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Chapter 1 : INTRODUCTION

The primary goal of this chapter is to answer the “why?” question. The motivation
behind this project and possible applications of this system are explained. This is
followed by a statement of the actual problem addressed by this research. The general
approach towards the solution is then given. Finally, the components of this thesis are
outlined.

1.1 Motivation
As the completion of the International Space Station (ISS) draws near, NASA
prepares to take the first steps towards building an outpost on the moon as a stepping
stone to the long voyage to Mars. These goals of long duration space flight make the role
of Extra-Vehicular Activities (EVA) even more critical. Astronauts will need to spend
greater durations of time outside of the safety of their spacecraft and perform
progressively more complex and demanding tasks. Preparation for these missions
requires an intimate knowledge of the human response to EVA, particularly the metabolic
workload while performing various tasks.
The metabolic workload, or the metabolic rate, is the amount of energy per unit
time the human body is expending. It is directly proportional to the heat production by
the body. Measurements of metabolic rate can provide useful insight into many aspects of
EVA, including research, design, and operations.
The effects of an updated pressure suit design during an EVA task have
historically been described qualitatively by astronauts. Improvements in pressure suit
1

joints continually lead to smaller torques required to move the space suit. Though these
torques are measured in a laboratory, the proper system interaction with a human inside is
the ultimate goal of these modifications. Human test sessions are often separated by
significant time intervals for the replacement of suit hardware, which make ratings of
perceived exertion less accurate, or are affected by fatigue from consecutive repetitions.
The measurement of metabolic workload for a task performed with various space suit
components could provide a quantitative assessment of the change.
Similarly, neutral buoyancy has been used as a training tool for EVA since the
start of the space program. Though it is an excellent simulation of microgravity in some
respects, large discrepancies between the two environments do exist. Notably, the
presence of gravity and drag diminish the realism of neutral buoyancy as an analogue for
space. Translation through the water requires significantly more force than through a
vacuum. Through the suit and astronaut inside may be neutrally buoyant as a system, in a
gravity field on earth the subject is still pulled down relative to the suit. Both of these
phenomena alter the methods astronauts use to complete tasks to ones that may not be
optimal on-orbit. Quantitative knowledge of the metabolic workload required for a
certain task, both in a neutral buoyancy environment and the zero-gravity vacuum of
space, can be a useful metric for the validation of neutral buoyancy simulation of EVA as
a realistic training tool and for possible adjustments to training methods.
Human robotic interaction is currently a growing field of research and
development. Robotic assistance during EVA could be used for applications such the
completion of repetitive tasks, like tightening bolts with a wrench, or to fulfill a
messenger function, such as fetching tools and hardware to limit the need for astronaut
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translation in space. However, robotic assistance in the completion of these tasks is also
likely to require some overhead tasks by the astronaut to initialize and control the robot.
Measurements of metabolic rate could be used as an additional metric for quantification
of how much assistance the robots are providing to the task overall.
Historic metabolic workload data is invaluable for requirement specification and
design of next generation space suits. Current liquid cooling garments (LCGs) offer
manual control of the water temperature. Astronauts can make corrective or anticipatory
adjustments to the temperature for various EVA activities. Knowledge of the metabolic
workloads for a specific activity in the past can remove some uncertainty from this
adjustment process and improve astronaut comfort. This data is also used for overall LCG
system sizing. Similarly, the amount of consumables, particularly oxygen, depends not
only on the anticipated duration of the EVA, but also on the anticipated workload
required to complete the scheduled tasks. Prior knowledge of metabolic workload can be
used for sizing of oxygen supplies for EVA.
Historic metabolic workload data can also be used for mission planning and EVA
task scheduling. The knowledge of the metabolic cost of certain activities is valuable for
task distribution over multiple EVAs. To maintain astronaut comfort, taxing tasks can be
interspersed with ones that require a lower level of exertion.

Proper scheduling is

instrumental to the maximization of the productivity of an astronaut without overexertion.
Real time monitoring of metabolic workload can be utilized as part of health monitoring
and can also be used to adjust task quantity and sequence during EVA as needed.
Finally, the metabolic data can be used on Mars to quantify some effects of
deconditioning from long duration microgravity exposure on planetary EVA. Despite

3

regular cardiovascular and strength exercise, the multiple-month journey to Mars will
have a profound effect on the exercise capacity of astronauts upon arrival. A reduction of
the maximal capability of astronauts will increase the perceived exertion during EVA
tasks because it will account for a greater percentage of maximal capacity. An absolute
quantification of the metabolic workload can shed light on the amount of deconditioning
encountered.

1.2 Problem Statement
The goal of this thesis is to design and test a metabolic workload measurement
system for the MX-2 neutral buoyancy space suit analogue. The MX-2 is an open-loop
system. Air is supplied from the surface, routed through the suit and back to the surface,
and expelled into the ambient surroundings. This sets the MX-2 vastly apart from current
operational space suits, which include a Portable Life Support System (PLSS). Suits
outfitted with a PLSS circulate oxygen after removing carbon dioxide, water vapor, and
particulates. This fundamental difference in breathing air systems alters the set of
possible approaches to this problem from those used in the past or present.
The developed system must be able to measure the metabolic workload of a
subject inside of the MX-2 unobtrusively and without impairing mobility or senses. The
system must also be compatible with existing MX-2 hardware and software. Finally, the
leakage rate of the MX-2 is unknown, but presumably substantial, and should not affect
the output of the metabolic workload measurement system.
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1.3 Approach
Three independent approaches were developed for measuring the metabolic
workload of a subject inside MX-2. These methods include estimation of metabolic rate
from measurements of oxygen consumption, carbon dioxide production, and heart rate.
Each of these schemes involves a set of assumptions and is susceptible to a unique set of
possible errors.
Testing was performed to determine which method is the most reliable for
metabolic workload measurement, if any. An enclosed helmet assembly was constructed
to simulate the sealed space suit environment and allow the subject full mobility below
the neck. During the validation study, subjects performed treadmill exercise at various
constant workloads twice, once in the experimental helmet assembly and once with a
standard metabolic workload measurement system used by exercise physiologists.
Metabolic rates were calculated via all three methods and a comparative analysis was
performed to determine which system to implement on the MX-2 and its accuracy against
the standard.

1.4 Thesis Structure
This thesis describes the development and testing of the metabolic workload
measurement system for the MX-2 neutral buoyancy space suit analogue. Chapter 2
reviews some applicable exercise physiology and how it relates to EVA. It then lists
some standard metabolic rate measurement methods and those implemented in past and
present space suits. Chapter 3 explains the methods to be evaluated in this study and their
implementation into the MX-2 system. Chapter 4 delves into the details of the
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experimental hardware, protocol, and data processing. Chapter 5 presents and analyzes
the results obtained during the validation study and discusses possible sources of error.
Finally, Chapter 6 offers conclusions and some suggestions for possible future directions
for this research.
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Chapter 2 : BACKGROUND AND PREVIOUS WORK

The previous work pertaining to this research falls into two categories: exercise
physiology and its application to EVA. This chapter describes the relevant concepts in
exercise physiology and standard methods used for measuring metabolic workload. The
discussion then turns to the effect of the EVA environment on the physiological response
to exercise and the metabolic workload measurement methods that have been
implemented in past and present space suits.

