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ABSTRACT 

 

Connected health is an emerging field of science and medicine that enables the 

collection and integration of personal biometrics and environment, contributing to more 

precise and accurate assessment of the person’s state. It has been proven to help to 

establish wellbeing as well as prevent, diagnose, and determine the prognosis of chronic 

diseases. The development of sensing devices for connected health is challenging because 

devices used in the field of medicine need to meet not only selectivity and sensitivity of 

detection, but also robustness and performance under hash usage conditions, typically by 

non-experts in analysis. In this work, the properties and fabrication process of sensors 

built for sensing devices capable of detection of a biomarker as well as pollutant levels in 

the environment are discussed. These sensing devices have been developed and perfected 

with the aim of overcoming the aforementioned challenges and contributing to the 

evolving connected health field. In the first part of this work, a wireless, solid-state, 

portable, and continuous ammonia (NH3) gas sensing device is introduced. This device 

determines the concentration of NH3 contained in a biological sample within five seconds 

and can wirelessly transmit data to other Bluetooth enabled devices. In this second part of 

the work, the use of a thermal-based flow meter to assess exhalation rate is evaluated. For 

this purpose, a mobile device named here mobile indirect calorimeter (MIC) was 

designed and used to measure resting metabolic rate (RMR) from subjects, which relies 

on the measure of O2 consumption rate (VO2) and CO2 generation rate (VCO2), and 

compared to a practical reference method in hospital. In the third part of the work, the 

sensing selectivity, stability and sensitivity of an aged molecularly imprinted polymer 
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(MIP) selective to the adsorption of hydrocarbons were studied. The optimized material 

was integrated in tuning fork sensors to detect environmental hydrocarbons, and 

demonstrated the needed stability for field testing. Finally, the hydrocarbon sensing 

device was used in conjunction with a MIC to explore potential connections between 

hydrocarbon exposure level and resting metabolic rate of individuals. Both the 

hydrocarbon sensing device and the metabolic rate device were under field testing. The 

correlation between the hydrocarbons and the resting metabolic rate were investigated. 
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CHAPTER 1                                                                                                      

BACKGORUND AND INTRODUCTION 

 

1.1. Connected Environment and Health 

The idea of connected health has been reported as a social-technical model for 

healthcare management and delivery [1]. Connected health & Environment is the 

extended idea of connected health that all the health data of a person and the 

environmental data that would affect the health of a person could be gathered together for 

early-stage diagnosis for doctors, research about the influence of pollutants to human 

health or even just for personal health condition tracking. By addressing the effect of 

environmental pollutants to human health altogether with the health condition of a 

personnel, it allows the possibility of all kinds of research and applications in medical 

community. To accomplish this, two goals need to be fulfilled: (1) a robust chemical 

detecting system for health condition and environment, (2) a data collection unit that all 

the data are gathered. 
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Figure 1-1. The idea of connected health, reported as been reported as a social-technical 

model for healthcare management and delivery [2]. 

 

The chemical detecting system needs to be portable and fast-responding, and easy to 

use, which measurements could be done in the field without any further data processing. 

The sensor needs to be very selective to the components depending on the purpose. The 

reusability of the sensor is also very important since real-time or continuous monitoring 

is preferable. Reusable sensors also increase simplicity of the detecting system, making 

the device more accessible to people in different disciplines. Ideally, the device needs to 

be automatic without additional labor work. For information acquisition on human beings, 

non-invasive measurement is essential to achieve continuous monitoring and the 

acceptance of the technology for the public. 

An ideal data storage unit should be portable and wireless. All the data detected through 

different sensing devices needs to be gathered altogether and transmitted wirelessly for 
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convenience and simplicity. A smart device is the most ideal electronics that could fulfill 

these goals. A platform that allows professionals, researchers and patient, etc. to easily 

access needs to be established. One of the most famous examples is the platform Apple 

Inc. has created. The health app in every Apple’s smart device gathered all the health data 

that could be accessible to different people depending on the protocols. [3] 

 In this work, I will focus on the chemical detecting system and discuss about the 

properties and fabrications of sensors and some of their applications for detecting the 

hydrocarbons level in the environment; how it correlates with the resting metabolic rate 

and the biomarker in human body to evaluate one’s health condition.  

1.1.1. Environment: Volatile Organic Compounds (VOCs) 

Volatile organic compounds (VOCs) are organic chemicals emitted from anthropogenic 

and biogenic sources with high vapor pressure at room temperature [4], such as acetone, 

ethanol and benzene…etc., some of which are harmful to human health [5]. According to 

the United States Environmental Protection Agency (EPA), VOCs are among the major 

pollutants for indoor and outdoor air quality, which are emitted from furniture, appliances, 

and construction materials and combustion of vehicle fuels [6, 7]. Harmful VOCs 

typically are not acutely toxic, but have long-term health effects [8]. In this work, I will 

be focusing on discussing about hydrocarbons detection (a large portion of (VOCs) and 

its correlation with the resting metabolic rate. 

1.1.2. Heath: Ammonia and Oxygen/Carbon Dioxide 

Ammonia 

A research survey conducted by the Mayo Clinic has shown that there is a significant 

need for real-time monitoring of biomarkers related to kidney and liver function in the 
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human body due to increasing diagnoses of disorders of the aforementioned organs, such as 

acute kidney injury/chronic kidney disease [9, 10], liver disease [11-13], urea cycle 

disorders [14-16], disturbances of acid-base regulation [17-20] and protein metabolism end 

energy balance  [21, 22]. Ammonia is a promising biomarker for this purpose, since a 

person’s ammonia levels are abnormally high when their regular kidney or liver function is 

poor [14, 16-25]. In this work, I will be focusing on discussing about the creation of a 

urine-ammonia sensing device. 

Oxygen/Carbon dioxide 

Oxygen and carbon dioxide level are measured to evaluate the environment quality or 

the health condition of people. For instance, the carbon dioxide is the main compound in 

the atmosphere causing global warming. In this work, I will be focusing on the 

measurement of biological oxygen and carbon dioxide to evaluate the resting metabolic 

rate on personnel. Oxygen consumption (VO2) rate and carbon dioxide rate (VCO2) 

production rate in breath was measured based on colorimetric technology, which are used 

to determine the resting metabolic rate according to the Weir equation [26]. 

1.1.3. The Design of The Sensing Device 

To design a mobile sensing device, typically, there are several steps needed to be 

followed. First of all, the sensing mechanism needs to be chosen, which is dependent on 

the detecting range, the detection limit and the resolution. For example, when an adult 

consumed a high amount of protein, in consequence, the total ammonia (NH3) 

concentration in his or her body fluid will change rapidly in a small period of time. In this 

case, we need to know the normal range of total ammonia in her body fluid. The sensing 

mechanism needs to be able to tell the concentration difference in this range. As the total 
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NH3 concentration will change throughout the time, the sensing mechanism needs to be 

able to tell the change in a specific amount of time depending on the purpose. The 

absorbance change in specific time period is also defined as resolution. 

Once the mechanism is determined, the stability, reproducibility and repeatability are 

what needed to be considered. Take the same example mentioned in previous paragraph. 

First of all, the sensor needs to always give the same response when exposed to the same 

amount of analyte (reproducibility). Then it needs to function well even in a long period 

of time (stability).  Reusability is always favorable in the aspect of sensing technology. 

Therefore, in this case, we need to know how repeatable the sensor could be used before 

being disposed.  

After all these are determined, the printed circuit board and other components (such as 

a pump, a drying fan, or a pre-conditioning column, etc.) will then be designed and 

coordinated with sensing components. In the sense of connected health and environment, 

the PCB will be wirelessly connected to a smart device through Bluetooth. Finally, the 

cost of the sensor and sensing device need to be considered depending on the purpose. 

 

1.2. State of Art Gas Detection Techniques 

1.2.1. Gas Chromatography- Mass Spectrometry (GC-MS) 

GC-MS is by far the most accurate instrument for quantification analysis of gas. In 

general, all the gas could be quantified by GC-MS. The detecting mechanism is divided 

into two parts: First, the gas chromatograph separates different compounds based on their 

different retention time, which is the time used for the compounds to pass through the 

column. In the end of the column is where the mass spectrometer is. The mass spectrometer 
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will then quantify the amount of compounds by ionizing them to generate charged 

molecules or molecule fragments to measure their mass-to-charge ratios [27, 28]. Although 

GC-MS [27, 29-31] is accurate for gas measurement, it’s often expensive and difficult to 

maintain. GC-MS separates and identifies targets from complex mixtures, but requires 

expensive instrumentation (~$300,000) and pre- concentration steps that preclude high 

reproducibility and real-time implementation. 

 

Figure 1-2. Schematic diagram of gas chromatograph [28]. 

 

1.2.2. Metal Oxide Semiconductor (MOS) 

The adsorption and desorption of gases on the surface of MOS materials will change 

the conductivity of the material, which could be used to quantify the concentration of the 

target gas [32]. The conductivity change is based on carrier concentration change of the 

MOS material due the reduction or oxidation of the target gas once it adsorbs on the 

surface of MOS [33, 34]. Research has shown that MOS sensors are responsive a variety 

of gases, including VOCs and non-VOCs, e.g. ethanol, acetone and ammonia, etc. [35] 



7 

 

This selectivity is the main challenge for this kind of sensor [32] [36-40]. Also, MOS 

sensors usually requires high temperature working environment, which address high 

energy consumption problem.  

 

Figure 1-3. The schematic of the mechanism of how metal oxide semiconductor works 

[41]. 

 

1.2.3. Photo Ionization Detection (PID) 

 In a PID, high-energy UV photons bombarded compounds, which turn into 

positively charged ions. The ions produce an electric current, which is the signal output 

of the detector. The signal is later converted to concentration [42]. There have been many 

patents regarding gas detection with PID [16, 17]. The primary use of PID is for 

monitoring VOCs.  However, some non-VOC gases (e.g. ammonia) are also detected by 

PID [18, 19]. PID has been particularly useful due to its portability. 

 

 

https://en.wikipedia.org/wiki/Electric_current
https://en.wikipedia.org/wiki/Counter_(digital)
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Figure 1-4. The schematic of a photo ionization detector [43]. 

 

1.2.4. Electrochemical Gas Sensors  

Electrochemical gas sensors measure the concentration of a target gas by oxidizing or 

reducing the target gas at an electrode and measuring the resulting current. An ion-

selective electrode for liquid solution converts the activity of a specific ion dissolved in 

a solution into an electrical potential. The ISE for ammonia used in this work has an 

additional membrane, which allows only gaseous ammonia to pass through. I used this 

electrode as a reference method for measuring gaseous urine-ammonia. 

 

Figure 1-5.  The schematic of a electrochemical gas sensor [44]. 

https://en.wikipedia.org/wiki/Ion
https://en.wikipedia.org/wiki/Solution
https://en.wikipedia.org/wiki/Potential
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1.2.5. Enzyme Methods/Spectrophotometry 

In general, enzymatic assays involve multiple incubation steps, require processing 

times greater than one hour, and require significant operator labor. The analyte is usually 

detected by UV or Visible light spectrophotometry. For NH4
+ detection in blood and 

urine, enzymatic assays are the only technique that meets the FDA’s standards [45-47] 

for clinical research, given the complexity of biological samples. 

1.3. Quartz Tuning Fork (QTF) Resonator for VOCs 

Quartz is a piezoelectric material.  This material accumulates charge in response to 

applied mechanical stress and vice-versa, which is the basic principle used in the 

operation of the quartz tuning fork. Quartz tuning forks have been used in many 

applications, where require precise timing, including wristwatch and microcontroller 

integrated circuit. Mechanical resonations are generated when a voltage is applied the 

prongs. The tuning forks require very low power consumption and are very stable and 

precise [26-28]. In chemical sensing, QTF surface is usually coated with a selective 

sensing material. Target analyte adsorbs on the prongs, resulting in the mass change or 

the prongs. This change will then decrease the resonant frequency of the material. Based 

on the mass change, the concentration of the material could be calculated.  

1.4. Colorimetric Sensor Assays for NH3 and CO2/O2 

This sensor consists of a thin membrane embedded with an ammonia-sensitive pH dye 

attached to the end of a fiber optic cable [36-40, 48]. These devices possess high 

sensitivity, but, further instrumental improvements are required for use with biological 
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samples.  In this work, the ammonia and carbon dioxide/oxygen sensors utilize this 

technique. 

1.5. Dissertation Overview and Summary 

This document consists six chapters. Chapter 1 (this chapter) provides the idea of 

connected health and environment and focus on the role of chemical detecting system to 

accomplish this idea. Chapter 2 gives an example of how to create a mobile chemical 

sensor and its application. In this example, I will introduce a device that is able to detect 

urine-ammonia as a biomarker of kidney or liver disorder in real time. Chapter 3 gives an 

example of the improvement on mobile sensing device for healthcare. In this example, I 

will describe the flow resistance problem of the mobile indirect calorimeter and 

improvement I made.  Chapter 4 gives an example of the improvement on mobile sensing 

device for environment. I will discuss the aging problem of the VOC sensor and its 

improvement and fabrication. Chapter 5 gives an example of the connection of health 

condition and environment with the chemical detecting system. I will discuss the study on 

the correlation of different worker’s resting metabolic rate and the surrounding VOC 

level measured by the devices discussed in chapter 3 and 4. Lastly, in chapter 6, I will 

conclude the work and discuss possible future work.  
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CHAPTER 2                                                                                                         

THE CREATION OF A NEW MOBILE CHEMICAL SENSOR AND ITS 

APPLICATION: THE DETECTION OF URINE AMMONIA BIOMARKER IN REAL 

TIME 

 

2.1. Background and Introduction 

The determination of concentration of total ammonia (ammonia (NH3) and ammonium 

(NH4
+)) in biological samples has traditionally presented technical challenges. Urine total 

ammonia concentration is not generally determined, and medical doctors have been 

trained to estimate urine NH4
+ concentration via the utilization of a flawed indirect 

indicator (i.e., urine anion gap) [49, 50]. However, nitrogen balance is significantly 

impacted by a number of physiological conditions, and knowledge of the precise total 

ammonia level of blood, urine, and other biological samples (e.g., breath, sweat), is 

known to be of great benefit for the diagnosis and/or treatment of several disease states. 

