating current flows through the loop antenna, 

it produces an electromagnetic field which inductively couples with the spiral resonator, 

inducing a current within it as well and enabling power to be transferred between them. A second 

electromagnetic field is produced by the spiral resonator as a result, causing it to act as an 

antenna and penetrate the area of interest around the sensor- with the produced radiation pattern 
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depending on the design of the resonator. Measurements are then made based from the changes 

in the electromagnetic field due to the relative permittivity of the area affected by that field. The 

sensor is powered and its results analyzed by a vector network analyzer (or VNA). The VNA 

delivers an alternating current through a port which is connected to the loop antenna, transferring 

power to the system as a whole. It performs a sweep that alternates the current across a range of 

frequencies which can be controlled. The VNA also records the output of the sensor by returning 

a number of impedance and scattering parameters. The main one of interest in analyzing the 

results of the sensor is the S11 parameter- which describes the proportion of power reflected back 

by the sensor. At certain resonant frequencies, which spiral resonators have multiple of, the S11 

coefficient reaches a peak value where the maximum amount of power is transferred and 

absorbed by the sensor’s surroundings, and the minimum amount is reflected back. By 

evaluating changes in these peak values as a result of the changing relative permittivity of the 

area being measured by the sensor, conclusions can be made about volumetric shifts or material 

changes which could affect the dielectric constant of the area of interest. Through these means, it 

could be possible to measure the change in permittivity of blood due to increases in dissolved 

CO2 content. Proper data analysis and spiral resonator design could potentially yield results as 

accurate as current clinically-used measurement methods. 
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CHAPTER 3: DETECTION OF DISSOLVED CO2 GAS USING A RADIOFREQUENCY 

SPIRAL RESONATOR 

3.1 Abstract  

 Carbon dioxide in the blood can have significant detrimental effects on health and 

cognitive function, even at lower levels, which can especially be a concern during spaceflight 

where ambient CO2 levels are higher than they are on Earth. Current CO2 monitoring methods 

are adequate for most clinical settings, but are insufficiently accurate, require invasive 

procedures, large equipment, or specially trained operators- which make them inconvenient to 

use outside of a hospital. This study focused on determining whether an RF resonant sensor 

could identify changes in dissolved gas CO2 to potentially be used to detect its change in the 

blood. A spiral RF resonator was used to measure changes in the dielectric properties of water, 

which had its CO2 concentrations changed without otherwise altering its chemical composition 

using a connected reaction flask. Significant changes in the resonant frequency of the sensor 

were recorded in response to the changes in the CO2 level of the water. Linear regression 

analysis showed a correlation between the amount of negative frequency shift and the quantity of 

CO2 gas dissolved in the measured water. While many other factors must still be considered and 

addressed in order to develop a functional sensor for detecting this in the blood, this sensing 

methodology could potentially be used to develop a lightweight noninvasive sensor for detecting 

blood gas CO2 levels. 

 

3.2 Introduction  

Carbon dioxide is a gas which occurs naturally in the Earth’s atmosphere, and which is 

also produced in the body as a result of many different biochemical processes. The most 

significant of these is the Krebs cycle, where oxygen and glucose are used to create energy used 
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by cells in the body and in which carbon dioxide is generated as a waste product. Because of its 

solubility it is able to be carried as a dissolved gas by the blood after diffusing out from the cells 

it is produced within in order to be removed from the body. Red blood cells aid in this process by 

helping to carry and convert carbon dioxide into carbonic acid and bicarbonate, which are 

maintained in balance with the dissolved gas form of carbon dioxide in the bloodstream’s 

bicarbonate buffer system. After being carried through the body in the blood by means of this 

buffer system, the dissolved carbon dioxide then diffuses through membranes into the inhaled 

fresh air stored within the alveoli with each breath, provided that the air has a lower relative 

concentration of carbon dioxide. The air is then exhaled along with the carbon dioxide it now 

contains, allowing the breathing cycle to continue. 