2.1 Exercise Physiology
Exercise physiology is a fundamental cornerstone of this thesis. This section
describes a few topics germane to the subject of this research. The concepts described are
the definition and components of energy metabolism, the varieties of muscle metabolism,
the expected physiological response to exercise, the relationship between carbon dioxide
production and oxygen consumption, and the idea of cardiac output.
2.1.1 Energy Expenditure
Energy expenditure is the amount of energy that an organism is using in a certain
time period. It is measured in units of energy per time, such a Joules/second or Watts of
the International System of Units (SI). However, when energy expenditure is discussed
with reference to the human diet, in the context of weight loss for example, the large
calorie is used. A calorie is the amount of energy required to raise the temperature of 1
gram of water by 1° Celsius. A kilocalorie, or large calorie, is the amount of energy
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required to raise 1 kilogram of water by the same temperature difference. Throughout this
thesis, energy expenditures will be given in kilocalories per hour. The terms energy
expenditure, metabolic workload, metabolic rate, and caloric cost will be used
interchangeably because all three appear commonly in literature.
Humans and other warm blooded animals expend energy in three distinct ways
[1]. The basal metabolic rate (BMR) is the rate of energy expenditure under standardized
conditions. These conditions include being immediately after waking while still in the
supine position, after 12-18 hours of fasting, and in a thermoneutral environment. BMR is
sufficient only to maintain the functioning of vital organs and accounts for about 60-75%
of total energy expenditure. A typical value of BMR is 62.5 kcal/hr. Since standardized
conditions are very difficult to maintain, lab measurements are often referred to as resting
metabolic rate (RMR). This is usually higher than BMR due to the likely ongoing
workload of food digestion, maintenance of body temperature, and recovering from
recent exercise. [1]
BMR is proportional to body mass, specifically fat-free mass. It decreases by 2%
per decade for women and 3% per decade for men after the age of twenty. The BMR of
women is significantly lower at all ages because women have a lower fat-free mass. It
has been shown that percent body fat does have a small impact on BMR. A 5% difference
in body fat at the same weight translates into about 3 kcal/hr. There is also some variation
in BMR as a result of genetic predisposition. The range of normal BMR values, within 3
standard deviations from the mean, is about +/- 21% of the average value. This explains
why some individuals have less difficulty maintaining a constant body weight. Finally,
the BMR is adjusted during periods of semi-starvation and periods of weight gain. During
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periods of low caloric intake, the energy production in tissues adapts to reduce the rate of
weight loss. Conversely, during periods of elevated caloric intake, BMR is increased
because more energy is required to maintain weight gain rather than a constant body
mass. [1]
The second component of energy expenditure is thermogenesis, or the creation of
heat. The balance of heat production and heat loss maintains the core body temperature at
37° Celsius under normal circumstances. However, during cold conditions, involuntary
muscle contractions, or shivering, are actuated. All of the energy required for shivering
appears as heat applied to maintain the core body temperature. Some animals, including
newborn humans, produce heat through non-shivering thermogenesis, or the use of brown
adipose tissue. This type of adipose tissue increases heat production in response to
norepinephrine. [1]
Thermogenesis also includes the thermic effect of feeding. This is the energy
required to digest and assimilate food. It accounts for only about 10-15% of the energy
expenditure. It is determined by monitoring RMR after a meal. This portion of metabolic
workload is affected by genetic factors and is lower in obese individuals compared to
lean individuals. However, because it accounts for such a small portion of metabolic
workload, it is not a reliable predictor of subsequent obesity. [1]
Finally, energy wasteful systems are also a form of thermogenesis. These are
natural responses to overfeeding as the body struggles to maintain constant weight. They
occur through the appearance of additional brown adipose tissue or futile cycles, in which
fructose-6-phosphate is converted to fructose-1 and 6-diphosphate and back. The
responsiveness of these systems also depends on genetics. Individuals with a naturally
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high BMR are more likely to maintain normal weight during a period of excess caloric
intake. [1]
The third and final component of energy expenditure is physical exercise. This is
the most variable factor of the three and can be between 5 and 40% of the daily energy
expenditure. The great variation in physical exercise between individuals comes from
differences in lifestyle. People with strenuous jobs or who participate in exercise
activities in their leisure time expend significantly more energy this way. A link has been
shown between physical exercise and appetite. This is a form of regulation of caloric
intake relative to the caloric need. [1]
Since metabolic workload varies with body mass, it is sometimes convenient to
express it in units relative to body mass. A MET (an abbreviation of metabolic) is the
ratio of energy expended to the RMR [2]. A reasonable estimation of RMR is 1
kilocalorie per kilogram of body weight per hour. Alternatively, relative metabolic
workload is sometimes given in units of kilocalories per kilogram of body weight per
hour and this does not require the estimation of RMR.
2.1.2 Muscle Metabolism
Adenosine triphosphate (ATP) is a high-energy phosphate compound that serves
as the immediate source of energy for muscle contractions. There are three methods of
ATP production [1], which together satisfy the body’s needs. First, ATP can be formed
via the breakdown of phosphocreatine (PC). This is a simple reaction that only requires
one enzyme (creatine kinase), but is limited by the quick depletion of stored PC. It can
provide energy to the muscles for only a few seconds. ATP can then be created by
glycolysis or the degradation of glucose or glycogen into pyruvic acid or lactic acid.
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Pyruvic acid is used to initiate the third method of ATP production while lactic acid
builds up in the muscles to be removed later. Both of these methods are considered to be
anaerobic because oxygen is not required for the formation of ATP.
The third method of ATP formation is oxidative phosphorylation [1]. It occurs in
the mitochondria as a result of a complex interaction between the Krebs cycle and the
electron transport chain. It is considered to be aerobic because it requires oxygen. The
products generated are carbon dioxide and water.
In general, anaerobic metabolism is for short-duration high-intensity exercise.
When exercise begins, the breakdown of PC is the predominant supplier of ATP for the
first 2-20 seconds. At this time, glycolysis becomes the primary source of ATP until
about 45 seconds into the exercise. The aerobic metabolism then begins the production of
ATP and becomes the predominant energy supplying mechanism throughout the
prolonged low to medium intensity exercise.
However, when exercise intensity increases to a certain point, the respiratory and
circulatory systems cannot supply the muscles with sufficient oxygen and glycolysis
becomes a significant supplier of ATP again. This point is called the anaerobic threshold.
It is also sometimes referred to as the lactate threshold because it marks the workload at
which lactate begins to accumulate in the blood. The anaerobic threshold occurs at about
50-60% of maximal workload in untrained subjects and at higher workloads of about 6580% of the maximum in trained subjects.
2.1.3 Physiological Response to Exercise
The rate of oxygen consumption is indicative of the current aerobic metabolism
[1]. Oxygen consumption is also referred to as oxygen uptake or oxygen utilization in
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literature. The symbol used for it, V&O2 , represents the rate of change of volume of
oxygen. At steady workloads below the anaerobic threshold, V&O2 has been shown to be
proportional to metabolic workload and is therefore a quantity of interest. The maximum
oxygen uptake ( V&O2 max ) is the greatest rate of oxygen uptake by the body measured
during heavy dynamic exercise [1]. It is determined using incremental exercise tests on
an ergometer or treadmill. It corresponds to the maximum work capacity and is often
used as a measurement of aerobic fitness. Trained individuals tend to have a higher
V&O2 max .
Figure 2-1 illustrates the profile of V&O2 throughout a period of steady state
exercise. When the exercise is initiated, respiration and circulation are not yet elevated to
provide additional oxygen to the muscles. Anaerobic metabolism is utilized to supply the
muscles with ATP. As the heart rate and circulation increase, the V&O2 reaches a steady
state in 1-4 minutes. This lag in oxygen uptake is the oxygen deficit. It is the transition
from anaerobic to aerobic metabolism. Trained individuals tend to reach the required
level of oxygen consumption faster, thus have a lower oxygen deficit and less lactic acid
build-up. These individuals have a better developed bioenergetic capacity and are able to
produce ATP aerobically sooner.
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Figure 2-1: Oxygen consumption throughout exercise