For instance, blood NH4
+ is an important marker used to inform treatment decisions for 

patients with urea cycle disorders [14, 25, 51, 52]. Dynamic changes in kidney total 

ammonia generation (i.e., renal ammoniagenesis) are stimulated by systemic conditions 

of acid-base balance, potassium balance, and others; thus, an enhanced moment by 

moment understanding of urine total ammonia levels in patients prone to acid-base or 

potassium disturbances (e.g., critically ill, hospitalized patients) would augment 

immediate clinical knowledge and could be leveraged to serve as an early warning signal 

of rapidly changing (and otherwise under-recognized) deleterious systemic conditions 

[22]. Given the complex interactions of kidney and liver adaptations for total ammonia 
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homeostasis, disorders of the kidney and/or liver may produce rapid changes in total 

ammonia levels. For instance, acute hepatic dysfunction or decompensation is associated 

a rise in blood total ammonia levels [13] while acute kidney dysfunction is associated 

with a rapid decrease in urine total ammonia levels [53]. In the outpatient setting, serial 

monitoring of total ammonia levels of biologic samples (including breath, sweat, blood, 

and urine) could provide a baseline level of total ammonia, departures from which would 

be a strong predictive signal of pending metabolic decompensation in patients with 

advanced liver disease or a predictive signal of pending kidney dysfunction. In the 

inpatient setting, patients with indwelling urinary catheters at high risk of acute kidney 

injury could be monitored for rapid decreases in urine total ammonia concentration as the 

first sign of generalized kidney tissue distress. Utilizing that technique could lead to rapid 

identification of acute kidney injury within moments (compared to several hours or days 

using the lagging, traditional markers, including serum creatinine). In each of these 

scenarios, specific treatments to ameliorate either the underlying organ distress or 

predictable byproducts of organ dysfunction could be employed in a much more rapid, 

more individualized, and more effective manner than occurs today in modern medical 

practice. Additionally, increasing the percentage of dietary protein in terms of total 

"Calories In" has become a method for healthy weight management in bariatrics (as well 

as in exercise science). Reported short-term benefits include: i) optimal maintenance of 

muscle tissue, ii) improved satiation, and iii) insurance against malnutrition (sufficient 

essential amino acid intake is more assured) [21]. However, a detailed analysis of these 

relatively short-term studies is lacking, and the long-term metabolic effects and other 

health consequences of significantly increased dietary protein intake have been largely 
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unexplored. An understanding of the rate of storage of consumed amino acids versus the 

rate of immediate metabolic oxidation (for work-energy and heat production) can be 

greatly enhanced by measurement of nitrogen balance, which may be performed by an 

analysis of urine for major nitrogen-containing molecules (e.g., urea, creatinine, and total 

ammonia). Currently, accurate quantification of these analytes is cumbersome because 

lab-bench analysis methods are required. Since urine total ammonia has been proposed as 

a marker of nitrogen balance [21, 22], real-time urine total ammonia monitoring could 

allow the end user to better estimate amino acid utilization [22]. 

Most measurement techniques for NH3 detection in human samples rely on breath or 

blood (plasma) [54]. Metal-oxide based sensor technologies [36-40] are frequently used 

for NH3 analysis. However, this type of sensor exhibits limited specificity for NH3 and 

can be confounded by ethanol, acetone, methane,  hydrogen, nitric oxide, and nitrogen 

dioxide [55]. For blood (plasma), ion selective electrodes (ISE) have been optimized to 

detect NH3 and ammonium (NH4
+) in clinical applications [55]. In fact, our research has 

demonstrated ISE’s are highly accurate when compared to gold standard enzymatic 

methods (see below). However, in our experience ISE’s can be implemented for bed-side 

reading in near-real time detection, but they require labor since the Ammonia Electrode 

[56] needs to be calibrated each day before use to minimize measurement drift because of 

the limited stability of sensing membranes. Given the complexity of biological samples, 

few sensor technologies have been approved by the United States Food and Drug 

Administration (FDA) for clinical research. For NH4
+ detection in blood and urine, 

enzymatic assays are the only technique that meets the FDA’s standards [45-47]. In 

general, enzymatic assays have limited enzyme storage lifetime, involve multiple 
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incubation steps, require processing times greater than one hour, and involve significant 

operator labor. Alternatively, NH3 can be detected via absorption spectroscopy by 

instruments such as Nephrolux™ (Pranalytica, Santa Monica, CA) [57], which uses a 

tunable laser and an acoustic detector to perform sub-parts per billion (ppb) zero 

background measurements of NH3 in the presence of interferents like CO2 and water 

vapor such as in breath. While spectroscopic techniques are extremely sensitive, they 

usually have bulky components making them inconvenient for personalized use. 

Moreover, optical components in absorption spectroscopy are prone to misalignments 

and unsuitable for personalized use [58].  

Gas chromatography – mass spectrometry (GC-MS) [29-31] and selective ion flow 

tube – mass spectrometry (SIFT-MS) [59-63] are accurate for NH3 measurement but are 

expensive, and instruments are difficult to maintain. GC-MS separates and identifies 

NH4
+ and NH3 from complex mixtures, but requires expensive instrumentation 

(~$300,000) and pre-concentration steps that preclude high reproducibility and real-time 

implementation [30, 31, 64, 65]. SIFT-MS was developed for real-time detection of low 

molecular weight volatiles, including NH3, in different biological samples (skin and urine 

headspace, breath, etc.) but is also expensive (~$200,000) [59-63] and rather difficult to 

maintain. 

Many new emerging sensing methods have been proposed and are being developed for 

the detection of NH3 including: (1) colorimetric sensors, (2) spectroscopic based sensors, 

(3) nanomaterial based sensors, and (4) contactless conductivity based sensors. (1) 

Colorimetric sensors are used for measurement of NH3 in wastewater and blood [66-68]. 

This type of sensor consists of a thin membrane embedded with an NH3-sensitive pH dye 
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attached to the end of a fiber optic cable. These devices possess high sensitivity, but 

further instrumental improvements are required for use with biological samples. (2) 

Spectroscopic methods of NH3 measurement include pulsed quantum cascade laser 

spectroscopy [69-71] and optical micro-ring resonators [72]. While large (table-top) 

measurement systems exist, these lack the small size, low weight, and low cost desirable 

for portable individual monitoring (such as at a hospital bedside). (3) Nanomaterial based 

chemiresistors [73-78] and electrochemical sensors [79, 80] exhibit detection limits 

matching the clinically relevant NH3 levels (breath- NH3 in ppb and blood- NH3 in µmol/L) 

under well-defined, near ideal laboratory conditions. However, detection of NH3 in 

complex samples using these sensors requires further improvement to obtain the 

selectivity and lifetime necessary for continuous monitoring conditions. (4) Finally, Toda 

et al. reported a contactless conductivity based NH3 sensor [81]. However, the acid solution 

used must be replaced after each measurement, making continuous measurement 

impractical [81]. 

Human urine NH3 levels are high and provide an opportunity for development of new 

continuous sensors [55]. NH4
+ ions in liquid are volatile and rapidly turn into NH3, 

therefore in the medical field, there is currently no standard technique for instantaneous 

urine NH4
+ measurement. A urine reagent stick is in wide clinical use to determine 10 

different urine parameters (including specific gravity, pH, protein, leucocytes, nitrites, 

blood, ketones, glucose, bilirubin, and urobilinogen) [82]. Commercial electronic readers 

of these urine dipsticks do not include measurements of excreted NH3 [83]. However, 

NH3-detection reagent sticks are commercialized for use in water samples [84]. The 

operation of dipsticks is based on irreversible chemical reactions, and therefore they are 
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single-use devices. Although dipsticks are quick and easy to use, they only provide a 

semi-quantitative assessment of parameters, and do not demonstrate the accuracy and 

continuous real-time monitoring capability desired in critical applications.  

This work introduces for first time a Colorimetric Optoelectronic Dynamics Analyzer 

(CODA) for real-time and continuous urine total ammonia detection using very small 

amounts of urine. The device uses a sensor embedded with an NH3-sensitive sensing 

probe based on a pH dye. Unlike existing detection methods for human body fluids, which 

directly measure dissolved NH4
+, the new sensing platform detects total ammonia as NH3 

in urine headspace by converting liquid NH4
+ to gaseous NH3 by alkaline exposure of the 

fluid before measurement, which provides the device with extraordinary selectivity. 

Although similar sensing methods based on this concept have been studied [68, 85], they 

have only been applied to waste water and pure solution testing. The handheld, solid-state 

device introduced here utilizes a red LED light source and photodiodes. The photodiodes 

transduce the color change of the sensor to an electronic signal, which can be wirelessly 

transmitted to smart devices for readouts. The wireless connection feature allows 

flexibility to accommodate a variety of situations, and the operational method has been 

demonstrated to be accurate, providing concentration levels comparable to the ISE 

method.
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2.2. Material and Methods 

2.2.1. Sensing Mechanism and Sensor Preparation 

This ammonia (NH3) sensor is based on Bromophenol Blue (BpB) from Sigma-Aldrich. 

It is used as a pH indicator that changes color form yellow at pH 3.0 to blue at pH 4.6 

[86]. NH3 contributes to an alkaline environment to make the color change on BpB as it 

forces the dissociation of H+, which the overall reversible chemical reaction could be 

described as follows: 

 

2NH3 + BpBH2  → (NH4)2BpB   Equation 2-1 

                                             (blue) 

The kinetics include two steps: (1) First, the NH3 molecules adsorb on the sensing 

substrate. (2) Then the reaction (Equation 2-1) happens on the substrate. The overall 

reaction is a basically a simplified form of acid-base reaction, which happens extremely 

fast. Therefore, the rate limiting step is the mass transfer (adsorption) [87]. The sensor 

substrates were cut into a rectangular shape (2.7 cm * 1.2 cm) and laminated so that they 

fit the sensing chamber of the Colorimetric Optoelectronic Dynamics Analyzer (CODA). 

 

2.2.2. Optoelectronic Analyzer, Instrument, and Signal 

The CODA introduced in this work has a horizontal gas flow channel passing through 

the sensing chamber, which contains a 610 nm LED at the top of the sensor and four 

photodiodes (a sensing/reference pair and a sensing/reference backup pair) beneath the 

sensor (Figure 2-1a, b). The target gas is injected into a sensing chamber, where it is 
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exposed to the sensor which then exhibits a color change proportional to the 

concentration of NH3 in the target gas. The photodiodes were mounted on the printed 

circuit board (PCB), which was integrated with a Bluetooth unit, allowing signal 

transmission to an Android phone. An app was created to provide a user interface to show 

the signal read by the photodiodes (Figure 2-1c). The sensor contains a reference area and 

a sensing area (Figure 2-1d). Typically, the background response from the reference and 

sensing areas when the sensor is in the chamber is around 1.2 V. A pair of photodiodes 

simultaneously and continuously read the response of the reference and the sensing areas 

every 0.2 seconds. The absorbance is calculated by taking the negative logarithm of the 

signal response from the sensing area (Ssens.) divided by the signal response from the 

reference area (Sref.) as follows in Equation 2-2: 

 

 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = −𝑙𝑜𝑔⁡(
𝑆𝑠𝑒𝑛𝑠.

𝑆𝑟𝑒𝑓.
)   Equation 2-2 

 

Calibration curves for the NH3 sensor were performed for a concentration range of 2 - 

1000 ppm for NH3 by plotting measured absorbance change versus known concentration 

of the sample. 
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(a) 

 

(b)      (c) 
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(d) 

 

 (e) 

 

Figure 2-1. The schematic of the Colorimetric Optoelectronic Dynamics Analyzer 

(CODA). (a) The main components of the CODA (real dimensions added). (b) Schematic 

of the sensing chamber, and (c) screenshot of the actual user interface, including 

photodiodes for measuring the signal of the sensing area and the reference area. By 

comparing the changes on the -log of signal ratio between the sensing and reference areas, 

the concentration of ammonia (NH3) gas can be determined via absorbance. CODA is 

able to measure total ammonia level in biological samples up to 59 mmol/L every 2 

minutes.  (d) The color change of the sensor from orange to blue after exposure to NH3. 

(e) Spectrum of the absorbance change of the sensor obtained with a JAZ 
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Spectrophotometer (JS) instrument’s sensor chamber (illustrated in the insert). Spectrum 

before (t=0) and after (t>0) exposure to NH3, indicating the maximum absorbance change 

wavelength (609 nm) are shown. Insert: Schematic of JS’s sensing chamber. The optical 

fiber is on the top of the chamber, while the tungsten light source is at the bottom of the 

chamber. The gas travels from the left tube and discharges into ambient from the right 

tube. 

 

In order to ensure there was no interference between photodiode readings from sensing 

and reference areas of the sensor, a cross-talking test was performed. In this test, we 

individually masked either the reference area or the sensing area with black thick ink to 

block light and we conducted the measurement for 30 seconds to check if response was 

zero for the blocked area, and unaffected for the unblocked sensor areas. The cross-

talking test results are shown in Supplemental Information, Table A.1 and Table A.2 in 

Appendix A. For both masked substrates, the cross-talking test shows a minor signal 

change that was not significant important under sensing conditions, and could be further 

improved by creating a thicker barrier between photodiodes or decrease the distance from 

the sensor to the detector. 

 

Optoelectronic instrument 

A JAZ Spectrophotometer (JS) from Ocean Optics was used to conduct the sensitivity 

tests for the different sensor materials and spectrum measurement before and after 

exposure to NH3. Fig. 1e insert presents a schematic of the JS measurement device. 

Whatman no.1 filter paper was cut into a round shape to fit the JS sensing chamber. An 

NH3 sensor integrated in the shape of a sandwich with an NH3 extraction membrane was 

used for spectrum measurement. The sensor/membrane assembly consisted of five parts: 

1) the distribution layer (filter paper), which makes sure the liquid disperses 
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homogeneously 2) the alkaline layer (impregnated with NaOH solution), extracting NH3 

from the sample 3) a polytetrafluoroethylene (PTFE) membrane, precluding liquid from 

reaching the indicator layer 4) the indicator layer (substrate impregnated with 

Bromothymol Blue), and 5) the mask made of tape, which protects the sensing probe. A 

synthetic urine feed (NH4
+ solution with other ions simulating urine: NaCl, KH2PO4, 

CaCl2, MgSO4) was injected from the top of the integrated NH3 sensor membrane. The JS 

quantifies the NH3 level in sample. The NH3 sensing mechanism is further discussed in 

Section 2.2.3.  