The process by which CO2 is eliminated from the body is important to human health 

because it prevents an excessive build-up of CO2 in the cells or blood, which would decrease the 

blood’s pH level and create an unhealthily acidic internal environment. However, in the case of 

certain conditions and diseases, or when the air in the external environment contains too much 

CO2 for it to be eliminated at a normal rate, the blood CO2 levels can build up to an unsafe 

degree in a condition known as hypercapnia. Chronic conditions in which hypercapnia is 

common include ones which directly affect or damage the lungs, such as COPD, and other 

diseases like poliomyelitis and muscular dystrophy which can impact some of the muscles key to 

breathing like the diaphragm and intercostal muscles [Walley, 1959]. More acute causes of 

hypercapnia include things like drug overdose leading to respiratory failure as well as certain 

respiratory diseases such as COVID-19 [Wilcox, 2020]. Hypercapnia can also be a concern to 

people with otherwise healthy respiratory systems as well, in environments where the air that 

they’re breathing contains higher than normal levels of CO2- causing the CO2 in their lungs to 
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not diffuse properly into it due to less of a concentration gradient, or even for it to diffuse from 

the air into their blood at high enough levels. One common circumstance in which this could 

potentially occur at mild levels is in the workplace. In an office building containing many 

employees exhaling CO2 for long periods of time, it can build up in the air if ventilation is 

insufficient [Allen et al., 2016]. An environment where air circulation is perhaps the most 

important is aboard spacecraft- and while life support systems provide adequate oxygen levels, 

CO2 concentrations aboard the ISS are much higher than they are naturally on Earth [Georgescu 

et al., 2020]. Astronauts have reported headaches and other mild symptoms of hypercapnia- 

which can also lead to subtle impairments in cognitive function which have the potential to 

seriously affect mission outcomes or astronaut safety. In order to protect astronaut health and 

ensure that they’re doing the best work possible, CO2 monitoring would be very beneficial in 

identifying subtle cases of hypercapnia so that astronauts may seek treatment if necessary and 

ventilation systems can be improved upon. 

Current CO2 monitoring methods are typically used in clinical settings- and especially in 

operating rooms and ICUs. The most common method used to evaluate blood CO2, and what is 

generally considered the current gold standard, is arterial blood gas analysis, or ABG. In ABG, 

blood is drawn from an artery of the patient and then processed using a blood gas analyzer- 

which uses electrodes to measure both the amount of dissolved gas CO2 and the blood’s pH to 

determine the overall level of CO2 in the blood, bicarbonate included. However, this requires an 

invasive procedure to draw the blood, a trained professional to carefully carry out the puncture, 

and a bulky machine to process the blood [Castro et al., 2021]. The other main method used to 

evaluate blood CO2 is capnography- which works by measuring the partial pressure of CO2 in 

exhaled air. While it can provide useful information about a patient’s breathing pattern, it’s less 



   
 

31 
 

accurate than other methods because it’s inferring the blood CO2 levels indirectly from the air. It 

also is limited to hospital settings for the most part as current capnography methods require the 

patient to be breathing through a ventilator which can capture all their exhaled air. There are 

some other existing methods of measuring blood CO2 levels as well- such as transcutaneous 

measurement which uses an electrode to evaluate the CO2 that diffuses through the skin. 

However, this is limited in accuracy as well due to the CO2 produced by cells in the skin creating 

higher measured values than what’s actually found in the blood. There exists a significant gap for 

a sensor which can accurately measure blood CO2 levels, while still being lightweight, 

noninvasive, and easy to use- which would allow for the convenient monitoring of blood CO2 

levels aboard spacecraft.  

One type of sensor which has recently seen more investigation for biomedical purposes 

and could help fill this gap is a radiofrequency resonant sensor. This type of sensor creates an 

electromagnetic field which penetrates the material being measured. Based on the changes in the 

effective permittivity of the material, the resonant frequency of the spiral resonator where the 

least amount of power is reflected back from its electromagnetic field can change. And by 

measuring this change in resonant frequency, inferences can be made about the associated 

change in the material being measured. This methodology has been used for industrial 

applications as well as some medical ones such as heart rate evaluation [Kim et al., 2015] and 

preliminary testing on blood glucose evaluation [Turgul & Kale, 2019]. Recent studies have 

explored using spiral resonators in particular- due to their compact size and properties like 

having multiple resonant frequencies to examine making them potentially ideal for a non-

invasive skin patch sensor. They’ve shown potential for usage in evaluating health diagnostics 

like heart stroke volume [Alruwaili et al., 2018] and intracranial pressure [Griffith et al., 2018]. 
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A number of other applications for these spiral resonators have shown their capability in 

measuring other characteristics as well, laying the foundation for further investigation [Alruwaili 

et al., 2017; Loflin et al., 2020; Mohammed et al., 2019; Rogers et al., 2016]. Therefore, they 

could also be capable of detecting the changes in permittivity that result from an increase in the 