At the completion of exercise, the oxygen consumption does not immediately
return to resting levels. This utilization of oxygen above resting values following exercise
is referred to as oxygen debt or excess post-exercise oxygen consumption (EPOC). There
are multiple factors which contribute to EPOC. The additional oxygen at the beginning of
recovery is mostly used to resynthesize the stores of PC in cells and replenish the oxygen
levels in the blood and muscles. Throughout recovery, some of the elevated oxygen
consumption goes to the elevated breathing and circulation, elevated body temperature,
and higher levels of the hormones epinephrine and norepinephrine in the blood. Finally, a
portion of the elevated oxygen uptake is used for gluconeogenesis or the conversion of
lactic acid to glucose.
Higher exercise intensity results in increased oxygen deficit and EPOC. Oxygen
deficit is elevated due to the higher difference between the resting V&O2 and the level
required to sustain aerobic exercise at this intensity. Additionally, it has been found that
the settling time is longer at higher workloads [3]. During EPOC, greater amounts of PC
need to be replenished due to the larger oxygen deficit at the onset of exercise.
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Additionally, more lactic acid has accumulated in the blood and needs to be converted to
glucose through gluconeogenesis. The body temperature is also more elevated after a
period of intense exercise than after lower intensity exercise.
2.1.4 Respiratory Quotient and Respiratory Exchange Ratio
Respiratory quotient and respiratory exchange ratio are two very similar yet
fundamentally different concepts. The respiratory exchange ratio (RER) is the rate of
carbon dioxide exhaled ( V&CO2 ) divided by the V&O2 . This is what is being measured
when respiratory gases are analyzed. The respiratory quotient (RQ) is the ratio of the rate
of carbon dioxide produced to V&O2 . The difference between RER and RQ then lies in the
difference between carbon dioxide exhaled and produced [4].
RQ refers to cellular metabolism and varies depending on what is being
metabolized. Carbohydrates, fats and proteins are all metabolized differently and require
various amounts of oxygen to complete the reaction. The RQ values for carbohydrates,
fats, and proteins are about 1.00, 0.70, and 0.82, respectively [4]. Protein is typically not
utilized to fuel muscles when there are abundant supplies of carbohydrates and fats.
When RQ is not known, 0.8 is a reasonable approximation for a regular diet.
The RER is not only a function of cellular respiration. When anaerobic
metabolism takes place at the beginning of exercise or during prolonged strenuous
exercise, lactic acid accumulates in the blood, reducing the pH. This shift in acidity
results in a higher amount of carbon dioxide exhaled than is generated through ATP
production [4]. During heavy exercise, RER can increase to a value greater than 1.0.
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2.1.5 Cardiac Output
The cardiac output (Q& ) is the volume of blood pumped by the heart per unit time
[5]. It is the product of stroke volume and heart rate. The stroke volume (SV) is the
volume of blood pumped with each beat and the heart rate (HR) is the number of heart
beats per unit time. The cardiac output is indicative of the oxygen carrying capability of
the blood. When more oxygen is required by the muscles during exercise, the cardiac
output increases by a slight increase in stroke volume and a significant increase in heart
rate [4].
Throughout constant exercise, which requires a constant cardiac output, the heart
rate may vary. Progressive dehydration decreases the stroke volume, therefore increases
the heart rate. Increased body temperature has the same effect. In an effort to remove
some heat from the body, vasodilation occurs and some blood pools near the surface of
the skin. This reduces the stroke volume and therefore increases the heart rate.

2.2 Standard Methods for Measuring the Metabolic Workload
Multiple methods for measuring the metabolic workload exist. Each requires a
different set of assumptions and produces results with varying degrees of reliability. The
following sections describe direct and indirect calorimetry, the method of doubly labeled
water, the relationship of heart rate to energy expenditure, and a few less common
techniques.
2.2.1 Direct Calorimetry
Direct calorimetry, or the calculation body’s metabolic rate by direct
measurement of the amount of heat produced [2], is the most intuitive method of
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measuring the energy expended by the body. However, the implementation of this
method is not very practical. Room calorimeters have been used for this purpose. These
are large chambers which circulate water through pipes running inside the insulated
walls. Temperature is monitored frequently and accurately at the inlet and outlet.
There are many drawbacks to this method. The size and cost of the equipment
make it prohibitive for many research applications. Not all exercise protocols can be
carried out inside the restricted space of the calorimeter. There are also several sources of
error in the implementation of this technique. There is some loss of calorimeter chamber
integrity due to the need for carbon dioxide and water vapor removal and oxygen
replacement for human respiration. Additionally, mechanical and electrical exercise
equipment inside the chamber also produces heat, which must be distinguished from the
human heat production. [1]
2.2.2 Indirect Calorimetry
Indirect calorimetry is the estimation of energy expenditure from oxygen
consumption and carbon dioxide production [2]. Modern techniques have made this a
reasonably practical and highly accurate method of assessing the metabolic workload.
The open-circuit method of indirect calorimetry is used most often. It has two possible
variants.
One is the flow-through technique in which a large volume of air flows through a
hood worn by the subject [2]. The subject breathes normally and a fraction of the stream
of air passes through the lungs where gas exchange occurs. The flow rate and percent of
oxygen and carbon dioxide are used to calculate the V&O2 and energy expenditure. One of
the early implementations of this method was in the intensive care unit at Columbia
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Presbyterian Medical Center in New York City for noninvasive monitoring of patient
metabolism for the determination of dietary needs [6]. A clear plastic canopy was
designed to be placed over a bed-ridden subject’s head and closed around a pillow. The
neck interface was made of lightweight plastic for comfort and an airtight seal. The
system included two “scratch ports” or plastic bags attached to side openings in the
canopy to allow the subjects to scratch their nose or adjust their glasses. The canopy was
ventilated with 40 L/min (1.4 scfm) of air, which entered above the head and exited
behind it. Air that left the system was routed to a gas analyzer, which included a
paramagnetic oxygen analyzer and an infrared carbon dioxide analyzer. This system was
used for multiple decades with thousands of patients without significant problems.
Similar systems are commercially available today.
The second procedure for indirect calorimetry is the Douglas bag method [2].
This technique involved the collection of all exhaled gases over a known period of time
in a bag. The volume and oxygen and carbon dioxide content of the collected gases were
measured for the calculation of metabolic workload. Current versions of this method do
not require an actual Douglas bag, but the operating principle remains the same. The
parameters measured are the volume of air exhaled and the concentrations of oxygen and
carbon dioxide in the exhaled air. The ventilation volume and the concentration of
oxygen are used to calculate the V&O2 .
Descendants of the Douglas bag method are most commonly used today. High
end open-circuit indirect calorimetry equipment, which often includes a mass
spectrometer, tends to be the mounted on a cart for laboratory use only. Some portable
systems exist, but come at a high price. However, the drawback to implementations of
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this method is the need for an oronasal mask or a mouthpiece and a nose clip for exhaled
gas collection.
Like the RQ, the caloric equivalent of oxygen used to convert V&O2 to metabolic
workload varies with the source of energy being metabolized. It has been found that 1 L
of oxygen yields 5.06 kcal from carbohydrate alone, 4.68 kcal from fat alone, and 4.48
kcal from protein alone [2]. Equation 2-1 gives the caloric equivalent of oxygen ( CEO2 )
in kcal/L.