 

Optoelectronic sensor signal 

As mentioned previously, Bromophenol Blue (BpB) was used as a colorimetric sensing 

probe for NH3 detection. A BpB solution has a yellow/orange color when it is exposed to 

a pH level below 3 and a blue color when exposed to a pH above 4.6. The acid/base 

equilibrium between NH4
+ (acid) and NH3 (conjugate base) is determined by the pH of 

the solution in the overall reaction OH-+ NH4
+ ↔ H2O + NH3. NH3 has a vapor pressure 

of 1062 kPa and a pKa of 9.25 at room temperature [88]. Biologically relevant pH 

conditions are below the pKa of the NH4
+/ NH3 equilibrium. For example, at a relatively 

high urine pH of 8, only 6.6% of the total NH4
+/ NH3 is present as NH3 (gas) [88, 89]. 

Because of the dynamic nature of biological pH and the variable ratio of urine NH4
+ to 

urine NH3, an alkaline solution is needed to increase the sample pH greater than ~12 to 

ensure 100% conversion of NH4
+ (liquid) to NH3. NH3 causes the sensing surface to 

become more alkaline, shifting the pH value higher and causing a yellow to blue color 

transition (Figure 2-1d). By quantifying the color change using the CODA, we can 
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determine the corresponding NH3 concentration derived from the sample. 

 

2.2.3. Gas Sample Preparation 

Ammonia bags 

The NH3 gas samples used in this work were diluted with 100 ppm and 1000 ppm 

calibration NH3 gas purchased from Calibration Technologies, Inc. Dilutions of gas 

samples in laboratory compressed air were prepared from 100 and 1000 ppm of NH3 

calibration gas. These calibration gases were directed into a 40 L bag using a micro 

diaphragm gas pump for a predetermined amount of time. Additional clean air was also 

directed into the bag for a controlled amount of time until the concentration of NH3 in the 

bag reached the desired level. The target NH3 gas concentration was prepared by 

manipulating the ratio of time of NH3 gas injection to air injection.  An alternative NH3 

bag was prepared by injecting 5 µl of ammonium hydroxide in a 1 L TedlarTM bag and 

left in ambient room temperature for 30 minutes to validate the calibration curve for the 

sensors (respective results shown in   
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Table 2-2). 

 

Urine headspace bags 

A test sample of urine was preconditioned by adding NaOH to a sample of urine, to 

ensure that the pH of the sample was greater than 12. The preconditioned urine sample 

was subsequently added to a 4 L TedlarTM bag and purged with dry air until the bag was 

full. The TedlarTM bag was left at ambient room temperature to ensure gas equilibration. 

This means that all of the NH4
+ in the urine reacted with the base and turned into its 

conjugated phase NH3 in urine headspace. Subjects of this part of the study were 

approved by the Institutional Review Board of Arizona State University (IRB protocol # 

1012005855). Five test subjects participated voluntarily, providing written consent to 

participate in the study.  Three of the subjects are males and the rest are females. All 

subjects are healthy adults aging between 21 to 27. All tests for this study were conducted 

from February 2016 - January 2018.  The subjects had a small meal (Lean Cuisine), and 

drank a Whey Protein (GNC Holding Inc., PA or US Nutrition Inc., NY) shake with 

concentrations of protein ranging from 0 to 1.2 g of protein per Kg of body mass to 

produce a variable and wide range of urine total ammonia. The subjects urinated 

periodically at 0, 0.5, 2.5, and 3.5 hours from the intake. Urine samples were collected 

and analyzed as soon as possible, using ISE method and the CODA. 

 

2.2.4. Sensor Detection Procedure 

The sensitivity, reversibility, and reusability of the sensors were tested using an NH3 

flow system, which contains a micro diaphragm gas pump, a three-way valve, one 40 L 
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air bag, one 40 L sample bag, and the sensing chamber. Tests were conducted by placing 

one sensor in the sensing chamber each time. The three-way valve was first switched to 

connect with the air bag for a few seconds so that the sensor could be purged in air before 

it was exposed to the sample for a few seconds. In order to study the sensitivity of the 

sensor for different sample exposure times, sampling times varied from 1, 5, 20 and 180 

seconds. After exposure to NH3, the valve was switched to allow dry air to pass through 

the system for a few seconds to test the sensor substrates’ reversibility. 

 

2.2.5. Preconditioning Column for Automatic Sampling 

An automatic sensing system is designed to facilitate the inpatient setup. In order to do 

so, a pre-conditioning column is designed to automatically extract the ammonium (NH4
+) 

to ammonia (NH3). The extraction column (Figure 2-2) has a cylinder-like structure with 

beads coated with Hydroxide (OrOH) inside. At the top of the column there are two tubes. 

One is for inlet and the other is for outlet. The setup allows the liquid sample to go 

through these beads and elevate the pH level to above 11. Thymolphthalein was used as 

an indicator to visually determine when the pH level is over 10.5 (The indicator develops 

a blue color at this pH from colorlessness).  The sample can be injected to the column 

through the middle of cylinder-like structure. Simulation were done the estimate the 

lifespan for the extraction column. 
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Figure 2-2. The actual look of the extraction column. 

 

The extraction column was packed with beads coated with OrOH of different diameters 

(d) into a porous structure with porosity, εp. The permeability (κ) of the system for a 

given porosity and particle size was estimated by Carman-Kozeny relation [90]. 

 

𝜅 = 𝛼 
𝑑2𝜀𝑝

3

(1−𝜀𝑝)2
      Equation 2-3 

 

The α was calculated as 1/36K, where K is a constant for fixed beds, which is 5 [91]. 

Brinkman equation given by: 
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𝜌

𝜀𝑝

𝜕𝑢

𝜕𝑡
+ 𝛻 ∙ [−

𝜂

𝜀𝑝
(𝛻𝑢 + (𝛻𝑢)𝑇) + 𝑝𝐼] + 𝐹 = −

𝜂

𝜅
𝑢 Equation 2-4 

𝛻 ∙ 𝑢 = 0       Equation 2-5 

 

were used to model the flow of urine through this medium, where ρ denotes the density 

of urine (1000 kg m-3), u represents the velocity, p refers to pressure, F related to other 

forces (e.g. gravity). Equation 2-5 above implies that the fluid flow is incompressible in 

the domain. Boundary conditions for the flow were set as follows: Boundary 1: u .n = u0 

(inlet), where u0 is the linear flow velocity at the inlet; Boundary 2 and Boundary 3 : u = 

0 (wall); Boundary 4: p = 0 (outlet). With these domain and boundary settings, the 

velocity field was determined and the solution obtained was further used to solve the 

mass transport process using COMSOL 5.0 [92]. 

Mass transport of water with the tube was described by the diffusion-convection 

equations 

 

𝜕𝐶

𝜕𝑡
+ 𝛻 ∙(𝐷𝑖∇𝐶𝑖+𝐶𝑖u)= 𝑅⁡     Equation 2-6 

 

where Ci denotes the concentration of the species, D is the diffusion coefficient, u 

represents the velocity, and R refers to the rate of consumption of species i. These 

equations were applied to the two components of the extraction process, where species 1 

is the stationary hydroxide fixed beds, beads coated with OrOH, and species 2 is the 

ammonium (NH4
+) entering the column and species 2. The OrOH reacts with NH4

+ and 

produce gas-phase ammonia. The diffusion coefficient is set to 2*10-9 (m2 s-1) as a 
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standard diffusion coefficient for water solution. As the column is short and the inlet 

velocity is fast, the convection effect was assumed to dominate over diffusion.  The rate 

of consumption, R, was assumed to be the chemical reaction described as the following: 

 

NH4
+

(aq)+ Cl-
(aq)+  OrOH → NH3(g) + H2O(l) + OrCl  Equation 2-7 

 

, which could be simplified as the following: 

 

NH4
+ 

(aq)+ OH-
(aq)→    NH3 (g) + H2O(aq)

   Equation 2-8 

 

 The reaction rate is given by: 

 

𝑅 = −𝑘𝐶1𝐶2 = −𝑘0𝐶2     Equation 2-9 

 

, where k is the rate constant, C1 is the concentration of OH- and C2 is the concentration 

of NH4
+. The initial concentration of OH- is 1706 mol m-3. The concentration of the 

binding OH- is estimated experimentally by coating known amount of OrOH to the beads. 

The OH- has an excess amount compared to NH4
+ in the liquid solution, so C1 was 

assumed to be constant, which makes kC1 = k0. As the reaction of NH4+ and OH- is an 

acid-base reaction, the reaction finished in pico-second [93]. Therefore, the k0 was 

assumed to be an extremely large number, which was set to 170.6 (s-1), to be numerically 

calculable. Moreover, this reaction is a reversible reaction, but has a tendency toward the 
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NH3 side. With the excess amount of OH-, the reaction was assumed to be a complete 

conversion, which also ensured the pH value is over 10.5. 

In this work, the control variables are the initial concentration of inlet NH4
+ solution, 

the porosity and inlet velocity. We also work beyond these parameters to see how the 

geometry of the column affects the depletion of stationary hydroxide (OH-). Experiments 

were done by using different concentrations NH4Cl as the samples to verify the modeling 

results. Table 2-1 shows the denotations and the parameters used in the modeling. 

 

Table 2-1. Denotation 

Symbol Meaning Parameters 

p Pressure (atm) 

u Velocity (m s-1) 

ρ Density 1000 (kg m-3) 

p0 Outlet pressure (atm) 

u0 Inlet velocity 0.0035, 0.05, and 0.5 (m s-1) 

F Gravity force 1 (N) 

α Kozeny constant 0.0056 

d Diameter of the beads 2 (mm) 

k Rate constant 0.1 (m3 s-1 mol-1) 

k0 Rate constant 170.6 (s-1) 

C1 Concn. of OH- on binding 

sites 

 (mol m-3) 

C2 Concn. of NH4
+  (mol m-3) 

D Diffusion coefficient 2*10-9 (m2 s-1) 

εp Porosity 0.34, 0.66 and 0.90 

 

2.3. Results and Discussion 

2.3.1. Choice of the CODA Wavelength 

The color of the light source for the CODA was selected based on the spectral changes 

NH3 exposure induced on the sensing probe (BpB). Round sensors made of Whatman no. 

1 filter paper impregnated with BpB were placed in the sensing chamber of the JS 
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instrument, and the spectrum of each sensor was recorded before and after exposure to 

NH3.  Figure 2-1e shows visible spectrophotometric changes of a BpB-based sensor, and 

significant increases of absorbance in the range of 575 - 625 nm are clearly observed. 

Based on these results, the LED color was chosen to be red, wavelength: 610 nm. Once 

the detection wavelength and the first screening of sensor substrate were chosen, the 

CODA was constructed and used to proceed with the rest of the study.  

 

2.3.2. Reproducibility of Sensor Response 

Figure 2-3 compares the absorbance response of sensors in the CODA. Four replicate 

sensors were made and placed in the CODA. Next, the sensors were exposed to NH3 for 

180 seconds followed by dry air for additional 60 seconds to determine recovery. The 

sensors show similar response characteristics with rising absorbance upon the injection of 

NH3, and decreasing absorbance upon purging with dry air. The sensor responses 

included 0.58 a.u. with a standard deviation of 0.03 a.u. for measurements performed in 

multiple sensors from a same batch and a response dispersion across sensor substrates of 

5% or less.  
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Figure 2-3. The reproducibility of the sensors was determined using four different sensors 

to detect 40 ppm of ammonia (NH3) through the CODA. The sensors show similar 

absorbance response.  

 

2.3.3. Sensor Calibration to Ammonia 

Two calibration curves were developed for the NH3 sensors with the CODA, using 5 

second sampling times with NH3 gas levels ranging from 2 ppm to 1000 ppm.  In one 

case, a Langmuir model [94] was applied (Figure 2-4a), and exhibited a R2 value greater 

than 0.99. For the 5 second sampling times, the calibration equation is as follows, where 

AL represents the absorbance derived from Langmuir model and C represents the 

corresponding concentration: 

 

AL = 1.85 C / (1122.28 + C) Equation 2-10  
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We name “Langmuir-like” to the equation describing the sensor response vs. 

concentration because: (1) The ammonia/ammonium molecules have no-null interactions 

that may take the adsorption behavior apart from the purely described “Langmuir” 

behavior [95], and (2) there is a chemical reaction coupled to the adsorption process of 

ammonia onto the substrate with the sensing probe. 