CO2 dissolved in a liquid like blood. The objective of this study was to test the feasibility of 

using an RF spiral resonator to detect changes in dissolved gas CO2 in the blood by first seeing if 

it could detect similar changes in water. 

3.3 Materials and Methods 

3.3.1 Sensor Fabrication and Design 

After some experimentation, it was decided that initial testing would focus on a single 

sensor design in order to first determine if a change in dissolved gas CO2 would produce a 

measurable response in the sensor- with the possibility of further optimization of the sensor 

design down the line. Thus, for this study, a square spiral resonator was used to conduct 

measurements. A loop antenna surrounded the spiral resonator which would connect to the 

measuring device and electromagnetically couple with the sensor when it was powered. The 

sensor was designed using MATLAB code which generated a custom spiral shape given input 

parameters like the number of turns and gap width. In order to create the design’s shape out of 

copper, it was first printed onto a copper-clad laminate using a modified Xerox Colorqube 8580 

printer- creating a positive mask from the wax in the design of the sensor. After being smoothed 

in an acetone vapor bath and cut out, the sensor was then chemically etched using ferric chloride 

(FeCl3). Once the etching process was finished, the completed sensor was removed from the 

FeCL3 solution, cleaned off, and then connected to a coaxial cable which would connect it to the 

measuring device. 
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Figure 3.1: Example spiral resonator sensor design on copper-clad laminate before etching (A.) 

and after the etching process was completed (B.) 

 

The completed sensor which was used in this study, shown below in Figure 3.2, had 10 

turns in total and a trace width of about 1.10 mm (that is, the width of the antenna itself 

throughout the spiral pattern). The gap width between each trace, by comparison, was roughly 

0.56mm. These parameters had slight fluctuations due to variance in production, but nothing that 

would be enough to significantly affect the results. 
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Figure 3.2: Spiral resonant sensor used in the experiment, along with the key parameters 

of its design: 10 turns, a gap width of 0.56 mm, and a trace width of 1.10 mm 

 

3.3.2 Operating Methodology 

The sensor was powered, and its results measured by a vector network analyzer (VNA) 

which sent an alternating current through the outside loop. For this study, the VNA which was 

used was the SDR-Kits DG8SAQ VNWA 3- which has an overall frequency range from 1 kHz 

to 1.3 GHz and was found to have a full-sweep sampling rate of roughly 1.2 Hz based on testing. 

The VNA sends an alternating current passing through the loop antenna, creating an 

electromagnetic field around the spiral resonator which couples with it and induces a current 

within it as well. This current causes the resonator to emit an electromagnetic field of its own, 

with a radiation pattern specific to the sensor’s design. Based on the relative permittivity of the 

area penetrated by the electromagnetic field, the overall system, which can be represented as a 

lumped RLC circuit, has its properties affected- primarily in the form of its capacitance. 

Differences in the dielectric constant of the material being measured, in this case between CO2 

and water, affect the overall relative permittivity and how much energy is absorbed by the 
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material being penetrated. The capacitance of an RLC circuit has an inverse relationship with 

resonant frequency, as shown in equation (3.1), which causes a decrease in resonant frequency as 

the capacitance increases. The resonant frequency is also affected by the sensor’s parameters 

such as gap width and number of turns- which change its effective inductance and capacitance 

and allow for different designs to be tweaked for different applications. 