CEO2 = 3.9 + 1.1RQ

Equation 2-1

The dependence of the caloric equivalent of oxygen on RQ is the reason for
measuring the carbon dioxide concentration of exhaled air.
2.2.3 Doubly Labeled Water
The doubly labeled water method has become the gold standard in assessing the
energy expenditure in non-laboratory situations. This technique begins with the
administration of a dose of water with known elevated concentrations of naturallyoccurring isotopes of hydrogen (2H) and oxygen (18O). Over the course of a few hours,
these isotopes become evenly distributed throughout the body fluids. The labeled
hydrogen leaves the body through water, including urine, perspiration, and respiration.
The labeled oxygen leaves through water and exhaled carbon dioxide. The difference in
elimination rates of these two isotopes, traced through the periodic sampling of blood,
urine, or saliva, is used to accurately determine the V&CO2 , which is converted into V&O2
[2].
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There are a few disadvantages to this method. In a lot of applications it becomes
prohibitively expensive and studies are limited to small numbers of subjects. The cost of
18

O is about $400-$600 per subject (1996) and a mass spectrometer is required to analyze

the collected samples [2]. In field studies, additional error accrues due to the fact that
carbon dioxide production is measured rather than oxygen uptake, and the RQ must be
approximated in most cases.
The doubly labeled water technique is not very applicable to EVA. It is useful for
the evaluation of long term averages of metabolic rate, but does not provide information
about brief periods of energy expenditure. The knowledge of minute-by-minute changes
in metabolic workload, when correlated with the tasks performed by an astronaut, is the
information sought for during EVA.
2.2.4 Heart Rate
Heart rate can be used to calculate oxygen consumption indirectly. Laboratory
tests have shown a linear relationship between heart rate and oxygen consumption, except
at workloads close to resting values and those above the anaerobic threshold [2]. The
most accurate results from this method can be obtained by developing a calibration curve
for each subject under laboratory conditions, then applying it to heart rates measured in
the field to obtain oxygen consumption. The relationship between these two physiological
variables can also be determined using standardized equations [4], which are shown in
Section 4.4.3. However, this approach is prone to higher errors.
Heart rate is relatively simple to measure in the field [2], as well as inside a space
suit. Methods of measuring heart rate include the recording of the electrocardiogram
(ECG) with chest electrodes or the weaker ECG in other parts of the body. The detection
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of blood flow through a finger or ear lobe with an infrared (IR) sensor is also an option.
However, heart rate is affected by psychological and environmental factors. As
mentioned in the discussion of cardiac output in Section 2.1.5, heart rate can fluctuate at a
steady workload as a result of dehydration or body temperature. Elevated heart rates have
also been observed in situations of high stress or pressure to succeed such as athletic
competitions [5]. It is preferable to measure oxygen consumption directly because of the
limited accuracy of this method.
2.2.5 Additional Methods
Several other less common methods of metabolic workload measurement exist
[2]. Core body temperature is closely related to energy expenditure. However, the time
constant of the body’s thermal system is very large. Exercise at a steady workload may
have to be performed for 40-50 minutes before a steady state in body temperature is
reached. This is not practical for EVA applications because the tasks performed on-orbit
usually last significantly less time. The results from this method are also unpredictable
for arm exercise and in hot and humid climates. Additionally, an inconvenient
measurement of core body temperature, rather than skin temperature, is required.
Some correlation has been shown between systolic blood pressure and exercise
intensity. However, portable blood pressure recorders do not perform well during
strenuous exercise and the measurement is also affected by emotional factors. This is not
a recommended method of energy expenditure measurement.
Measurements of ventilation have shown promising results for determination of
metabolic workload. The extraction of oxygen from air is fairly constant over a large
range of ventilations and the anticipated error from this method is only about 10%.
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However, measuring the volume of expired air is as cumbersome as measuring oxygen
uptake and almost as expensive. Oxygen uptake measurements are recommended over
this method.
Electromyography, or the measurement of electrical discharge from muscles, is
another possible option. Theoretically, it should give a good indication of muscle
exertion. Unfortunately, this method is not very practical. It is very sensitive to sensor
placement and numerous sensors are necessary to monitor multiple muscle groups. This
method has not been implemented successfully.