In the other case, the calibration curve was divided into two ranges for fitting linear 

regressions: 2 – 150 ppm and 150 - 1000 ppm. Both measurement ranges showed R2 

values greater than 0.98 (Figure 2-4b). The calibration equations are as follows, where A1 

represents the absorbance derived from linear model from 0 – 150 ppm, A2 represents the 

absorbance derived from linear model from 150 – 1000 ppm, and C represents the 

corresponding concentration: 

 

𝐴1 = 0.00131⁡𝐶 + 0.01027⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡⁡⁡⁡⁡⁡0⁡𝑝𝑝𝑚 < 𝐶 ≤ 150⁡𝑝𝑝𝑚  Equation 2-11 

𝐴2 = 0.0007⁡𝐶 + 0.19445⁡⁡⁡⁡⁡⁡𝑓𝑜𝑟⁡⁡⁡⁡⁡⁡150⁡𝑝𝑝𝑚 ≤ 𝐶 ≤ 1000⁡𝑝𝑝𝑚 Equation 2-12 

 

  

(a) 
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Figure 2-4. Calibration curves were developed by measuring 2 ppm to 1000 ppm of 

ammonia (NH3) with CODA in 5 seconds. (a) Langmuir model was also used to fit the 

entire NH3 concentration range measurement with an R2 equal to 0.99. (b) A linear fitting 

was used to fit the lower-range concentration measurements (2-100 ppm) with an R2 

equal to 0.98 and another linear fitting was used to fit higher range concentration 

measurements (200-1000 ppm) with an R2 equal to 0.99. 
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In a different set of fittings, linear regressions for absorbance changes assessed at 1 

second exposure of NH3 were also obtained, and compared to those obtained at 5 second 

exposure of NH3. These regressions were used to test an unknown sample concentration, 

resulting from a mixture of ammonium hydroxide and air inside a bag.   
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Table 2-2 shows the results assessed for the unknown concentration sample by the 

sensor, using a 1- and 5- second sample exposure, and the corresponding calibration 

curves. Both calibration curves (from the 1-second and 5-second exposure data), yielded 

the same concentration of the prepared NH3 bag of unknown concentration, indicating 

self-consistency of the calibrations. Additionally, these results indicate consistency 

between each pair of photodiodes (PD1 (sensing) / PD3 (reference) shown as PD1 and 

PD2 (sensing) / PD4 (reference) shown as PD2) in the system, as both pair of 

photodiodes yielded the same response.  
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Table 2-2. Ammonia concentration (ppm) output from calibrations performed with 1-sec 

and 5-sec sampling times in the NH3 sensors 

 1 sec PD11 1 sec PD22 5 sec PD13 5 sec PD24 

Run 1 868 875 956 932 

Run 2 980 1035 919 914 

Run 3 1018 998 1021 968 

Mean 955 970 966 938 

Std. Dev. 64 68 42 23 
1-2 Recovered with 1-second calibration curve from Photodiode 1, and Photodiode 2, 

respectively 
3-4 Recovered with 5-second calibration curve from Photodiode 1, and Photodiode 2, 

respectively 

 

2.3.4. Sensor Selectivity to Ammonia 

To confirm the sensor is only selective to NH3, the sensor was exposed to several 

interferents (e.g., acetone, 2-butanone, and methylene chloride) reported to exist in urine 

headspace [29]. Figure 2-5 shows the selectivity of the sensor to NH3. Even with 

relatively high concentration of interferents (e.g. 100 ppm acetone), the sensor only 

showed a significant response to NH3. This test confirmed the selectivity of the sensor in 

the harsh environment of the urine headspace sample. 
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Figure 2-5. The concentration of several compounds existing in urine headspace was 

measured with the CODA in this work. The NH3 sensor only shows response to ammonia. 

 

2.3.5. Sensor Reversibility and Reusability 

A healthy adult may urinate every 2-3 hours (8-9 times per day) [96]. Current methods 

to quantify NH4
+ in urine for clinical medicine require the patient to collect all excreted 

urine for 24 hours. There is no clinically used method for instantaneous urine NH3 

measurement. Figure 2-6a shows the absorbance response of the PTFE-based sensor to 

alternating exposure to 100 ppm of NH3 and dry air repeatedly over 1.2 hours. The sensor 

was continuously exposed to a repeating cycle of NH3 for 5 seconds followed by dry air 

for 120 seconds. The sensor was re-used for over 60 detection cycles without degradation 

in performance. For practical, clinical application one 5-second ammonia measurement 

could be taken every 24 minutes to cover 24 hours of monitoring, although much more 

frequent testing is also possible. Figure 2-6b shows the measured concentrations from the 
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continuous test after signal analysis, and use of calibration equations. It is important to 

note that the sensor required a conditioning period of 5-7 exposures. After this 

conditioning period, the concentration output remained fairly constant throughout the 

multiple exposures to NH3 and detection events of the same concentration. The detection 

concentration error was lower than 20%, and could be further improved with a better 

enclosure of the CODA, which will preclude from ambient light interference. 
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Figure 2-6. (a) The reusability of a sensor was determined by exposing 100 ppm of 

ammonia to a sensor for 5 seconds and then to dry air for 2 minutes for each 

measurement. (b) 35 measurements were conducted in 1.2 hours before the sensor 

saturated. About 80% of the measurements were within 1 standard deviation. 

 

2.3.6. Evaluation of Ion Selective Electrodes as Reference Method 

In this work, an ion selective electrode (ISE) (Ammonia High Performance Ion 

Selective Electrode) from Thermo Fisher Scientific was used as a reference method for 

total ammonia (NH3 + NH4
+) detection. The ISE was chosen due to the relatively 

inexpensive cost per sample compared with Gold Standard Methods, which are based on 

enzymatic methods. In addition, ISE enabled the processing of near real-time real urine 

samples, and the evaluation of results under conditions that were more compatible with 

the ISE, the intended use of the CODA. In order to evaluate the accuracy of ISE, the Gold 

Standard Method from Biovision [97] was used. The method is based on enzymatic 

reactions, and enables accurate detection of total ammonia expressed as NH4
+ levels. In 
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the assay, NH3 or NH4
+ is converted to a product that reacts with an enzyme and redox 

probe to generate color (at Optical Density, OD of 570 nm, which can be easily 

quantified by a plate reader. The kit can detect 1 nmol (~20 μM) of NH3 or NH4
+ [97]. A 

linear regression of the averaged data for 3 samples at each concentration is shown in 

Figure 2-7a, and was in agreement with the manufacturer specifications. The curve was 

used to assess total ammonia levels from urine, which were also determined by ISE. 

Figure 2-7b shows the averaged results of urine samples analyzed with the Gold Standard 

Method (enzymatic) and ISE. The ISE method had an error smaller than 1% when 

compared with Gold Standard Method, therefore, the ISE method was established as 

reference method.  
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(a) 

 

(b) 

 

 

Figure 2-7.  Evaluation of accuracy of the reference method, ISE. (a) The evaluation was 

performed with the gold standard method based on enzymatic reactions from Biovision. 

The calibration curve of the Biovision method is shown and was used to extract the 
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ammonia levels that were compared to the total ammonia level assessed from the ISE. (b) 

Averaged urine levels of 40.5 mM from Biovision test compared to averaged urine total 

ammonia levels of 40.9 mM from ISE, showing ISE method with an error smaller than 

1%. 

 

2.3.7. Sensor Use with Urine Samples 

To confirm the feasibility of the CODA and its use of the sensor in real conditions, a 

urine sample analysis was performed and measurements were recorded from a calibrated 

batch of sensors, and results were compared with those assessed from the ISE method. 

Subjects were first asked to urinate and then to eat a small meal and drink a protein shake 

as described in the experimental section. Next, the samples were measured by the ISE 

electrode and afterwards measured with the CODA. Figure 2-8a presents an example of 

the measurements from one subject, which had protein shake with 1 g of protein per kg of 

body mass. A similar result can also be found in literature using SIFT-MS [98]. Figure 

2-8b shows a correlation plot of results assessed from 5 subjects that had a wide range of 

protein concentration intake (details shown in experimental section), and urine samples 

were collected and analyzed with ISE (first) and CODA (second). A total of 20 samples 

(4 samples per subject) were processed. A good agreement between the measurement 

with CODA and ISE electrode was found with a regression coefficient > 0.9. However, 

the slope of the correlation showed smaller values assessed from CODA with respect to 

ISE method. This was due to an inadequate urine storage performed for some of the 

collected samples, as well as sample pH. It was observed the higher the pH of the urine 

sample, the more critical was the timing between collection and analysis due to the loss 

of NH3 as a gas. This fact remarked the importance of the implementation of a true 
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continuous sample collection and analysis system. In this regards, the team is making 

progress that hope to report in a follow up publication. 

Despite the detected problem, analysis of Receiver Operating Curve (ROC) for the 

assessed results was performed. Figure 2-8c shows the analysis of the analytical 

performance of CODA, with a ROC, using ISE method to determine True diagnostic 

ability as its discrimination threshold varied from 5, 10, 15, 20, 30, 40 mM NH4
+ (read 

total ammonia levels). The concentration range covers the normal ammonia total level in 

urine. Rapid change of total ammonia level in urine could therefore be captured as an 

early warning for acid-base and/or potassium disturbances. As it can be observed, the 

overall accuracy of the method was 92%, which is a satisfactory result.   
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Table 2-3 shows comparative features of the traditional methods used for total 

ammonia detection in connection to the newly proposed method based on CODA. The 

setup discussed in this work requires two manual steps: (1) the preparation of 

preconditioned urine to produce ammonia and (2) the switching the valve to control the 

sensing time. The team is developing an automatic system that has a preconditioning 

membrane and electronic valves allowing the omission of these steps. Challenges are that 

the membrane needs to work for at least 24 hours to meet the need of medical 

applications. . The ultimate goal is to apply CODA as a diagnostic device. With the 

planned changes accuracy could be improved over 92%. 
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Table 2-3. Comparative table of methods for total ammonia detection. 

Method 
Enzymatic 

(Gold Standard) 

ISE 

(Reference Method) 
CODA 

Accuracy error  >99% compared 

with Gold Standard 

92% compared to 

Reference Method 

Time per sample 60+ min < 5 min < 2 min* 

Cost per sample $ 5+ < $0.35 < $0.03 

* as envisioned with automated sampling 
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(b) 

 

(c) 

 

Figure 2-8. (a) Measurements of ammonia in urine headspace collected with the CODA 

and an ISE electrode for 3.5 hrs after the subject drank a protein shake. Both devices 
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show ammonia concentration levels dropped 0.5 hr after drinking the protein shake but 

continued to rise until the experiment ended. (b) The accuracy of the CODA was 

determined by systematically comparing its measurement to an ammonia ISE electrode 

(reference method). The measurement of the CODA was converted to NH4
+ level in 

liquid solution for clinical practical use by Medical Professionals. (c) Analytical 

performance of CODA: Receiver operating characteristic (ROC), using ISE method to 

determine True diagnostic ability as its discrimination threshold varied from 5, 10, 15, 20, 

30, 40 mM NH4
+ (read total ammonia levels). 

 

2.3.8. Pre-conditioning Column for Continuous Measuring 

Reusability  

The concentration of the incoming NH4
+ does not affect the concentration profile of the 

stationary hydroxide (OH-) site in the concentration range of NH4
+ that is typically 

encountered in urine samples (3.6 –100.0 mM).  The concentration of OH- is primarily 

affected by the inlet velocity (Discussed in Section: Variables: boundary conditions – 

inlet velocity u0 later). In this model, the concentration of OH- was set to a certain level to 

determine how many times this column could be used before the OH- is depleted. It has 

been determined experimentally that each injection takes 0.8 seconds to reach the target 

amount of the sample (200 ul).  The concentration of NH4
+, the inlet velocity, and the 

porosity were set to values of 37.8 mM, 0.05 m s-1 and 0.34, respectively. Figure 2-9 

shows the concentration profile at the (a) 1st, (b) 10th, and (c) 20th injection, with the 

bluish portion representing the full consumption of the OH- within the column, which we 

denote that the pH of the sample is over 10.5 for the sample as we assume the 

consumption of the OH- results in alkalization of the sample. The result shows that at the 

end of the 20th measurement almost all of the OH- in the column’s midsection has been 

depleted, which leads to the conclusion that after the 20th cycle, there is no more OH- able 

to alkalinize the sample. Therefore, we couldn’t ensure the sample’s pH is still over 10.5. 
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(a)                                            (b)                                           (c) 

 

Figure 2-9.  The concentration of NH4
+, the inlet velocity and the porosity were set to 

values of 37.8 mM, 0.05 m s-1 and 0.34, respectively. The result shown here is 

concentration profile for the (a) 1th, (b) 10th, and 20th measurement. 

 

Variables: Porosity  

The porosity of the extraction column was estimated based on ratio of the beads’ 

volume to the cylinder. The target column is a cylinder with the diameter of 2.5 cm and 

height of 1.5 cm.  The volume ratio occupied by the Styrofoam beads was derived by 

estimating the number of beads in a single layer, the number of layers in the cylinder, and 

the average diameter (0.2 cm) of the beads.  The concentration of NH4
+ and the inlet 

velocity were set to values of 37.8 mM and 0.05 m s-1, respectively. Figure 2-10 shows 

the concentration profile at the 20th cycle as the porosity is set to values of (a) 0.34, (b) 

0.66 and (c) 0.90 to better understand its effect on the stationary hydroxide (OH-) 

concentration profile.  When the porosity is high the OH- depletes slightly faster. 
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(a)                                            (b)                                            (c) 

 

Figure 2-10. The concentration of NH4
+ and the inlet velocity were set to values of 37.8 

mM and 0.05 m s-1, respectively. The result shown here is the 20th measurement with 

porosity of: (a) 0.34, (b) 0.66, and (c) 0.90. 

 

Variables: Boundary conditions – inlet velocity u0 

The boundary condition was estimated based on the real experiment, depending on the 

setup. In our extraction column, the inlet velocity was determined based on the average 

velocity that the water droplet reached the column, which was 0.05 m s-1.  Low (0.0035 m 

s-1) and high velocities (0.5 m s-1) were used to better understand the effect of the inlet 

velocity on the concentration profile within the column. Figure 2-2 shows the 

concentration profile at the 20th cycle under different inlet velocity: (a) 0.0035, (b) 0.05 

and (c) 0.5 m s-1. The concentration of NH4+ and the porosity are set to the valued of 37.8 

mM and 0.34, respectively.   The model clearly shows that the inlet velocity dominates 

the effect to the stationary hydroxide (OH-) concentration over porosity. 
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(a)                                            (b)                                            (c) 

 

Figure 2-11. The concentration of NH4+ and the porosity are set to the values of 37.8 mM 

and 0.34. The result shown here is the 20th measurement with inlet velocity of: (a) 0.0035 

m s-1, (b) 0.05 m s-1, and (c) 0.5 m s-1. 