𝑓  =  
1

2𝜋√𝐿𝐶
                                 (3.1) 

The VNA measures changes in the sensor by analyzing the complex components of the 

created system- and in particular for measurements with this type of sensor, the S11 coefficient is 

the main feature focused on. The unitless S11 coefficient represents the proportion of power put 

into the system which is reflected back. At an S11 of 1, for example, all of the power from the 

VNA is reflected back to it- while at an S11 of 0, all of it is instead absorbed by the sensor’s 

surroundings. The VNA rapidly conducts a sweep during measurements, alternating the current 

across a range of frequencies and measuring the S11 parameter at each to find the resonant 

frequency at which the peak amount of power is absorbed (and the S11 is at its minimum). 

3.3.3 Experimental Design 

To determine the potential effectiveness of the sensor in measuring dissolved CO2 gas 

changes, it was tested in water rather than blood or a blood analogue, as water is the chief 

component of the blood plasma in which CO2 is dissolved- and the overall principles of detecting 

dissolved gas in the two liquids should still be the same. The spiral resonator sensor was placed 

against the side of a 500 mL flat-bottomed glass beaker, which was filled with 400 mL of 

deionized (DI) water. This made the water level high enough that the sensor’s electromagnetic 

field wouldn’t be significantly affected by any changes in the air above the water line and would 

only respond to changes in the water itself. Next, the water’s CO2 concentration level had to be 
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changed- which posed the challenge of doing so without introducing any other solvents to the 

water to ensure that they wouldn’t affect its relative permittivity. To do so, the water flask was 

connected by a tube to a reaction flask with two openings- one connected to the water flask, and 

the second left open to add the reactants. Both ends of the connection tube used straight inline 

adapters evenly coated with vacuum grease which would ensure a sealed, air-tight connection. 

Keck clips were placed to hold the adapters onto the flasks and ensure that the internal pressure 

would not cause them to move and release any of the trapped gas.  

 

Figure 3.3: Experimental setup showing how the two flasks were connected and the sensor was 

placed 

 

When conducting the experiment, the reaction flask was filled with an excess amount of 

acetic acid (CH₃COOH), commonly known as vinegar. Then, through the free opening of the 

reaction flask, sodium bicarbonate (NaHCO₃, or baking soda) was added into the acetic acid at 

varying amounts depending on the test to create different amounts of CO2 gas- and the reaction 

flask was then quickly stoppered off with a vacuum grease-coated plug so that none of the gas 
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could escape. For this experiment, the NaHCO₃ was added at five different levels- ranging from 

0g to 1g at 0.25g steps. This reaction took place following equation (3.2). 

NaHCO₃ + CH₃COOH =  NaCH₃COO + CO2 + H₂O      (3.2) 

The resulting CO2 gas formed by this reaction then flowed from the reaction flask into 

the water flask until the pressure equalized between them. It should be noted that rough estimates 

of the produced CO2 gas were calculated before testing, along with the pressure this would 

produce inside the system, in order to ensure that the pressure would stay far below the tolerance 

limits of the glassware used. The heightened partial pressure of CO2 in the enclosed air then 

diffused into the water in the flask being measured. Henry’s law explains this interaction- stating 

that the amount of gas dissolved in a liquid is directly proportional to the partial pressure of that 

same gas in the air above it as shown below in Figure 3.4. Following this principle, the different 

amounts of sodium bicarbonate added produced different partial pressures of CO2 gas, and thus 

different concentrations of CO2 dissolved in the water. Initial testing determined that it took 

some time for the CO2 gas to fully diffuse into the water after the initial reaction- with the system 

equalizing out after about 30 minutes. At 30 minutes for each sample, a VNA sweep was 

conducted, and the resulting waveform was measured to determine the change (if any) in 

resonant frequency or other properties. Based on some initial testing to find the area of interest 

with the clearest resonant frequency change, the frequency range for the sweep was set to go 

from 130 to 150 MHz. The entire setup process was repeated, and all containers cleaned and 

refilled, between each test. This ensured that no contamination from one test would have any 

chance of affecting another. 



   
 

38 
 

 

Figure 3.4: Visual representation of Henry’s Law, where the concentration of gas dissolved in a 

liquid is proportional to the partial pressure of the same gas in the air above it. 