2.3 Exercise Physiology of EVA
The environment of spaceflight has an effect on some distinct aspects of the
physiological response to exercise. The influence of upper body exercise, an upwards
fluid shift, cardiovascular deconditioning and variations in the thermoregulation process
on the measurement of metabolic workload, as discussed by Cowell [7], are explained in
the following sections.
2.3.1 Upper Body Exercise
A distinct characteristic of the tasks performed on-orbit by suited astronauts is
that the majority of the work is carried out by the upper body muscles. An astronaut is
typically firmly attached to foot restraints and performs tasks with arms and hands. The
majority of this upper body aerobic work is at a relatively low intensity but long duration.
Additionally, the upper body performs some static work to counteract the stiffness of the
suit when the position that needs to be maintained is one other than neutral. The lower
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body work is mostly isometric work against the foot restraints, which counteracts the
torques produced by the upper body’s interaction with hardware.
Very little reliable data exists on the metabolic workload of astronauts during onorbit aerobic exercise in near laboratory conditions. There have been very few subjects in
these studies and protocols across programs were not standardized. There is virtually no
useful in-flight data on the metabolic workload of arm exercise. The Skylab bicycle
ergometer had the capability of being used as an arm crank; however, only the
commander of the Skylab 2 mission chose to use it as such. The majority of what is
known about the effect of spaceflight on the energy expenditure during upper body
exercise is from pre- and post-flight data. However, all existing data points to a reduction
in the work capacity for EVA during extended missions.
The focus is then shifted to data from ground-based research on the metabolic
workload of arm exercise. The muscle efficiency has been found to be lower for arm
exercise compared to leg exercise. However, this is partially due to the fact that when
exercise is being performed by the upper body, the lower body muscles are also working
to stabilize the upper body. This is reflected in the workload measured via indirect
calorimetry but not in the output power.
The rating of perceived exertion (RPE) has been found to be higher for arm
exercise than leg exercise at the same absolute V&O2 . This is likely because the workload
at this rate of oxygen uptake represented a larger percentage of the maximum. Some
studies have even reported a difference in RPE at the same fraction of V&O2 max .
Finally, it has been shown that the heart rate at a similar V&O2 is higher for upper
body exercise than for lower body exercise. This has some serious implications for
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measuring metabolic workload by recording the heart rate. The subject laboratory
calibration curves determined on an ergometer or treadmill are no longer valid for arm
exercise.
2.3.2 Upwards Fluid Shift and Deconditioning
The human circulatory system is designed to counteract the earth’s gravity and
return blood from the lower extremities to the heart over an elevation change of several
feet. This capability is not necessary in microgravity and results in an upwards body fluid
shift. This phenomenon has been simulated on the ground with supine arm exercise. It
causes increased venous return, which leads to a larger stroke volume and lower heart
rate than sitting arm exercise.
Long term bed rest simulations reproduce the upwards fluid shift as well as other
deconditioning responses. The 6° head-down position is commonly used for creating a
headward fluid shift, rather than just pooling blood at the back. These studies have shown
a general decrease in strength and power, which is in agreement with data from
astronauts after spaceflight. An increase in the time to reach a V&O2 equilibrium was also
observed. This means the oxygen deficit for a given workload is elevated and a greater
build-up of lactic acid in the blood can be expected. No change was found in the V&O2 for
cycling at an absolute workload, but the oxygen consumption represents a greater percent
of the maximum because V&O2 max has reduced. Finally, some studies have found a
decrease in stroke volume during bed rest. This is counterintuitive to the result obtained
from supine exercise to simulate a fluid shift and is therefore attributed to the
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cardiovascular deconditioning. However, it also invalidates ground calibration curves for
V&O2 and heart rate.
2.3.3 Thermoregulation
Microgravity also effects the human body’s thermoregulation. As mentioned in
Section 2.2.5, core body temperature increases during prolonged exercise. In the body’s
effort to remove excess heat, vasodilation occurs and results in the blood pooling near the
surface. The volume of blood is also reduced due to sweating and expired water vapor.
Both of these factors reduce the stroke volume and therefore increase the heart rate for a
given workload.
Deconditioning has been shown to lead to an excessive rise in core body
temperature, making the increase in heart rate even more significant. There are two
reasons for this rise in temperature. Deconditioning leads to a decrease in blood volume
due to the reduction in plasma volume, total hemoglobin, and erythrocyte volume and
mass. Less circulating blood reduces the core to periphery heat conduction. The fluid
shift also leads to changes in thermoreceptor sensitivity in the brain, further destabilizing
the core body temperature.
This reduction in stroke volume and therefore rise in heart rate affects
measurements of metabolic workload as measured from heart rate. The elevated heart
rate can lead to an overestimate in energy expenditure.

2.4 Measuring Metabolic Workload During EVA
Attempts have been made at measuring the metabolic workload of astronauts
during EVA since the start of human sorties into space. Multiple methods have been
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implemented into past and present space suits. Some were shown to be fairly effective
and others did not yield any reliable data. The following sections discuss the metabolic
workload measuring methods of many operational and simulation space suits throughout
the past four decades.
2.4.1 Gemini
No attempt was made at measuring the metabolic rates during EVA throughout
the Gemini program. However, heart rate was measured during all 5 EVAs. The energy
expenditure was known to be above the capacity of the life support thermal control
system. The heat removal capability was limited to 225 kcal/hr during the Gemini IV
EVA, and was later increased to 250 kcal/hr with the addition of a gas cooling system.
Nevertheless, astronauts continued to report overheating, therefore their metabolic
workloads were above these values. [8]
2.4.2 Apollo
The Apollo era brought the aspect of gravity into EVA operations, requiring
portability and reduced suit weight for long duration surface activity. Based on
experience gained from the short Gemini EVAs, the Apollo space suits were greatly
improved. The first American LCGs were implemented during Apollo. They were
capable of suppressing sweating at work rates of up to 400 kcal/hr and allowed sustained
operations of up to 500 kcal/hr without thermal stress [8]. The need for real-time
metabolic data became apparent. However, the standard open-circuit oxygen
consumption method was not an option within the confines of the life support system.

25

A variety of data was available for estimation of metabolic rates, including voice
data, ECG data, oxygen bottle pressure, LCG inlet and outlet temperatures, suit gas entry
temperature, and post-EVA total sublimator usage. Three methods for estimating
metabolic rates were developed for Apollo planetary EVAs [9]. They included the
analysis of oxygen usage, LCG heat removal, and heart rate measurements.
The analysis of oxygen bottle pressure decrement over time was a method of
measuring oxygen consumption akin to indirect calorimetry. A pre-determined pressure
suit leakage rate was taken into account. However, the maximum leak rate allowed by the
specifications translates to 50 kcal/hr so it is a potentially significant source of error.
Additionally, the telemetered data was found to be noisy, which made it difficult to
obtain reliable oxygen consumption rates for time periods of less than 30 minutes,
especially at low work rates. Nevertheless, this proved to be a satisfactory method of
energy expenditure measurement.
Measurements of heat removal by the LCG were a method of metabolic rate
determination congruous to direct calorimetry. The inlet and outlet water temperatures
and the assumed flow rate were used to calculate the heat removed by the LCG. There
was a lag time in the appearance of heat lost via perspiration due to the delayed
evaporation of sweat; however, this error was accounted for in long duration averages.
This method assumes the astronaut was maintaining a comfortable temperature with the
manually controlled LCG. Barer [10] reports that this was not always the case and some
crew members did not use the thermal controls during critical operations despite thermal
discomfort.