 

Variables: The initial NH4
+ concentration of the samples 

Most urine samples have initial concentrations ranging from 3.6 to 100.0 mM. Within 

this range there is not much difference between the OH- concentration profiles after the 

20th measurement because the reaction is an acid-base reaction, which occurs 

immediately after the NH4
+ from the sample makes contact with the OH- within the 

column. Since the OH- is in excess with respect to the incoming NH4+, the NH4+ is 

totally converted to NH3, which is released as a gas. The depletion is mainly caused by 

the fluid going through extraction column, which is described in previous section 

(Section: Variables: boundary conditions – inlet velocity u0). Figure 2-12 shows the 

result of the concentration profile after the 20th cycle with a range of initial NH4
+ 

concentrations (37.8, 100.0 and 3780.0 mM). The inlet velocity of the sample and the 

porosity was set to the values of 0.05 m s-1 and 0.34, respectively. The results show that 

only under extremely high concentrations (3780.0 mM) of NH4
+ the concentration profile 

of OH- changes. The OH- depletes more quickly for samples with a high initial 

concentration NH4
+

. 
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(a)                                           (b)                                            (c) 

 

Figure 2-12.  The inlet velocity of the sample and the porosity was set to the values of 

0.05 m s-1 and 0.34, respectively. The result shown here is the 20th measurement with 

NH4
+ concentrations of: (a) 37.8 mM, (b) 100.0 mM, and (c) 3780.0 mM. 

 

Variables: Geometry 

A model was created determine the effect of the column’s geometry on its depletion 

rate.  Changing the geometry will as well change the amount of packed bed (beads), but 

the binding OH- remains the same. Two different column lengths (1.5 cm and 3 cm) were 

tested with all other parameters were kept constant. The concentration of NH4
+ and the 

porosity were set to the values of 37.8 mM and 0.34, respectively. Figure 2-13a and 

Figure 2-13b show the concentration profiles corresponding to the two configurations. 

Doubling the length of column increases the columns lifespan from 20 to 55 cycles. 

Doubling the length also allows more efficient use of the column.  The OH- closer to the 

wall is mostly depleted in comparison with other cases. Figure 2-13c shows the 

concentration profile with a thinner width configuration (2.0 cm in diameter) that 

shortened the lifespan of the column from 20 cycles to 17 cycles. 
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(a)                                            (b)                                           (c) 

 

Figure 2-13. The concentration of NH4
+ and the porosity were set to the values of 37.8 

mM and 0.34, respectively. The result shows the concentration profile how the hydroxide 

(OH-) is depleted with the configuration of: (a) 3 cm in length and 2.5 cm in diameter, (b) 

1.5 cm in length and 2.5 cm in diameter, and (c) 1.5 cm in length and 2.0 cm in diameter. 

 

Model verification 

An experiment was performed where NH4Cl was introduced to the column several 

times in the following sequence: 8 cycles of 37.8 mM, 5 cycles of 18.6 mM, and 5 cycles 

of 3.6 mM; 20 measurement cycles in total. Figure 2-14a and Figure 2-14b show the 

cross-sectional concentration profiles of the top layer of the extraction column based on 

modeling. Thymolphthalein was used as an indicator to visually determine when the pH 

level is over 10.5 (The indicator develops a blue color at this pH).  The Figure 2-14c 

shows the top layer of the extraction column before any sample is introduced and Figure 

2-14d shows the same column after the 20th injection cycle.  Figure 2-14d clearly shows 

almost no bluish color within the column, which indicates the sample’s pH level is below 

10.5. 
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                              (a)                                              (b) 

 

                             (c)          (d) 

 

Figure 2-14. The modeling results of 20 cycles were shown for the before the cycle (a) 

and after the 20th cycle (b). As a comparison, the experimental result was compared by 

showing the pH of the column with color change on Thymolphthalein before the cycle (c) 

and at the 20th cycle (d). 

 

2.4. Conclusion 

The Colorimetric Optoelectronic Dynamics Analyzer (CODA) discussed provides 

specificity, fast-response and accurate measurements for NH3 gas concentrations ranging 

from 2 ppm to 1000 ppm (corresponding to 0.1 mmol/L to 50 mmol/L of NH4
+ in liquid). 

Comparing the current standards, CODA measures 30-time faster and allows much less 

labor work to do the measurement. The sensor is very selective to NH3, especially 

considering the high amount of interferents in urine headspace. The sensor shows good 
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reusability in long sampling periods, enabling daily use for medical applications. CODA 

can accurately monitor the total ammonia level in urine, as evidenced by comparison to 

measurements from a commercial reference method (ISE electrode). The device connects 

wirelessly to smart devices, which provides flexibility for measurements for inpatient, 

outpatient, or personal health monitoring. As such, this sensor could potentially be a great 

asset to the medical community, providing a convenient alternative to the slow and bulky 

measurement techniques that are currently in widespread use. 
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CHAPTER 3                                                                                                                    

THE IMPROVEMENT OF AN EXITING MOBILE SENSING DEVICE FOR 

HEALTHCARE: A FLOW METER MODIFICATION IN A MOBILE INDIRECT 

CALORIMETER (MIC) 

 

3.1. Background and Introduction 

Resting metabolic rate (RMR), also known as resting energy expenditure is defined as 

the amount of energy expended by a person at rest.[99] and represents over 65% of total 

daily energy expenditure (TEE). Furthermore, RMR can represent 80-90 of TEE in 

sedentary people [100]. Therefore, evaluating an individual’s RMR is important to help 

the assessment of daily caloric intake needs for weight management. The most common 

methods used to assess RMR is indirect calorimetry, which determines RMR based on 

the oxygen consumption rate (VO2) and carbon dioxide production rate (VCO2), via the 

Weir Equation [101]. Traditional indirect calorimetry instrument are  metabolic carts, 

which are expensive, bulky and requires trained personnel for correct use. To get around 

with this, equations were created to estimate RMR that accounts for age, gender, weight 

and height [102]. However, it has been proved that the used of equations can render 

estimations that are 600-900 kcal/day from the true values assessed with indirect 

calorimetry measurement [103] 

To overcome the above problem, a mobile indirect calorimeter was developed to 

facilitate personal use for RMR tracking [48, 104]. The device uses a differential-pressure 

based flow meter and a colorimetric-based chemical sensor to determine VO2 and VCO2. 

Breath is delivered into the sensing chamber, where the O2 and CO2 react with a sensor 



57 

 

chip, inducing color changes for determining exhalation O2 and CO2 concentrations. VO2 

and VCO2 were calculated based on the breath O2 and CO2 concentrations, and breath 

flow rate. The performance of the device and colorimetric sensor have been validated by 

over 300 measurements against the Gold Standard, the Douglas bag method [104]. In 

addition, this mobile indirect calorimeter has been further used in human subjects to 

confirm functionality [105, 106]. 

In order to investigate an alternative to existing technology, we modified the commercial 

device to explore the utility of a new flow sensor for breath analysis. 

Some commonly used flow meters are described as follows: (1) Fleisch-type meters use 

small capillary tubes to create laminar flow, which provide good linear relation, but they 

suffer from clogging and are hard to clean [107]. (2) Orifice-differential pressure sensor- 

based flow meters are simple, robust, and inexpensive, but they might offer high flow 

resistance [108].  (3) Variable-orifice flow meters provide less flow resistance by having 

an orifice size proportional to flow [109]. However, they are prone to wear out 

mechanically over time.  (4) Pitot tube flow meters are inexpensive and have very low 

flow resistance, as their flow rate is proportional to the stagnation pressure. However, the 

sensitivity of this kind of tube is usually very low and is limited to low and steady flows 

[110]. While the field of flow meters has been well studied, flow measurement for 

breathing conditions with a wide range of flow rates has not been reported systematically, 

and it is important to investigate direct breath flow measurement due to special 

conditions such as temperatures above room temperature and possible condensation from 

humidity.  

In this work, we used an orifice plate (diameter of 6.8 m) combined with a thermal flow 
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meter with the inlet and outlet located before and after the orifice plate for breath flow 

rate measurement. The thermal flow meter converted differential thermal energy change 

into flow rate [111]. Unlike other flow meters, a thermal flow meter enables to work at 

low flow resistances. Comparative study between this modified device and a metabolic 

cart was conducted to validate the performance of the new system. 

 

3.2. Materials and Methods 

3.2.1. The MIC from This Work  

The MIC measured VO2 and VCO2 from breath and determined RMR according to the 

Weir Equation [26]. When breath O2 and CO2 flow through the sensor chip, they induced 

a color change on the sensor because of specific chemical reactions. The device had a 

light source and photodiodes to determine the absorbance change during the chemical 

reaction. The photodiodes transduced the absorbance of the sensor to a digital signal, 

which was wirelessly transmitted to a smart device for data processing. The absorbance 

was calculated by taking the negative logarithm of the signal response from the sensing 

area (Ssens.) divided by the signal response from the reference area (Sref.) as follows: 

 

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 = −𝑙𝑜𝑔⁡(
𝑆𝑠𝑒𝑛𝑠.

𝑆𝑟𝑒𝑓.
)    Equation 3-1 

 

A built-in calibration curve converted the absorbance to corresponding fraction of 

exhaled O2 concentration (FEO2) and fraction of exhaled CO2 concentration (FECO2). As 

mentioned above, our new flow meter implemented into the device allowed the 
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measurement of the exhalation breath rate (VE), which was used to calculate the oxygen 

consumption rate (VO2), carbon dioxide production rate (VCO2), and RMR through the 

following equations: 

 

𝑉𝑂2 = (0.2093 − 0.01 ∙ 𝐹𝐸𝑂2) ⁡ ∙ 𝑉𝐸   Equation 3-2 

 

𝑉𝐶𝑂2 = (0.01⁡ ∙ 𝐹𝐸𝐶𝑂2 − 0.0003) ∙ 𝑉𝐸  Equation 3-3 

 

⁡RMR(
𝑘𝑐𝑎𝑙

𝑑𝑎𝑦
) = [3.941 (𝑉𝑂2 (

𝐿

𝑚𝑖𝑛
)) + 1.11 (𝑉𝐶𝑂2 (

𝐿

𝑚𝑖𝑛
))] ∗ 1.440 Equation 3-4 

(Weir Equation) 

 

where FEO2 is the breath O2 concentration typically measured between 0.13 to 0.19 and 

FECO2 is the breath CO2 concentration typically measured between 0.03 and 0.06. The 

fraction concentration of O2 in atmosphere is assumed to be 0.2093 and the CO2 to be 

0.0003 based on typical atmospheric condition [112]. Since the inhalation volume and 

exhalation volume are very close, we also assumed they were the same in the calculation. 

Lastly, a built-in fan dried the flow tube to avoid water condensation buildup between 

measurements. 

 

3.2.2. The Flow Meter on This Work’s MIC 

The flow meter of the MIC, TFM, was an off-shelf electronic component obtained from 
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Omron®  (part number: D6F-P0010A2 [113]). It was located with the inlet and outlet 

connected to the exhaled breath channel in the upstream and downstream portion at each 

side of the 6.8-mm orifice plate. The temperature output from a thermopile or thermistor 

in the TFM is based on its electrical voltage change, which was subsequently measured 

by the microcontroller analog-to-digital converter. The TFM utilized the transduction of 

energy change to voltage change to measure flow rate. Usually in a TFM, there are two 

thermistors in the flow tube: the reference thermistor measures the temperature of the 

incoming gas, which is called the reference temperature (T0), and the hot thermistor, 

which is driven by a current to raise its temperature (TR) to some fixed level above the 

temperature of the gas [111]. In still gas, the hot thermistor loses heat due to energy 

dissipation (both radiation and convection) to balance the electrical energy that heats the 

thermistor, stabilizing the hot thermistor’s temperature. When the gas is flowing, the heat 

dissipation constant (K) of hot thermistor increases and TR decreases, resulting in an 

increase of the flow of current. The driving circuit senses the change in the current and 

raises the voltage (V) across the hot thermistor to maintain a fixed temperature difference 

between the reference thermistor and the hot thermistor, which is described by the 

following equation [114, 115]. 

 

𝑉 =  √𝐾𝑅[𝑇𝑅 − 𝑇0]   Equation 3-5 

where R is resistance. 

  Alternatively, two thermopiles (one upstream and the other downstream of the gas flow) 

and a heating element in between the thermopiles can be used. This approach can 
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simplify the required circuitry. When there is no gas flow, the temperature as measured 

by the two thermopiles is the same. As gas flows, the upstream temperature (T0) is 

expected to be lower than the downstream temperature (TR). The resulting temperature 

profile converted to voltages will allow gas flow rate to be determined. The TFM used in 

this project uses the thermopiles approach (Figure 3-1). 

 

Figure 3-1. Schematic of a Thermal Flow Meter.  

 

After placing the new TMF in the MIC, a calibration curve was built between the voltage 

and flow rate for a range from 20 L/min to 120 L/min, using dry air. The flow rate was 

integrated over time to assess the total volume which was used as criteria to determine 

the amount of breath to be used. The measurement of flow was set to be stopped when a 

total volume of 30L was collected. The reference flow used in the calibration was 

commercial flow sensor - Mass Flow Sensor SFM3000 from Sensirion. 

 

3.2.3. Metabolic Cart Used as Reference Instrument 

Metabolic carts are commonly used in hospitals to measure the individual’s RMR. Here 

we used Medical Graphics (MG) Ultima™ Cardi® as a reference equipment. This 
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instrument provides RMR measurement based on breath-by-breath analysis, is FDA-

cleared, and is typically used for assessments of patients’ RMR or energy expenditure 

under exercise conditions at institutions such as Mayo Clinic. To validate the new MIC, 

16 subjects were recruited (see details below) and measured by connecting the 

mouthpiece of the MG to the MIC in sequence with a T-joint, which only allowed 

exhalation breath to go through (Figure 3-2). Unlike the MIC, the MG only samples in 

average ~25% of the breath for breath O2 and CO2 measurement. Therefore, a factor of 

1.25 was applied to the exhalation rate (VE) measured by the MIC (accordingly to VO2, 

VCO2 and RMR) to compensate for the loss of the breath.  

  

Figure 3-2. The schematic of sequence of how the MIC connected to the MG.  

 

3.2.4. Subjects 

Sixteen (16) healthy adults, including 9 males and 6 females, were included in the study. 