 

3.3.4 Data Analysis 

The complete sweep across the range of frequencies being measured was recorded for 

every trial, with five samples taken for each level of CO2 using the VNWA software associated 

with the VNA used for the experiment. After being saved and converted into spreadsheet format, 

each sample was analyzed using Microsoft Excel in order to find the minimum S11 value which 

would identify the resonant frequency. Both the frequency of that resonant peak and the S11 

parameter at the peak were recorded for each measurement and compared between them- and the 

overall waveform was plotted against the baseline for a visual comparison as well to see how the 

resonant frequency and amplitude might be affected by the dissolved gas. The mean for each 

level of CO2 was calculated, and any outliers further than 2 standard deviations from the mean 

within each group were excluded. The potential correlation between resonant frequency shifts 

and changes in CO2 concentration were analyzed using linear regression analysis. A one-way 

ANOVA as well at a significance level of α = .05 to determine the significance of the results, 
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with the amount of sodium bicarbonate as the independent variable and the resonant frequency as 

the dependent variable. 

3.4 Results 

Initial tests were conducted using the sensor on the experimental setup using the water 

flask filled with 400 mL of water but with no CO2 content to establish a baseline. Figure 3.5 

below shows the raw VNA reading recorded across the measured area of interest. Because of the 

potential for environmental changes to affect the sensor’s output, the resonant frequency shift in 

each test was based off of the recorded baseline resonant frequency for that specific test before 

the CO2 gas was introduced rather than a single baseline resonant frequency for all tests. In the 

initial baseline, the principal resonant frequency was found to be at approximately 142.4 MHz at 

an S11 of –4.5 db. For each of the five different amounts of NaHCO₃ introduced to the reaction 

flask, and thus for each level of dissolved CO2 gas tested, the test was conducted five times- for a 

total sample size of 25. Initial testing with adding CO2 to the system also revealed that the 

resonant sensor changed over time- presumably as the CO2 diffused into the water more and 

more. One experimental test with a large amount of sodium bicarbonate found a difference of 

0.4MHz in resonant frequency between a measurement 10 minutes and 20 minutes after reaction- 

but almost no difference between 20 and 30 minutes. The baseline testing also revealed some 

noise in the signal, including an artifact to the right of the resonant frequency peak. 
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Figure 3.5: Raw baseline waveform of the sensor recorded by the VNA across the area of interest 

for 400 mL of DI water with no added CO2, with the x-axis showing frequency and the y-axis 

showing the S11 amplitude 

 

The resulting data showed a consistent shift in resonant frequency response as a result of 

the dissolved CO2 added to the water. Figure 3.6 A gives an example of one recorded shift in 

response to the addition of 1g of NaHCO₃. The waveform difference shown there was fairly 

typical for the recorded results in that there was both a negative shift in resonant frequency and a 

decrease in the amplitude of the S11 as well. Figure 3.6 B and C show how the shift in overall 

waveform was less for lower amounts of added NaHCO₃, and negligible overall for the control 

with no CO2 added, respectively- though there was some variability within groups. 
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Figure 3.6: A) Comparison of VNA-measured responses of the sensor for H2O before (blue) and 

30 minutes after (orange) the initial introduction of dissolved CO2 gas produced from 1g of 

NaHCO₃ B) The same comparison in response to the dissolved CO2 gas produced from 0.5g of 

NaHCO₃ C) Comparison of VNA frequency sweep for part of the control group with no added 

CO2 after 30 minutes 

 

Average values of resonant frequency shift were determined- with most of them being 

negative so they were represented as positive values of shift in the negative direction. One 

significant outlier was found for the 0.75g group which was excluded. There was an average 

negative shift of –0.0561 MHz for the control group, 0.120 MHz for 0.25g of added NaHCO₃, 

0.168 MHz for 0.5g, 0.219 MHz for 0.75g, and 0.448 MHz for 1g. A linear regression performed 
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with these results found a correlation between the negative resonant frequency shift and the CO2 

amounts, with an R2 value of 0.923 indicating a strong relationship as shown in Figure 3.7 A 

one-way analysis of variance (ANOVA) was performed as well to verify the significance of the 

results. The ANOVA indicated a statistically significant effect on the resonant frequency shifts 

with a p-value of 0.0041. 