An estimated correction was included for the heat exchange with the
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environment. This method was verified with test data from step exercises during altitude
chamber training [11]. It was determined to be the most accurate of the three.
Heart rate was also recorded during Apollo EVAs and a metabolic rate was
determined based on preflight bicycle ergometer correlations between heart rate and
oxygen consumption. Due to environmental, psychological, and deconditioning effects,
the pre-flight calibrations did not yield reliable data, especially at lower heart rates.
However, the time constant of heart rate is only about 30 seconds [5], so the heart rate
data was used to estimate the minute-by-minute cost of specific activities when related to
the total energy expenditure determined using the other two methods.
In general, the best estimate of metabolic workload was obtained by averaging the
LCG heat removal and the oxygen usage methods [9]. The average metabolic rate of
Apollo EVAs of 234 kcal/hr was lower than originally predicted. Peak rates of 350-450
kcal/hr were measured during uphill walking traverses and overhead activities such as
egress, ingress, loading and unloading of cargo. Lowest rates where measured during
Lunar Rover Vehicle (LRV) operations.
An effort was made to find a correlation between the metabolic workload and
walking speeds [9]. Data was collected during the Apollo 14 mission, which included
some of the most extensive walks of the program. It was found that walking at a certain
speed during a lunar EVA consumed more energy than walking in a shirt sleeve 1 G
environment but less energy than walking in a space suit in a 1 G environment. However,
a poor correlation was found between walking speed and energy expenditure, partially
due to the varying terrain the astronauts had to cover.
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The command module pilots of Apollo 15, 16, and 17 also performed short film
retrieval EVAs in microgravity. Oxygen utilization data was not available during these
EVAs because umbilical life support systems were used. No LCGs were used because of
the brevity of this task. Therefore, only heart rate data was available. The heart rates were
elevated due to psychogenic issues and were not useful for metabolic workload
determination [9].
2.4.3 Skylab
The Skylab program followed Apollo. Although EVAs were performed in
microgravity rather than lunar gravity, the space suit design remained very similar to
Apollo. The most significant alteration was the replacement of the Portable Life Support
System (PLSS) with an umbilical life support system. Since the astronauts no longer had
personal oxygen supplies, oxygen usage was not a viable metabolic workload
measurement method anymore. Data was only collected using the LCG heat removal and
heart rate techniques described in Section 2.4.2. Real time data was only available while
the station was in contact with a ground station. This allowed only partial real time
analysis of metabolic rates. The complete data was acquired later [11]. The average
metabolic rate of 230 kcal/hr was very similar to that of Apollo [8].
Skylab medical experiment M171 on metabolic activity was performed during the
Skylab 3 mission. Its purpose was to determine whether a man’s metabolic effectiveness
during dynamic exercise was progressively affected by the exposure to space. The
metabolic workload of crew members during rest and calibrated exercise at 25%, 50%
and 75% of V&O2 max was measured prior to the mission, every five or six days
throughout the mission, and after the mission with indirect calorimetry. The experiment
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showed that the strongest decrement in submaximal exercise response was immediately
following the return from the mission due to the readjustment to gravity [12]. The data
from this experiment was also utilized to obtain the heart rate and oxygen consumption
calibration curves for each crew member. They were based on the most recent in-flight
bicycle ergometer test. This is an improvement over the ground-based calibrations and
eliminated some errors caused by deconditioning due to the lack of gravity [8].
2.4.4 Shuttle
Oxygen usage monitoring was selected as the sole method used to measure
metabolic workload during EVAs on Shuttle flights. Lithium hydroxide carbon dioxide
scrubbing canister data is used to verify metabolic rate averages as well, but is not used
as a stand-alone method. During the first eleven Shuttle EVAs, oxygen bottle pressure
data was only available periodically when the astronaut was asked to relay the oxygen
gauge pressure to ground control. The lack of constantly updated data made it only
possible to calculate mission averages of metabolic workload [13].
Starting with mission STS 61-B (1985), oxygen pressure data became available in
two-minute intervals and the calculation of metabolic workload of specific short-duration
tasks became possible. The average metabolic rate of Shuttle EVAs from the beginning
of the program through STS-61 (1995) was 197 kcal/hr. This is significantly lower than
Apollo and Skylab averages. A downward trend throughout the Shuttle program was also
noted and attributed to gradual improvements in EVA equipment, training, and planning
[13].
The Shuttle space suit, the Extravehicular Mobility Unit (EMU), was designed for
similar metabolic workload capabilities as the Apollo space suits despite the difference in
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gravity between the EVA environments [14]. This is due to the fact that during the early
stages of Shuttle hardware design, the majority of successful U.S. EVA experience was
performed on the moon and little microgravity EVA data was available. Unlike the
Gemini program, it was found that the EMU heat removal capability is beyond that
required by the Shuttle EVAs [13].
The doubly labeled water metabolic workload measuring technique was
implemented during the 1996 life and microgravity sciences Shuttle mission to monitor
the astronaut energy expenditure throughout the mission [15]. This experiment was
controlled with a 6° head-down tilt bed rest study. It was found that the astronauts were
in a severe negative energy balance throughout the mission. They were expending
significantly more energy than they were consuming through food. This resulted in
heightened oxidization of body fat rather than carbohydrates leading to a lower RQ than
can typically be expected. If these findings are representative of other missions, indirect
calorimetry methods of measuring metabolic workload, which rely on an approximation
of RQ, may be inaccurate or in need of a correction factor.
2.4.5 Salyut 6, Salyut 7, and MIR
The metabolic workload was also measured during the EVAs performed on the
Salyut 6, Salyut 7, and Mir space stations. During the lifetime of the Mir space station, 78
EVAs were conducted. The metabolic data collected included heart rate, breathing
frequency, body temperature, oxygen bottle pressure, concentration of carbon dioxide
inside the space suit, LCG inlet and outlet temperatures, level of gas ventilation, and
verbal health reports. Three methods were used to estimate the energy expenditure [16].
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The oxygen bottle pressure was monitored much like in the U.S. space program.
Thermodynamic properties of oxygen at high pressure and the suit leak rate, as measured
during the system check prior to each EVA, were taken into account. The caloric
equivalent of oxygen assumed was 4.84 kilocalories per liter. It was derived during premission experiments. This method was not found to be useful for time periods of less
than 10 minutes because the sensitivity of the pressure gauge was too low. Additionally,
this method was highly affected by the lowered pressure mode the Russian space suits
had for additional mobility. [16]
The rate of production of carbon dioxide was computed in real time from the
carbon dioxide concentration at the contamination control cartridge inlet and outlet and
the gas flow rate through it. Corrections were made for suit volume and leak rate. The
caloric equivalent of carbon dioxide used was 5.83 kilocalories per liter. This translates to
an assumed RER of 0.83 and was also based on values from pre-flight experiments. A
switch to the lowered pressure mode inside the space suit did not affect the results from
this technique. This method was found to have only about 10% error and was considered
the most effective of the three. [16]
LCG heat removal was also computed much like in the U.S. space program.
However, the heat transfer between the suit and the space environment was not accounted
for and a constant dew point of water at the heat exchanger was assumed. This method
was found to have about 20% error. [16]
The carbon dioxide production method was the preferred one of these three. Heart
rate was also measured. However, like in the U.S. space program, a poor correlation
between heart rate and oxygen consumption was noted. The average metabolic rates on
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the Salyut 6, Salyut 7, and Mir were 264 kcal/hr, 228 kcal/hr, and 222 kcal/hr,
respectively [17]. As in the American space program, these average metabolic rates
decreased over time as EVA equipment and knowledge improved. They were lower than
the Apollo and Skylab metabolic workload measurements, but higher than those from the
Shuttle program.
2.4.6 Mars Desert Research Station
The Mars Desert Research Station (MDRS) is a Mars analogue research habitat
located in the Utah desert. Every winter crews of four to six volunteers perform Mars
simulation research in two-week shifts. The goals of MDRS are to serve as an effective
testbed for developing field tactics, test habitat and tool designs, assess crew selection
protocols, and to generate public support for sending humans to Mars [18].
A study was performed at MDRS on the physiological demands of Mars analogue
extravehicular activities [19]. Mars analogue suits were outfitted with a COSMED®
K2b4 portable gas exchange analyzer. Subjects were asked to perform two graded uphill
runs to exhaustion to determine the V&O2 max . Two simulated EVAs were then performed
while collecting metabolic data with the COSMED® K2b4. It was found that hill running
was not an ideal method of V&O2 max determination because the tests were likely
terminated by the subject before maximal workload was reached. An unsuited laboratory
ergometer would have been preferable.
The COSMED® K2b4 portable gas analyzer is a commercially available product,
which has been validated in numerous studies [20]. The transmitter weighs 475 g (17 oz)
and measures 17.0 cm (6.7 in) by 5.5 cm (2.2 in) by 10.0 cm (3.9 in). Thus, it can be
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easily integrated inside a space suit. However, it requires an oronasal mask for exhaled
gas collection so it is not unobtrusive.
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Chapter 3 : SYSTEM CONCEPT