The number of subjects was chosen to discriminate average RMR of 1800 and 2000 

kcal/day with standard deviation of 200 kcal/day (typical clinical variability) and to reach 

a power of 0.80 and alpha 0.05. The subjects’ age ranged from 27-57 years and BMIs 

Mouthpiece T-joint The MIC 

Medical 

Graphics 

25% 

Breath 
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ranged from 18-46 kg/m2. The measurements of the resting metabolic rate were 

performed early in the morning following standard clinical protocol approved by the 

Institutional Review Board of Mayo Clinic (IRB protocol # 16-003321). The protocol 

required subjects to fast with no strenuous exercise for the last 12 hours, or no moderate 

exercise for 4 hours prior to the measurement. The subjects remained in a comfortable 

sitting position in a darkened room with room temperature at ~23 oC. The subjects were 

asked to rest for 30 minutes before the measurement and then to breathe normally 

through the setup (Figure 3-2) and during the measurement. 

 

3.3. Results and Discussion 

Based on experience from other studies[103, 105, 106], predicative RMR equations 

such as Mifflin - St. Jeor or Harris - Benedict are average population estimations based 

on the physical characteristics of the subjects (age, gender, height and weight), and do not 

necessarily represent actual measured RMR values.  In the case of this study, similar 

conclusions have been found. Table. 1 shows the comparison between the RMR 

calculated by the Mifflin - St. Jeor Equation (MSJE) [116] and the RMR measured with 

our reference instrument, Medical Graphics (MG). As it can be observed, absolute 

differences ranging from 20% to 41% were observed for most of the subjects (11/16, 

~68% of the subjects). These differences translated into energy expenditure assessments 

with differences between 300 and 880 kcal/day, which is a significant amount that could 

cause weight gain in someone targeting weight loss. For this reason, we believe that the 

only way to assess the true RMR of an individual is measuring it. Indirect calorimetry is 

the recommended method. Therefore, the goal of this paper is to compare the result 
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between a modified self-designed device with a solid well-established reference indirect 

calorimetry method. 

 

Table 3-1. The comparison between the RMR calculated by the Mifflin - St. Jeor 

Equation (MSJE) and the RMR measured with Medical Graphics (MG). 

Subject 

# 

Weight 

(kg) 

Height 

(cm) 

Age 

(yr) 
Gender 

MSJE 

RMR 

(kcal/day) 

MG RMR 

(kcal/day) 

Difference: 

MG RMR 

-MSJE 

RMR 

(kcal/day) 

Differential 

Percentage 

(MG RMR 

-MSJE 

RMR) / 

MG RMR  

(%) 

1 68 170 46 F 1968 1758 -210 -11 

2 85 190 27 M 2335 2547 211 9 

3 60 163 27 F 1751 1997 246 14 

4 84 189 27 M 2319 2983 664 29 

5 61 164 27 F 1767 2315 548 31 

6 66 161 59 F 1956 1150 -806 -41 

7 111 180 47 M 2631 2133 -498 -19 

8 48 161 50 F 1732 1366 -366 -21 

9 83 176 58 M 2381 1694 -687 -29 

10 150 183 57 M 3089 2261 -827 -27 

11 66 161 54 F 1931 1218 -713 -37 

12 102 182 52 M 2578 1700 -879 -34 

13 102 159 45 F 2234 1706 -528 -24 

14 101 175 56 M 2544 2510 -35 -1 

15 78 186 57 M 2388 1808 -580 -24 

16 110 186 57 M 2708 1983 -725 -27 

*MSJE RMR = Resting metabolic rate calculated based on Mifflin St-Jeor Equation: For 

women: 10 x weight (kg) + 6.25 x height (cm) – 5 x age (y) – 161, For men: 10 x weight 

(kg) + 6.25 x height (cm) – 5 x age (y) + 5 

*MG RMR = Resting metabolic rate measured by Medical Graphics 
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Figure 3-3 shows the calibration curve of the new MIC. Since the built-in calibration 

curve ranging from 0 – 120 L/min was not linear, it was divided into 7 linear segments (0 

– 10, 10 – 20, 20 – 30, 30 – 40, 40 – 50, 50 – 90 and 90 – 120 L/min) to optimized the 

performance of the firmware of the device and reduce calculation time. 
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Figure 3-3. The calibration curve of flow rate ranging from 0 to 120 L/min.  

 

Figure 3-4 shows an example of breath exhalation flow rate (VE) measured by the MIC 

and the reference Sensirion flow sensor. The exhalation flow rate measured by the new 

MIC was recovered by using the calibration curve built from the Sensirion flow sensor 

and corrected by standard pressure and dry conditions before the comparison. The 

interrogation showed the ability of the device to monitor exhalation flow rate in a breath-

by-breath manner. Note this accuracy was maintained during the first 10 weeks of the use 

of the flowmeter. However, a degradation of performance was observed over time as 
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shown as follows (see below). 
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Figure 3-4.  A breath-by-breath exhalation flow rate monitoring was measured by our 

modified device and Sensirion. 

 

To evaluate the performance of the new MIC over time, 16 subjects’ RMR were 

measured using the MIC and the MG simultaneously. As mentioned before, a factor of 

1.25 was applied. Figure 3-5a, 5c, and 5e show that VO2, VCO2, and RMR measured by 

the new MIC and the MG correlated very well. All of them had regression coefficient (R2) 

greater than 0.96. On average, the measured RMR from the MIC were about 5.9% less 

than the MG for VO2, 5.3% for VCO2, and 6.6% for RMR. Figure 3-5b ,5d, and 5f show 

the Bland-Altman plot of the percentage difference between the new MIC and the MG for 

VO2, VCO2, and RMR defined as (MIC – MG) / MG * 100%. All the results for VO2, 

VCO2, and RMR were within the range of mean value ±1.96 standard deviation, showing 

a reasonable performance. However, we identified +/- 10% should be a practical 

acceptance limit of performance since +/- 10% is the physiological variability of RMR 
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[112], and therefore, percentage differences larger than +/- 10% , which were observed 

for VO2, VCO2, and RMR, were found to be inadequate for acceptance criteria of good 

performance.  
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(c) 
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Figure 3-5.  Comparison between the new MIC and the MG instrument. Linear 

correlations and Bland-Altman analysis for VO2 (a)(b) and VO2 (c)(d) and RMR (e)(f).  



70 

 

 

In order to quantify the lack of the new MIC device’s performance, we further analyzed 

the results, defining three categories based on absolute percentage differences: a) <10%, 

b) 10-20%, and c) > 20%. Figure 3-6 shows a pie chart that categorizes the absolute 

percentage difference between the measured results from the new MIC and the MG. 

Twenty-five percent (25%) of the measurements had a difference larger than 20%, 44% 

had a difference between 10~20% and only 31% had a difference within +/-10%. In 

summary, 69% of the measurements had a difference of over 10%. 

 

Figure 3-6.  Pie chart distribution for RMR difference (%) between the modified MIC 

and MG.  

 

As mentioned before, we analyzed the exhaled O2 and CO2 concentration outputs from 
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the modified MIC vs. the MG, and no significant difference was found (not shown). 

However, we found the difference to be caused by VE (see more details below). In fact, 

we noticed a degradation of VE performance from the TFM over time. Figure 3-7 shows 

the error of VE between MG and MIC on each subject over the period of use. A clear 

increase of error was built up over time (as the number of subject increased), with VE 

measured from the modified MIC systematically lower with respect to VE from MG. 
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Figure 3-7.  Absolute percentage difference of VE between the MG and MIC calculated 

as Error (%) = |(VEMIC – VEMG)/VEMG * 100%| for each subject. The subjects 1-16 were 

measured between a period in time starting on 02-20-2017 and ending on 02-05-2018. 

 

Figure 3-8 shows a breath-by-breath example of the measurement of a subject with the 

modified MIC after the performance degradation was detected. As opposite to the 

patterns observed before, the degradation where relatively constant maximum exhalation 

rates were observed in each cycle from the beginning to the end of the measurement (see 

Figure 4), this pattern shows significantly lower exhalation rates at the beginning of the 
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measurement. The recorded flow rate before 280 seconds was about 2 times lower than 

after the flow rate recorded in the remaining second portion of the measurement. Further 

investigation needs to be done to learn more about this phenomenon, and only a 

hypothesis can be discussed at this time. 

A possible reason for failure is that the condensation of moisture in breath over time 

may cause damage in the TFM’s thermopile and the mechanisms involved to reach 

adequate behavior. Before the start of the measurement, the humidity around the 

thermopiles is the same as the humidity of the environment. After the measurement starts, 

a sudden disturbance from the moisture of breath condensing on the surface of 

thermopiles takes place.  

In a new TFM, the thermopile seems to be immune to humidity condensation (probably 

due to hydrophobic coatings). In a used TFM, the thermopiles may suffer a damage of 

their coatings and a breath humidity condensation, which is a phase change that releases 

heat, and may dramatically change the energy flow, changing the TFM working 

conditions, and causing an erroneous reading. As the measurement continues, the 

condensation reaches a steady state and no longer perturbates the system with further heat 

release, and therefore, the temperature in the system would reach equilibrium so that the 

TFM can function correctly.  

Using tubing before the flow meter inlet to trap humidity could possibly reduce the 

condensation onto the thermopiles. In addition, a systematical correction algorithm can 

also be applied to accommodate the effect of condensation. These modifications are 

possibilities to mitigate the above-mentioned problems. However, the TFM in its current 

form is not suitable to be used as a flow meter for a gas sample that has high humidity or 
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temperatures significantly different from ambient temperatures. 
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Figure 3-8. An example of a breath flow rate recording on the modified MIC after the 

performance degradation was detected. 

 

3.4. Conclusion 

To conclude, we observed a 6.6% underestimation of RMR output in the new MIC. 

Although initial calibration of the TFM sensor done at a range from 0-120 L/min 

rendered accurate values with respect to reference commercial flowmeters, the original 

calibration failed to be applied after using the TFM over a period of 3-4 months. 

Furthermore, VO2 and VCO2 were measured to render RMR measures by the modified 

MIC and MG in parallel, and 69% of the measurements showed a difference between the 

two methods that was greater than 10%, which could have been caused by moisture from 



74 

 

the breath collection or from the degradation of the TFM sensitivity to the flow. Further 

investigation needs to be done to confirm this assumption. Nevertheless, the TFM is not 

suitable for highly humid gas sample measurement, such as human breath. 
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CHAPTER 4                                                                                                                    

THE IMPROVEMENT OF AN EXITING MOBILE SENSING DEVICE FOR 

ENVIRONMENT: THE LIFE-TIME BOOST ON A QUARTZ TUNING FORK 

SENSOR 

 

4.1. Background and Introduction 

Volatile organic compounds (VOCs) are organic chemicals emitted from anthropogenic 

and biogenic sources with high vapor pressure at room temperature [4], such as acetone, 

ethanol and benzene…etc., some of which are harmful to human health [5]. According to 

the United States Environmental Protection Agency (EPA), VOCs are among the major 

pollutants for indoor and outdoor air quality, which are emitted from furniture, appliances, 

and construction materials and combustion of vehicle fuels [6] [7]. Harmful VOCs 

typically are not acutely toxic, but have compounding long-term health effects [8].  

Monitoring personal exposure to VOCs is needed. A plethora of analytical methods has 

been developed to monitor VOC concentrations. PID is well-known for its portability and 

simplicity to handle, but not very selective to specific analyte [42]. GC-MS with its 

supplemental detection method such as thermal conductivity (TCD) [117], differential 

mobility (DMD) [118], and flame ionization (FID) [119] is another one, which has high 

selectivity, but is very expensive, bulky and requires expertise to handle. MOS sensors 

for VOCs are also reported [35] However, they are power-consuming and not very 

selective. Some other personal VOC monitors have also been recently developed [120].  

A wireless wearable monitor based on quartz tuning forks (QTF) sensors for 

environmental VOCs has been developed by our group [121]. Quartz tuning forks are 
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mass sensitive resonators useful in biosensors [122, 123]. The QTF sensors are coated 

with polymer films that are sensitive and selective to target VOCs. For instance, the 

molecular imprinted polymers (MIP) are highly selective to hydrocarbons. The MIPs are 

formed in the presence of a specific molecule template that is extracted later, leaving 

binding sites complementary cavities with chemical affinity to the molecules similar to 

the original molecule template or its family [124]. When target VOCs molecules are 

adsorbed onto the polymer, a change in resonant frequency (induced from loaded mass 

change on the QTF sensor) is detected. The QTF sensing mechanism gives the possibility 

to develop fast response, high sensitivity and portable devices for personal VOC 

exposure detection compared to any other methods mentioned before. Studies has shown 

the validation of the specifications of the QTF-based VOC device [125] and the ability 

for the device to provide timely response to VOCs exposure level, helping to identify 

potential health risks [126]. The device developed in our group, compared to other works, 

has the characteristics as follows: (1) A replaceable pre-calibrated sensor cartridge has 

been created to improve to avoid laboratory calibration procedures dependent on 

expertise. (2) A much smaller device volume VOC device has been designed and mass-

produced, including highly integrated components. (3) A user interface with embedded 

guidance has been created as a mobile application in a phone or tablet. 

In this part of work, we will describe the fabrication of the QTF sensors for the wireless, 

wearable device for hydrocarbons detection and their properties. Many studies have been 

done on the molecularly imprinted polymer structure [124], including thermal stability 

[127], chemical and physical adsorption calculations and evaluations [128-130]. Previous 

work done by our group demonstrates evidences of MIP aging and its effect on MIP 
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sensing properties [131]. We have built MIP-modified QTF sensors, and systematically 

tested the stability of the material. MIP is a porous and adsorptive sensing material [132-

134], and we have observed an aging effect on the sensing material with a concomitant 

decay of sensor sensitivity over time. Comparative study about the selectivity to 

hydrocarbons between fresh and aged sensors has been investigated. 

 

4.2. Materials and Methods  

4.2.1. Quartz Tuning Fork Sensors 

The QTFs are piezoelectric crystal resonators with high mass sensitivity, thermal and 

mechanical stability, and self-sensing capability [135]. The QTF sensors used in the 

present experiments have a native resonant frequency of 32.768 KHz and a dimension of 

4 mm x 0.6 mm x 0.35 mm (manufactured by Jiangcheng Electronic Limited Company), 

which renders a mass sensitivity of 20 ng/mm2. 