 

Figure 3.7: Change in average negative resonant frequency shift in relation to the amount of 

NaHCO3 which reacted to create the dissolved CO2 gas and the trendline from the linear 

regression, with bars showing standard error 

 

3.5 Discussion 

3.5.1 Significance 

The results of this study demonstrate the potential of an RF resonant sensor to measure 

changes in dissolved CO2 gas content. The spiral resonator sensor used in this study showed a 

clear negative shift in resonant frequency in measured water when CO2 gas was dissolved into it. 

Additionally, the results of this study demonstrated that the degree of the recorded resonant 

frequency shift was correlated with the amount of increase in CO2- with an R2 value of 0.9234 

showing the relationship. The experimental data matches the theoretically expected result that 
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the addition of dissolved CO2 gas would decrease the resonant frequency. The additional CO2 

molecules interspersed between the H2O molecules increases the overall permittivity of the 

water being measured as a whole- affecting how strongly the molecules are polarized by an 

electromagnetic field like that generated by the sensor. This permittivity increase effectively 

increases its capacitance as a lumped circuit element, which has an inverse relationship with 

resonant frequency- explaining the shifts that were observed. Overall, this recorded resonant 

frequency shift gives a strong indication that the spiral resonator used in this study could be used 

to reliably detect and measure dissolved CO2 gas in water (and most likely other dissolved gases 

as well, as CO2 has a relatively small dielectric constant compared to denser gases).  

Based on the linear regression model from the results of this study, it’s possible to 

develop a calibration method for the sensor to measure CO2 concentration by calculating the 

change in resonant frequency with respect to CO2 concentration change. The exact CO2 

concentration change must be estimated based off of the dimensions of the overall system being 

used and the amount of NaHCO₃ dissolved. For this estimation, the volume of the acetic acid and 

the resulting products from the reaction with NaHCO₃ are assumed to be negligible due to their 

small size compared with the overall volume (less than 5 mL). Given that NaHCO₃ has a molar 

mass of roughly 84 g/mol [National Center for Biotechnology Information, 2021], the 0.25g used 

in each step of the study equates to 2.976*10^-3 moles of NaHCO₃ and, therefore, 0.002976 

moles of CO2 produced. The partial pressure of CO2 in the air can be estimated using the ideal 

gas law given in equation (3.3):  

𝑃𝑉  =  𝑛𝑅𝑇                                              (3.3) 

where P is the pressure of the gas, V is the volume of the total system (estimated at 1200 mL 

after excluding the space occupied by water), n is the number of moles of gas, R is the ideal gas 
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constant, and T is the temperature [Kautz et al., 2005].  For this experiment, then, the partial 

pressure increase of CO2 for each 0.25g of NaHCO₃ would be about 5.946 kPa. 

With the partial pressure of the CO2 above the water being measured determined, it’s possible to 

calculate the concentration of dissolved gas in that water at equilibrium as well. This can be found using 

the previously discussed Henry’s law, one formulaic version of which is equation (3.4):  

𝐶  =  𝑘𝑃                                               (3.4)  

In this case, C is the concentration of the dissolved gas in moles per liter, k is the Henry’s law 

constant (which is specific to the gas, solvent, and the temperature of the system), and P is the partial 

pressure of the gas above the solvent [Conover, 2009]. Based on equation (3.4), and with the Henry’s law 

constant of CO2 in water at room temperature being roughly 0.035 M/atm [NIST, 2021] the concentration 

increase generated from 0.25g of NaHCO₃ can be estimated at 2.053 millimoles per liter. Therefore, the 

sensor has a sensitivity of 105.1 kHz in negative resonant frequency shift per 2.053mM (or 44.56 mmHg 

as it’s often represented using typical ABG systems) of dissolved CO2 gas. 

This correlation between recorded resonant frequency shift and dissolved CO2 gas concentration 

could potentially make it suitable for usage in a lightweight skin patch sensor which would allow for the 

convenient and accurate monitoring of blood CO2 levels without requiring exceptional operator 

training or any sort of invasive procedure. However, there are a number of limitations to this 

experiment and challenges with future testing of this methodology for blood CO2 concentrations 

which could make the process of developing such a sensor for practical use a difficult challenge.  