The system presented in this thesis was developed specifically for the MX-2
neutral buoyancy space suit analogue. The first section of this chapter discusses the MX2 design and operation. The second section outlines in detail the concept of the metabolic
workload measurement system implemented.

3.1 MX-2 Neutral Buoyancy Space Suit Analogue
The following sections provide a system overview of the MX-2 and a detailed
discussion of the life support system into which the metabolic workload measurement
system will be integrated.
3.1.1 MX-2 System Overview
The MX-2 is the second generation Maryland Advanced Research and Simulation
(MARS) suit. Its primary purpose is to replicate some aspects of a pressure suit to
facilitate low-cost neutral buoyancy EVA research. The MX-2 has an outer mobility
envelope and joint restrictions comparable to pressure suits and realistic audio and visual
environments [21]. It is pictured during neutral buoyancy operations in Figure 3-1.
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Figure 3-1: MX-2 during neutral buoyancy operations

The MX-2 is a rear-entry pressure suit with a hard upper torso (HUT) and a
hemispherical helmet. The HUT is constructed of an epoxy resin fiberglass composite
with built-in aluminum plates for hard attachment points. A backpack is integrated with
the hatch and provides a pressurized environment for electronics, called the electronics
box. It fits into the HUT like a plug, locks with a four-point latch system, and seals with
an inflated Pneumaseal®. [21]
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The arms and lower torso assembly are three-layer soft goods. The inside layer is
a pressure bladder made of airtight urethane coated nylon. The second layer is the
restraint layer, which is made of a nylon weave and is designed to carry the pressure
loads. The outer layer is the integral ballast garment (IBG). It is made of a thicker nylon
weave. Its purpose is to protect the inside layers and hold the ballast weight needed in
integrated pockets. [21]
Modified ski boots are used as the MX-2 boots and serve as the restraint layer and
IBG on the feet. They include a standard heal to lock into EVA foot restraints [21]. The
gloves developed for the MX-2 include a pressure bladder and restraint layer with an
integrated palm bar and an elastic restraint line system, which biases the
metacarpophalangeal joint to a closed position [22].
Inside the suit, the subject wears an LCG made of flexible tubing woven through
an elastic mesh suit. Cold water circulation is provided from the surface. The subject also
wears a communications carrier assembly (CCA) for two-way communication with the
surface control station and support divers. A harness and stirrup system is integrated into
the suit for subject weight support. An in-suit drink bag is mounted inside the helmet and
provides 1 L of drinking water to the subject. Lighter subjects also require additional
ballast worn as a vest inside the MX-2. [22]
The pressurized electronics box contains a Macintosh Mini® computer for real
time monitoring of suit systems. Onboard software logs pressure and other sensor data
and sends it to the surface via Ethernet. Data is displayed and monitored on the surface.
[22]
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The MX-2 is connected to the surface via an umbilical at all times. The umbilical
has multiple components. It includes the air inlet and outlet hoses for breathing air
circulation. A cold water line provides LCG cooling. The LCG water exits into the
surroundings and it is not collected. Finally, the Ethernet and communications cables are
also routed through the umbilical.
3.1.2 MX-2 Life Support System
The MX-2 has an open-loop life support system. A schematic of this system is
shown in Figure 3-2. Air is compressed by the Bauer Life Support Compressor for
Breathing Air. It is certified for grade E air by Trace Analytics, Inc. Air can enter into the
system from either or both of two sources. It can be supplied directly from the
compressor while it is running. Alternatively, air can be used from a cascade of four large
24.8 MPa (3600 psi) cylinders. Typically, the cascade is filled prior to MX-2 operations
and is used solely throughout the test while the compressor is reserved as a backup.
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Figure 3-2: MX-2 air system schematic