 

4.2.2. Molecularly Imprinted Polymer (MIP) Preparation 

The MIP is synthesized using divinylbenzene (mixture of o-, m-, p-, Sigma Aldrich) as 

both monomer and cross-linker, o-xylene (Sigma Aldrich) as both template and solvent, 

and azobisisobutyronitrile (AIBN, Sigma Aldrich) as initiator, under argon environment, 

85◦C, and overnight. In addition, MIPs using styrene (Sigma Aldrich) and the above 

mentioned components were synthesized to study the effect of the ratio of monomer 

(styrene)-to-cross- linker (divinylbenzene) on the sensitivity of the polymer to xylene. 
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4.2.3. MIP Treatment and QTF Sensor Coating  

After synthesis, the polymer is cracked into smaller pieces (estimated size: 1mm-5mm) 

first and smashed using ball milling machine (PQ-NO 4 Planetary Ball Mill, Across 

International) to obtain consistent particle size.  The QTF forks were pretreated with 

isopropanol and dodecane thiol overnight, then dipped in dried toluene and phenyl 

trimethoxy silane for 5 hours and dried with argon before being coated. The uniform 

polymer particles (estimated size: 1μm-10μm) are then dispersed in o-xylene solvent and 

the mixture is coated onto QTFs with a metal needle syringe or with Spin Coater Model 

P6700. To show the sensitivity of the optimized QTF sensors, pure polystyrene (PS), pure 

MIP and the mixture of MIP and PS with the ratio of 19:16 were coated to the QTF.  One 

group of MIP+PS-modified QTF sensors was left at -4C refrigerator for 14 days before 

testing its sensitivity and selectivity to hydrocarbons to compare with the sensitivity of 

those which are freshly made to study the aging effect. 

 

4.2.4. QTF Sensing Device Mechanism 

 Figure 4-1 shows the schematic and appearance of the devices. The personal VOC 

device based on QTF sensors consists of four functions: (1) Collection and delivery: the 

air sample is collected and delivered via an alternating channel valve-activated 

mechanism with a purging channel, delivering a VOC-free baseline for 120 s and a 

sampling channel, delivering the gas sample to analyze for 60 s. Environment 

hydrocarbons are tested through the sampling channel. Humidity of air sample is 

balanced by a Nafion®  tube. (2) Sensing and detection: after the air sample is produced, 

it passes a sensor chamber with a MIP- modified QTF sensor inside, and the sensing 
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signal from the sampling vs. purging channels are compared and assessed. (3) Signal 

conversion and data transfer: the resonant frequency shift of the MIP-modified QTF 

sensor is the sensor signal output, which allows the detection of gas phase analyte 

concentration due to the mass loading effect of the adsorption of molecules onto the MIP. 

(4) Data transmission and signal processing: the differential sensor signal is transmitted 

to a smart phone via Bluetooth® , where raw signal is captured, and further processed to 

provide concentration output. Detailed descriptions of the circuit have been provided in a 

previous publication [125]. 
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(b) 

 

Figure 4-1. The schematic [136] (a) and the appearance of the VOC replaceable cartridge 

and device. 

 

4.3. Results and Discussion 

Previous work has shown that the study on optimizing the ratio between the MIP, 

styrene monomer and DVB [131]. Figure 4-2 shows the sensitivity of different ratio of 

materials coated on the QTFs. The result shows the template (o-xylene) mixing without 

monomer gives the highest response. 
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Figure 4-2. Response of TF sensors modified with different MIPs and commercial 

polystyrene (Aldrich). The MIP-modified TF sensor response is normalized to the PS-

modified TF response. Different MIPs were synthesized with different ratios of styrene as 

monomer, o-xylene as template, and divinylbenzene (DVB) as cross linker. The MIP 

synthesized with no monomer (styrene), and pure cross-linker (DVB) had the higher 

sensitivity, and was selected as MIP of choice.  [136] 

 

Figure 4-3 shows the selectivity between the fresh and aged sensors that was coated 

with MIP and polystyrene (PS) to different hydrocarbons. Common environmental 

pollutant gases, such as formaldehyde, ethanol, acetone, dowanol, ammonia, NO2, ozone, 

hydrogen sulfide and carbon monoxide, were also tested with the device. None of them 

shows response to the QTF sensor. T-test was performed between fresh MIP+PS and 

fresh MIP as well as fresh MIP + PS and aged MIP + PS. There is no significance 

difference for both comparisons, which the p-value are 0.2629 for fresh MIP + PS versus 

fresh MIP and 0.8709 for fresh MIP+PS versus aged MIP + PS. 
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Figure 4-3. MIP selectivity. Response of MIP of choice to different analytes. 

 

To confirm the response to analytes is caused by the coating of MIP on the sensor, the 

sensitivity between different coatings was compared. 40 ppm of xylene was used to 

evaluated the sensors. Figure 4-4 shows a comparison between the coating of pure PS, the 

Non-imprinted polymer (NIP) and the mixture of PS and MIP with the ratio of 19 : 16. 

The mixture of PS and MIP is the most responsive among the different coatings. PS 

shows 0 response to xylene, proving the analyte is only responsive to MIP. NIP is slightly 

responsive to xylene, since there are no sites for hydrocarbons to adsorb.  
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Figure 4-4. The sensitivity of the QTF with pure coating of PS, pure coating of MIP and 

the mixture of PS and MIP with the ratio of 19 :16. 40 ppm of xylene were used to 

evaluate the performance of the coatings for the QTFs. 

 

In previous study in our group, the stability of the pure MIP-modified was found to lost 

its sensitivity within 2 weeks [131]. PS was used to increase the stability of the QTF 

sensor throughout the time. The sensitivity of the MIP + PS-modified QTF sensors are 

tested over a year, stored at -4˚C (Figure 4-5). It was found that storage of the MIP + PS- 

modified QTF sensors under low temperature allows achieving sensitivity stabilization 

for more than four months at ~75% level of the original sensitivity of Day 1. [131] 
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Figure 4-5. The MIP + PS modified QTF sensor response vs time in a year, stored at -4˚C. 

[131] 

 

4.4. Conclusion 

In summary, we explored aging effect of the MIP in connection to its gas adsorption 

capability, using a MIP+PS-modified QTF sensor located inside a recently developed 

personal wearable wireless VOC device. The QTF sensors still show good sensitivity and 

selectivity to environmental hydrocarbons even been aged for 2 weeks. Polystyrene was 

shown to provide good stability to the MIP modified QTF sensors throughout the time. 

The MIP+PS-modified QTF shows good sensitivity to environmental hydrocarbons 

pollutants and has an extraordinary life time; the signal detected by the sensors could be 

well-transmitted to smart devices. The properties mentioned shows this detecting system 

is a good candidate for connected health and environment application. 
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CHAPTER 5                                                                                                                   

THE SENSING DEVICES APPLICATION FOR CONNECTED HEALTH AND 

ENVIRONMENT: RESTING METABOLIC RATE INTEGRATION WITH 

ENVIRONMENTAL SENSING 

 

5.1. Background and Introduction 

Resting metabolic rate (RMR) is the most useful parameter in assessing people’s 

metabolic activity [137], which provides information for patients with a variety of health 

concern [115, 138] and is the only way for professionals to properly estimate caloric 

needs of an individual to fit a person’s wellness and weight goals [21].  

Although epidemiological equations were developed for calculating RMR [139], it is 

necessary for an individual to assess their RMR value by measurement directly [105] for 

better accuracy since one’s RMR value varies from the predictive equations and relies on 

many physiological parameters [137]. Methods to measure people’s RMR have been 

developed in the past decades, including direct calorimetry [140] and indirect calorimetry 

(IC) [141]. Laboratory bench based instruments to measure RMR have been developed, 

such as the metabolic cart [137]. However, these bulky instruments are developed for 

professional use and are not accessible to regular users. As reported by our group and 

others, although there is no statistically significant difference between measured RMR 

and predicted RMR as population averages, difference exists for an individual’s RMR, 

and the variance may be big [142, 143]. In recent years, hand-held and mobile devices 

have been developed for personal use [104, 144], which make it practical for individuals 
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to monitor their RMR daily and design an evident based personal wellness and fitness 

plan, rather than using epidemiological equations to estimate their metabolism.  

Persistent organic pollutants (POPs) are toxic chemicals that are resistant to degradation 

and can adversely affect human health and the environment [145]. It has been reported 

that increase in body burden of some POPs (i.e. organochlorines) may decrease oxidative 

enzymes and RMR [146-151], which is correlated with weight loss [147]. Volatile 

organic compounds (VOCs) is among the top air pollutants for both indoor and outdoor 

environment [4] that presents harm to human health and the environment [152]. 

Furthermore, VOCs in blood can diffuse across the pulmonary alveolar membrane. Given 

the similarity and overlap of POPs and VOCs, we hypothesize that VOCs in the alveolar 

breath correlates with metabolism [153]. Nevertheless, we are unaware of any report that 

directly associate VOCs exposure with RMR. Therefore, it is important to study the 

effect of environmental VOCs exposure at personal level and its correlation with human 

metabolism.  

Mobile trackers enable the tracking of individuals' VOCs exposure in real-time. In this 

paper, we present the first study that directly tracks personal VOCs exposure and 

correlates it with individual’s RMR differences between the measured value from 

portable IC device and predicted value using predicative equation. We tracked 17 

sedentary office lifestyle participants’ VOCs exposure with a portable monitor. During 

the same period, their RMRs were measured using a portable IC. In addition, to study the 

effect of high concentration VOCs exposure, we tracked another participant who is an 

auto mechanic. Results showed that there is no obvious RMR-VOCs correlation for 
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sedentary office lifestyle workers. However, correlation is found for the auto mechanic. 

Further investigation on active working professionals with high VOCs exposure level is 

needed to confirm this finding. 

5.2. Materials and Methods 

5.2.1. Participants 

A total of 36 participants were recruited from the greater Phoenix area in 2016.  The 

recruitment criteria includes overall good health, free from any medications that might 

affect metabolic rate and no tobacco use. Female subjects who were pregnant and/or 

lactating were excluded. We have obtained the Arizona State University Institutional 

Review Board approval prior to the study (IRB protocol # 1012005855 for the RMR 

measurement and IRB protocol # 1304009100 for the VOCs measurement). All 

participants provided written informed consent before participating in the study. 

 

5.2.2. Measurements 

Physical parameters, including height, weight, gender, age, and body fat percentage 

(BF %) were recorded. Body compositions was determined by Tanita bio-impedance 

scale (model: BC-554 IRONMAN®  Body Composition Monitor).  Height was measured 

with a wall-mounted stadiometer. These parameters were used to calculate RMR from the 

epidemiological equation. Summary of all sedentary office lifestyle participants has been 

included in Table 1. As mentioned in the introduction, 1 participant is an auto mechanic, 

who represented subject exposed to higher than typical VOCs concentration. This 
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specific participant is a 23 year old male. His weight is 93.6 kg and height is 1.75 m. His 

BMI is 30.6 kg/m2. 

Table 5-1. Sedentary office lifestyle participants’ physical parameters. 

 N Age Weight (kg) Height (m) BMI (kg/m2) Fat (%) 

All participants 35 
27.8±4.5 

(23-47) 

63.2±13.4 

(45-86) 

1.69±0.1 

(1.42-1.91) 

21.9±2.4 

(17.2-26.7) 

16.9±5.7 

(6.0-29.2) 

Males 19 
29.5±5.3 

(23-47) 

72.3±9.99 

(52.8-86) 

1.78±0.05 

(1.70-1.91) 

22.7±2.6 

(18.1-26.7) 

13.8±4.1 

(6-19.6) 

Females 16 
25.2±2.2 

(23-30) 

52.4±7.33 

(45-70) 

1.58±0.09 

(1.42-1.75) 

20.9±1.9 

(17.2-22.9) 

20.6±5.2 

(13.2-29.2) 

 

Resting metabolic rate (RMR) was measured using a mobile indirect calorimeter (MIC) 

designed and reported by our group [48, 104] (See Chapter 3.2.1). This device evaluates 

energy expenditure (EE) by detecting the rate of oxygen consumption and carbon dioxide 

generation in breath [154]. It is based on a flow meter for breath flow rate and a chemical 

sensing cartridge for breath oxygen and carbon dioxide measurements. As reported 

previously [48, 104], the device connects wirelessly to an iOS/Android mobile device via 

Bluetooth® . A QR code with pre-calibrated sensor information will be scanned with a cell 

phone camera and the calibration factors for the single-use sensor cartridge will be 

applied to the measurement. 

Participants were required to adhere to the following pre-test conditions: no food or 

caffeine intake in the past 4 hours, no strenuous exercise performed for the past 12 hours, 

and no moderate exercise performed 4 hours before the test. Participants were introduced 

to the testing procedure in the beginning. Physical parameters were then recorded. Three 

RMR measurements were done in the same morning once the resting state was assured. 
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All participants adhered to testing instructions. 

During the measurement, participants breathed through a disposable mouthpiece 

attached to the Breezing®  device. The data received on the mobile device was processed 

and displayed on the user interface. The Weir equation was used to determine RMR from 

the measured oxygen consumption and CO2 production rates [154]. Validation of this 

device has been previously described [104].  

A portable low cost VOC monitor for free-living conditions has been reported before 

by our group [121, 131, 155, 156] (See Chapter 4.2.4). It is a selective polymer 

(molecularly imprinted polymer) modified quartz tuning fork based sensor, which is a 

mass sensitive piezoelectric resonator. The change in resonant frequency of the sensor 

correlates with the amount of targeted analyte the sensor is exposed to. Each 

measurement takes approximately 3 minutes. The device connects wirelessly to an 

Android smart phone via Bluetooth® . Validation tests of the VOC monitor were reported 

in our previous publications [121, 131, 155, 156]. 