3.5.2 Limitations 

In the case of this study, one of the main limitations was the equipment used. In 

particular, the DG8SAQ VNWA 3 which was used to power the sensor and make measurements. 

While it covered the desired frequency range, it limited in the number of measurements that 

could be made along that sweep, effectively limiting the resolution of the sensor across the swept 
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range to about 50 kHz. It was still sufficient to draw conclusions about the concentrations for the 

levels of CO2 explored in this study, but the levels of CO2 which were calculated for this study 

were also relatively high compared to those found in the blood. The smallest difference in 

dissolved gas CO2 partial pressure that was measured in this experiment was 44.56 mmHg, while 

the normal level of CO2 gas dissolved in the blood in that range would only change enough to be 

detected under extreme circumstances. Therefore, a VNA with a better resolution (and 

potentially a different sensor design which is also more sensitive) will likely be required to 

effectively detect and measure CO2 changes at the levels at which they would be found in vivo. 

The other main limitation of the DG8SAQ VNWA 3 in moving forward in this testing is its 

sampling frequency- which, at best, was found to be about 1.2 Hz- or 8.3 sweeps per second. 

This was not a concern in the test presented in this study where the system was found to be 

relatively stable after 30 minutes- but again, will pose some challenges for in vivo applications. 

3.5.3 Future Studies 

Advancing this sensing methodology to the point of developing a functional sensor which 

could evaluate human blood CO2 levels would require a number of intermediate challenges to 

first be overcome through future tests. Due to the pulsatile flow of blood, the change in volume 

of blood in the artery being measured will have to be accounted for and filtered out in order to 

make any claims about the blood’s content. The volume shifts will affect the relative permittivity 

measured by the sensor at a likely much greater degree than the CO2 changes would. To measure 

and properly filter out these changes due to blood flow, a sampling frequency of at least twice 

the rate of the characteristic being measured is required so that the signal being measured (in this 

case, whatever permittivity changes are caused by the pulsatile flow of blood) is fully accounted 

for without major loss, according to the Nyquist theorem [Colarusso et al., 1999]. And as the 
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human heart rate ranges from 60 to 100 beats per minute under normal conditions, and can go 

higher under stress or strenuous circumstances, a sampling frequency of at least 3-4 Hz (or 180-

240 measurements per minute) would be needed- though the sampling rate could be higher to 

measure more accurately. Previous studies using these spiral resonators have utilized the Rohde 

& Schwarz ZNC3 Vector Network Analyzer 9 kHz – 3 GHz VNA, which is capable of better 

addressing both the issue of sensitivity and sampling frequency as it has a greater resolution and 

has been used with a sampling rate of at least 200 Hz [Becker et al., 2018]. This Rohde & 

Schwarz VNA model has sufficient specifications to test spiral resonators capability to detect 

blood CO2 levels and could enable tests which would help to further characterize pulsatile flow 

and blood permittivity properties. This could include tests on arm phantoms which model arterial 

blood flow and potentially tests using blood analogues to better represent the actual dielectric 

properties of blood. Different experimental methods will have to be developed to properly 

modify the CO2 levels of the measurand under these circumstances. 

Another step would be to work towards limiting the area measured by the sensor to a 

smaller size so that it could focus primarily on the blood vessel being evaluated. In the case of 

current arterial blood gas tests, and many other procedures requiring access to an artery, the 

radial artery is most often used because as it’s relatively close to the skin and easy to access. 

While some testing methods have explored using veins, arteries give a more accurate 

representation of CO2 levels in the blood. These properties would make the radial artery an ideal 

candidate for this type of noninvasive sensing as well. Previous studies using this sensor design 

have utilized smaller sized spiral resonators- which will need to be explored in more detail for 

this potential application to get the area of the sensor’s focus down to 3-4mm to fit these blood 

vessels. The sensor itself could be be miniaturized a great deal further and the design of the 
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sensor could be changed to focus the resonator’s electromagnetic field to a smaller area to 

prevent any interference from surrounding tissues. This could include changes in the spiral shape 

(which was square in this study but has been investigated in other shapes as well in previous 

studies), characteristics like gap width and number of turns, or the entire RF resonator design. 