VOCs exposure concentration was monitored with our tuning fork VOC monitor. 18 

participants out of the 36 participants were randomly selected to have their VOCs 

exposure measured throughout the day. As mentioned before, one of the participants is an 

auto mechanic who handles toluene related chemicals for as part of his job. The 

participants wore the portable monitor in an armband and had their VOCs exposure 

assessed for two one-hour-long periods during the day and at night respectively. 
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5.2.3. Epidemiological Equation 

As one of the most popularly used predictive equation in estimating RMR, Mifflin-St 

Jeor equation (MSJE) was used in this study to predict the participants’ RMR from their 

age, gender, weight, and height. The equation is a result of the regression from 498 

healthy individuals [139]: 

RMR (kcal/day) = 9.99×weight (kg) + 6.25×height (cm) – 4.92×age (y) + 166×sex 

(males, 1; females, 0) – 161  Equation 5-1 

5.3. Results and Discussion 

5.3.1. RMR Measurement Results Using Portable IC and Comparison with MSJE 

The RMR of every participant was measured three times using the portable IC and the 

results were averaged. In the meantime, RMR value was calculated using MSJE and the 

collected physical parameters. A comparison of measured and calculated RMR is shown 

in Figure 5-1. 
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Figure 5-1. RMR results comparison between IC measurement and MSJE prediction [143] 

a) Raw RMR data from the two methods; b) Averaged RMR comparison between the two 

methods for all participants; c) Averaged RMR comparison between the two methods for 

female participants only; d) Averaged RMR comparison between the two methods for 

male participants only. 

 

The raw RMR values from the two methods are presented in part a, and the averaged 

RMRs for different participant groups (all participants, female and male) are shown in 

parts b, c, and d. Paired t-tests were performed and an α=0.01 and p<0.01 were set for 

statistical significance. The p values for the three paired t-test are 0.44, 0.01, and 0.32 

respectively. Results show that there is no significant difference between predicted and 
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calculated RMRs for any of the groups. It is noted that the p value for female participants 

is 0.01, which is just above the cut-off value for our statistical significance. 

 

5.3.2. RMR Difference between the Two Methods 

Based on  this study and our previously published results [143], that there is no 

statistical difference in the RMR values between the portable IC measurement and the 

MSJE calculation. However, as shown in Figure 5-2, the distribution of differences 

between these two methods (RMR= RMR from MSJE – RMR from portable IC) varies 

from -887 kcal/day to 665 kcal/day, which is a wide range with physiological 

significance. Taking into account the precision of the portable IC and the potential 

experimental errors, a range of ±200 kcal/day for the difference was set to determine the 

agreement of the measured and calculated RMRs. Although the average difference is -48 

kcal/day, which is quite close to the line of equality (x=0), the RMR differences for only 

10 out of 35 participants (28.6%) fell within ±200 kcal/day. Since the MSJE is the result 

of a regression model of a large population study, it represents the average RMR value of 

the population and is not expected to reflect an individual’s unique RMR particularly 

well. Therefore, we can conclude that for a large portion of the population, their 

individual RMR likely differs from the MSJE predicted average by more than ±200 

kcal/day. 
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Figure 5-2. Distribution of RMR difference between the two methods, RMR = RMR 

from MSJE – RMR from portable IC 

 

5.3.3. VOCs Exposure Measurement 

Based on the RMR, participants were divided into three groups: Group A includes 10 

participants with RMR > 200 kcal/day; Group B includes 10 participants with -200 

kcal/day < RMR < 200 kcal/day; Group C includes the remaining 15 participants with 

RMR < -200 kcal/day. As mentioned above, out of the 36 participants, 17 sedentary 

office lifestyle participants were recruited with their daily VOC exposure measured as 

described below.  

Among the 17 sedentary lifestyle participants, 6 participants were from Group A, 6 

participants were from Group B, and 5 participants were from Group C. They were asked 

to wear the VOCs monitor for about an hour at work and at home for a total of two hours 

in a day. The monitor was placed inside an armband and real-time data was recorded on 
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an Android phone. No discomfort or hindrance during their activity was reported. 

Figure 5-3 shows the summary of the study. The average VOCs concentration of each 

test was plotted against the RMR of each participant. The daytime and nighttime VOCs 

concentrations are presented in Figure 3 a) and b). On average, participants reported 

spending 10 hours at work and over 12 hours at home. To simplify the calculation for an 

individual’s 24-hours hydrocarbon exposure, we used their average time spent at work 

and home as weights for the measured VOC exposure level as shown in the equation 

below.  

 

24⁡ℎ𝑜𝑢𝑟⁡𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒⁡𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

=
10

24
∗ 𝑑𝑎𝑦𝑡𝑖𝑚𝑒⁡𝑎𝑟𝑒𝑎⁡𝑉𝑂𝐶𝑠⁡𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 +

14

24

∗ 𝑛𝑖𝑔ℎ𝑡𝑡𝑖𝑚𝑒⁡𝑎𝑟𝑒𝑎⁡𝑉𝑂𝐶𝑠⁡𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 

          Equation 5-2 
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(a) 
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(c) 

 

Figure 5-3. Average VOCs concentration for each test: a) participants’ work area; b) 

participants’ home; c) prediction of 24-hours exposure level by applying average time 

spent in each location. See text for details. 

 

As reported in the previous publication, the total VOCs concentration obtained from 

this VOCs device is in terms of volume in total carbon concentration (ppmC) [157]. From 

Figure 5-3, it can be observed that for most cases, the participants’ homes have higher 

VOCs concentrations compared to their work area. This may due to better ventilation in 

most office buildings than in residential constructions.  

ANOVA analysis [158] has been applied to quantitatively analyze the VOCs exposure 

concentration within the three groups. Table 5-2 shows the average VOCs exposure in 

each test and the statistics from the ANOVA analysis. The average VOCs exposures for 

all three groups under each condition were similar. The p value for all three conditions 

are higher than 0.01, indicating no significant difference within the three groups. In 
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addition, the F values from the ANOVA analysis are smaller than the F critical values. 

Thus the null hypothesis that there is no significant difference within the three groups is 

not rejected. 

 Table 5-2. Average VOCs exposure and ANOVA analysis. 

 
Day time activity 

area VOCs exposure 

(ppmC) 

Night activity area 

VOCs exposure 

(ppmC) 

24 hour average 

VOCs exposure 

(ppmC) 

Group A 1.15±0.63 2.56±0.48 1.97±0.48 

Group B 1.20±0.45 2.77±0.24 2.11±0.24 

Group C 1.14±0.43 3.05±1.30 2.25±1.30 

p value 0.98 0.88 0.86 

F 0.018 0.134 0.147 

F critical 3.74 3.74 3.74 

 

For sedentary office lifestyle population, there is no evidence in our study that suggests 

a correlation between amount of VOCs exposure and the RMR difference between the 

portable IC and the predictive equation. This is can be attributed to that fact that VOCs 

exposures of these participants were not high. 

However, one may wonder if the same answer could be concluded from people who are 

expose to high VOC levels. In this study, we also recruited one participant who is an auto 

mechanic to show to gain insights into that question.  

For this specific participant, his RMR value from the MSJE is 2081 kcal/day and his 

actual measured RMR from the portable IC is 1425 kcal/day with a difference of more 

than 500 kcal/day. Designing a fitness plan using the epidemiological equation (e.g. 

MSJE) can lead to a daily energy surplus and result in weight gain. Figure 4 shows his 

exposure level was at 18.2 ppmC during work, and was much higher than his home 
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VOCs exposure concentration. This concentration was also much higher than all the 

sedentary participants’ work exposure, while his home VOCs exposure concentration (1.7 

ppmC) was comparable to the other 17 participants. Applying the same 24-hours 

hydrocarbon exposure equation to this set of data, this participant was exposed to 8.6 

ppmC VOCs per day, which is three times higher than the sedentary office lifestyle 

participants. 

 

Figure 5-4. VOCs exposure concentration for the auto mechanic. 

 

From the single participant, we cannot conclude whether high level of VOCs exposure 

will have a long term effect on metabolism. However, this example draws attention to the 

importance of tracking personal exposure in real-time and demonstrate our protocol in 

studying health-environment interactions.  

There are many factors that contributes to metabolic rate such as body composition, 
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diet, etc. [137]. It is a complex biometrics that maybe influenced by many cross-talking 

factors. To the best of our knowledge, although VOCs in blood (partially contributed 

from external exposure) may potentially influence one’s metabolism, there is no report 

that associates the external exposure to people’s metabolic rate. The purpose of this study 

is to preliminary investigate the correlation between environmental VOCs exposure and 

RMR in a direct way, specifically, to measure different populations’ VOCs exposure 

concentration and their RMR.  

In this study, the use of two portable devices helped in our experimental proceedings as 

they are easy to operate and provide real-time tracking. It makes collecting real-time data 

at low cost and in free-living conditions feasible. Comparing to traditional bulky lab-

based instruments, portable real-time devices provide immediate information for 

measurement. 

 

5.4. Conclusion 

To conclude, we presented a preliminary study noting the individual RMR difference 

between the measured results from a portable IC device and calculated results using a 

widely accepted predictive equation. To investigate whether there is any correlation 

between VOCs exposure and the noted RMR difference, we investigated 17 sedentary 

office lifestyle participants’ VOCs exposure using a mobile VOC monitor. ANOVA 

analysis was applied to analyze the data. Results showed that there is no obvious 

correlation between an individual’s RMR difference and VOCs exposure at low level. In 

addition, we reported an example of a participant with high VOCs exposure. The results 
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showed the potentials of mobile real-time sensors in studying health-environment 

interactions. 
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CHAPTER 6                                                                                                                 

CONCLUSIONS AND FUTURE WORK 

 

In this work, I demonstrated how the field sensing devices need to be for connected 

health and environment. In the first part of work, I showed an example of how to build a 

diagnostic sensing device through an example. In this example, we designed and created 

a total-ammonia sensing device for urine. This device is able to monitor the total-

ammonia level in biological samples. Pilot study has shown that disorders of the kidney 

and/or liver may produce rapid changes in total ammonia. This device is able to capture 

this change continuously in semi-real time without additional labor work compared to 

standard method such as enzymatic method and ion-selective electrode. 

In the second part of work, I demonstrated the improvement of mobile sensing devices 

to fit the idea of connected health and environment. First of all, we investigated the 

requirement of the flow meter for breath-related measurements through modifications on 

the flow meter of an existing mobile indirect calorimeter (MIC). The calorimeter was 

found to have lots of resistance while subjects were breathing through it, giving an 

underestimated result. The original design is a differential flow meter with an orifice 

plate. We resigned the device with a larger diameter of flow channel with a thermistor 

flow meter since it doesn’t require a shrinkage on the flow channel, which releases 

possible resistance one could feel. The result shows that thermistor flow sensor reduces 

the resistance and measures the same result as the reference method (Medical Graphics) 

that was often used in hospital. However, the moisture in breath could affect the reading 

of the thermistor flow meter. 
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Other than that, I also demonstrated the improvement on the life time of an 

environmental sensor. A quartz tuning fork (QTF) coated with molecularly imprinted 

polymer (MIP) is a very sensitive sensor to monitor the environmental hydrocarbons. 

However, it suffers from a very short life-time to be applied in the field. With the 

introduction of the polystyrene to the MIP QTF, we showed the life-time of the sensors 

increased by 8 times. 

In the last part of work, I demonstrated how the mobile sensing devices applied to 

correlate the environmental conditions to health as a realization of the idea of connected 

health and environment in the field sensing aspect. The MIC and MIP QTF sensing 

device described previously were used to see the effect of environmental hydrocarbons to 

resting metabolic rate (RMR) on sedentary people and people working in environment 

having potentially high-level of hydrocarbons. We presented a preliminary study noting 

the individual RMR difference between the measured results from the MIC device and 

calculated results using a widely accepted predictive equation.  For sedentary people, 

there is no difference between the measurement and calculation. However, we found that 

there is a great difference on a participant with high hydrocarbons exposure. The results 

showed the potentials of mobile real-time sensors in studying health-environment 

interactions. 

In sum, I demonstrated different sensing devices that are able to capture the biological 

information (NH3, CO2 and O2) non-invasively and environmental information 

(hydrocarbons) continuously. All the devices are portable and wirelessly connected to 

smart devices (Android or iOS system). The big picture of this technology is to gather all 

the health data and environmental data altogether in a data storage unit, which could be 
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transmitted to places such as hospital for further use. For example, if a patient’s total-

ammonia level drops rapidly, it could be a warning that there is a problem with your 

kidney. The patient’s smart device can warn you in advance. Since the data is transmitted 

to hospital, ambulance could also be sent. 

This work shows the field sensing aspect of the connected health and we extended the 

idea to the environment as well by showing the applications of a mobile indirect 

calorimeter and a sensing device for environmental hydrocarbons to investigate the 

correlation of the health condition and the possible environmental effect. In this aspect, 

future work will be focused on making all this devices wearable. For example, for the 

total-ammonia sensing, instead of using the urine as media, sweat could be also used. 

Using the sweat as media could let us rely on the capillary force if we made the sensor 

attached to skin.  As consequence, these sensing devices could be designed to be to be 

wearable to monitor the kidney condition to those patients’ who potentially have higher 

risk to have kidney failure without asking the patient to urinate. The same idea could be 

applied to the environmental sensor. However, this will bring out the question about how 

to make it small enough to be wearable. The design we have now relies on a pump for 

sampling, which occupies lots of space. Ideally, we would like a passive measurement, 

which means the pump is excluded from the design. However, how to make sure the 

device remains sensitive without the pump could be very challenging. Overall, the idea is 

to make all these devices to be as portable as possible and as passive as possible to make 

the technology more attractive and convenient to the public. 
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Table A. 1. Cross-talking measurement table of a PVDF sensor substrate 

  Average Standard Deviation error (%) 

Original Sensing 0.30 0.002 0.75 

 Reference 0.54 0.002 0.45 

black sensing Sensing 0 0 N/A 

 Reference 0.46 0.003 0.7 

black ref. Sensing 0.30 2.5*10^-4 0.08 

 Reference 0 0 N/A 

 

Table A. 2. Cross-talking measurement table of a hydrophobic PTFE sensor substrate 

  Average Standard Deviation error (%) 

Original Sensing 1.654 0.004 0.75 

 Reference 1.571 0.004 0.45 

black sensing Sensing 0 0 N/A 

 Reference 1.761 0.002 0.7 

black ref. Sensing 1.651 0.015 0.08 

 Reference 0 0 N/A 

 

 