Other studies using RF resonators for sensing applications have used different designs like 

complementary split ring resonators to measure parameters like blood glucose content in drawn 

blood [Govind and Akhtar, 2020]. These RF resonators have somewhat similar properties to the 

sensor used in this study in that they employ the coupling of elements. Further investigation will 

be required to determine if the spiral resonator is optimal for this application. 

The fact that spiral resonators can have multiple resonant frequencies, though, makes 

them a good option for solving another problem in noninvasively detecting blood CO2- 

specificity. Since the CO2 dissolved in the blood is a relatively small portion of the whole, it will 

likely be challenging to discern resonant frequency changes from CO2 concentrations from 

changes caused by other factors.  The pulsatile flow of blood is fairly consistent in amplitude and 

thus should be able to be filtered out with frequent enough recordings of the resonant frequency 

shift over time. But some other factors like blood sugar, blood cells, and platelets may be more 

difficult to address or require calibration. Previous studies attempting to use RF sensors to 

noninvasively evaluate blood glucose have encountered some of these issues [Yilmaz et al., 

2018]. In the case of CO2, some key factors of concern might include blood glucose levels which 

will be different before and after a patient has eaten, hormones in the blood that may change over 

time, and many other confounding factors like platelets, proteins, and waste products in the 

blood which might not stay constant and would affect its overall permittivity as a result. 

Measuring more than one resonant frequency at once, however, may allow for the better 
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identification of how a specific factor affects the sensor’s response. A 2018 study used this type 

of methodology to better analyze the results of sensor for microfluidic chemicals and help 

discern one chemical from another [Zhou et al., 2018]. Another approach for focusing 

specifically on the CO2 levels would be continuous monitoring of the patient over time to help 

filter out nuisance factors. This could be done either over a testing period of several minutes, at 

least, for more significant changes in CO2 levels- or as a wearable device which would 

constantly evaluate CO2 levels throughout the day and be better able to identify and account for 

other changes as they occur.  

The lightweight and noninvasive nature of the spiral resonator sensor would make it ideal 

for a wearable device, which could be worn around the wrist to measure the blood in the radial 

artery. It would also have the added benefit of being able to immediately identify when CO2 

levels are rising- and help to identify acute causes of hypercapnia. In the case of monitoring 

during spaceflight, a wearable device would be especially helpful in that it would allow for the 

identification of specific situations in which CO2 levels are high, alert astronauts to potential 

leaks in air supply before they begin to notice other symptoms, and identify specific areas of 

stations and spacecraft in which air circulation is insufficient so that they can be addressed. Other 

methods to improve the potential CO2 detection ability of a sensor could include attempting to 

measure the dissolved bicarbonate rather than the gaseous CO2, as it’s the state in which most of 

the CO2 is stored- though it might affect permittivity differently or in lower amounts than the 

dissolved gas does. All in all, being able to isolate resonant frequency shifts due to CO2 changes 

using an RF spiral resonator will likely take considerable time and resources, but still has 

potential to allow for the development of a lightweight noninvasive sensor to detect changes in 

the concentration of CO2 in the blood. 
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3.6 Conclusion 

 RF resonant sensors have shown potential to be used in the measurement of key health 

diagnostics noninvasively. They can be lightweight and convenient devices, which makes them 

ideal candidates for the monitoring of blood CO2 levels aboard spacecraft where these factors 

and potential CO2 exposure are a concern. This study examined the use of a square spiral 

resonator to detect CO2 gas dissolved in water to prove its potential for detecting CO2 in the 

blood as well. A strong correlation was identified between the resonant frequency shifts recorded 

by the sensor and the changes in dissolved CO2 concentration. While these results are promising, 

there are still limitations to this study and many other confounding factors which would need to 

be addressed and differentiated from the shifts caused by CO2 levels in the blood. Future studies 

could address these limitations by modifying the sensor design, using equipment with a higher 

sampling rate, and examining multiple resonant frequencies to help account for and filter out 

undesired signals. If these challenges can be overcome, this type of spiral resonator could be 

developed into a wearable blood gas CO2 sensor that could alert astronauts or anyone else at risk 

of hypercapnia to the presence of excessive CO2 in their blood before they notice more severe 

and potentially detrimental effects.  
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