From the high pressure source, air passes through a demand regulator which
reduces the pressure to about 830 kPa (120 psi) before it enters the suit umbilical. The
flow rate is also measured at this point.
At this juncture it is important to note the distinction between a demand regulator
and a back pressure regulator. Both can be used to maintain the pressure of a pressure
vessel supplied from a high pressure source. A demand regulator is placed between the
source and the vessel. When the pressure in the vessel is below the set level, it “demands”
more air from the regulator. However, when the pressure is at the desired level, no air
passes through the demand regulator. A back pressure regulator is placed at the outlet of
the pressure vessel. It allows all air to flow through it except for the air necessary to
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maintain the set pressure in the vessel. Therefore, while the source is at a higher pressure
than the vessel, a continuous flow of air will be maintained with a back pressure
regulator. [23]
Upon entering the MX-2, the air travels to pressurize three distinct vessels. The
electronics box is pressurized to about 35 kPa (5 psi) and is controlled by a demand
regulator. The Pneumaseal® is also controlled by a demand regulator, which pressurizes
it to about 414 kPa (60 psi). The electronics box and Pneumaseal® do not need a constant
flow of air. However, the suit does require circulation of fresh air for the comfort and
safety of the subject inside. Thus, it is controlled with a back pressure regulator, which
maintains the pressure at 21 kPa (3 psi) above ambient pressure. A second back pressure
regulator can be seen in Figure 3-2 before the air enters into the suit. This regulator
maintains the pressure in the 100 ft long umbilical. Otherwise, pressure losses due to the
Bernoulli effect would be too large and the Pneumaseal® would not be pressurized
completely.
The MX-2 has triple redundancy in the air system. In the event of a primary air
system failure, pony bottle 1 can pressurize the suit for 2-3 minutes. This is sufficient
time to recognize a problem and begin suit extraction. Pony bottle 2 is connected to a
SCUBA demand regulator inside the helmet. If pony bottle 1 is insufficient, pony bottle 2
can supply breathing air to the subject for 12-15 minutes. If all of these systems were no
longer an option, the helmet can be removed by a safety diver and a reserve SCUBA
regulator can be passed to the subject. [21]
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3.2 Metabolic Workload Measurements in MX-2
An open-circuit flow through indirect calorimetry system was selected for the first
generation of the MX-2 metabolic workload measurement system. The oxygen bottle
pressure monitoring method used during Apollo, Shuttle, as well as the Russian Salyut 6,
Salyut 7 and Mir space stations (described in Sections 2.4.2, 2.4.4, and 2.4.5,
respectively) is not applicable to the MX-2 system. Oxygen usage cannot be measured
directly because air is used in the system. Additionally, monitoring the depletion of the
cascade air supply is not applicable to metabolic measurements because the back pressure
regulator maintains a constant air flow rate through the suit independent of subject
respiration. A portable metabolic analyzer, such as the COSMED® K4b2 mentioned in
Section 2.4.6, has an invasive oronasal mask not desired for MX-2 operations. It is also
prohibitively expensive at about $30,000 to $37,000 (2006). Direct calorimetry
measurements from the LCG inlet and outlet temperature difference are slated for future
research and are discussed briefly in Section 6.2.2.
The MX-2 metabolic workload measurement system gathers data on three
parameters: the rate of oxygen consumption, the rate of carbon dioxide production, and
heart rate. Oxygen and carbon dioxide gas sensors are located inside the air outlet hose
and monitor the percentage of these gases in the air departing the suit system. V&O2 and
V&CO2 are calculated by multiplying the inlet gas flow rate by the change in percent of
gas content. The change is measured between the system air outlet with and without a
human in the loop.
Energy expenditure can be calculated in several ways from these three
measurements. The method most similar to traditional metabolic measurement techniques
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includes the calculation of RER from the V&O2 and V&CO2 to determine the caloric
equivalent of oxygen to be used for calculating the metabolic rate from V&O2 . If the RER
is assumed rather than measured, the oxygen sensor can be used independently of the
carbon dioxide sensor. The assumed RER can also be used to calculate V&O2 from V&CO2
to obtain the metabolic rate without the oxygen sensor. The heart rate data collected can
be utilized to calculate metabolic workload using personal calibration curves or less
accurate standardized equations [4].
A significant advantage of this system over indirect calorimetry systems
implemented in previous suits is that an estimate of the suit leak rate is not necessary. Air
enters the MX-2 through a plenum at the forehead directed downward over the face and
exits at the center of the back. Though there are multiple possible leak paths, they occur
in sections of the suit other than the helmet. Therefore, with the assumption of evenly
mixed gases beyond the helmet, the suit leak rate does not impact the results since the
sensors measure the percentage of gases, not the absolute quantity. The flow rate is
measured at the inlet and is the amount of air flowing over the face available for
respiration.
Testing is required for validation of the MX-2 metabolic workload measurement
system and the selection of the preferable calculation method. It is best to validate this
system against a calibrated standard open-loop indirect calorimetry system. There are two
possible approaches to this. One is to measure the metabolic workload of a subject
performing exercise with a standard system and the MX-2 system simultaneously. This
would require an expensive portable V&O2 system to be used inside the suit helmet.
Alternatively, subjects could perform the same exercise twice and the metabolic
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workload can be measured separately with both methods. This requires a very controlled
exercise protocol that can be accomplished with either metabolic workload measurement
system.
Treadmill exercise at various speeds and inclines provides a workload that can be
carefully controlled by the investigator. However, the MX-2 is designed for a neutral
buoyancy environment and is too massive and cumbersome for walking or running in
gravity. The breathing environment of the MX-2 is the only aspect applicable to this
testing and can be replicated in an analogue. A sealed helmet assembly connected to the
MX-2 air supply can provide the same respiratory conditions and allow full mobility
below the neck for treadmill exercise.
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Figure 3-3: Experimental helmet assembly air system schematic

Figure 3-3 is a schematic of the experimental helmet assembly and its air supply.
Air is supplied and regulated in the same manner as the MX-2. However, the
experimental helmet assembly does not have a back pressure regulator for pressurization.
The air outlet is open to the surrounding environment and the pressure inside of the
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experimental helmet assembly is not elevated above ambient. A pressure differential
between the interior of the experimental helmet assembly and the air surrounding the
remainder of the body would be dangerous to the subject and could result in a lung
overexpansion injury such as edema or pulmonary embolism.
In addition to the direct comparison of the experimental MX-2 system results to
those from a standard metabolic workload measurement system, analysis can be
performed with results from previous studies. Human energy expenditure during walking
and running has been studied thoroughly in the past and prediction models for metabolic
workload at various speeds and inclines for various subjects exist [34],[35],[36]. Though
these models are not expected to be as precise as measuring the metabolic workload of a
subject with a standard system, they can provide an estimate of the expected workload
and be used as a guide for determination of possible causes of discrepancies found.
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Chapter 4 : METHODS

The experimental concept of a metabolic workload measurement system
described in Section 3.2 underwent a validation study against a standard indirect
calorimetry system used by exercise physiologists. Human subjects participated in two
identical exercise sessions, an experimental and a control session, in which they
performed treadmill exercise at several velocities with the respective metabolic workload
measurement system. The following sections provide a detailed description of the
experimental and control session hardware, explain the protocol of the validation study,
and the data processing methods.

4.1 Experimental Session Hardware
These sections reveal the hardware design and fabrication process and justify the
component selection for the experimental helmet assembly, the sensors, and the data
acquisition card.
4.1.1 Experimental Helmet Assembly
The apparatus the subjects were asked to wear during the experimental sessions,
pictured in Figure 4-1, simulates the enclosed breathing environment of a space suit while
allowing the subjects free mobility below the neck. It is a spherical helmet, 33.0 cm (13.0
in) in diameter, made of clear plastic with a 24.1 cm (9.5 in) diameter opening at the
bottom. A modified adult bicycle helmet is glued inside the clear plastic helmet. The
purpose of the bicycle helmet is to provide a firmly attached support for the larger helmet
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on the subject’s head and keep it stable throughout the exercise session. It is also
adjustable for various head sizes. The colorful plastic covering was removed from the
outside of the bicycle helmet. This allowed easy shaping of the helmet by cutting sections
of polystyrene out. The bicycle helmet was shaped to fit the inside contour of the clear
plastic helmet. The front section of the bicycle helmet was removed and a groove over
the top of the head was cut out to allow space for the air inlet hose.

Figure 4-1: Experimental helmet assembly

A 3.8 cm (1.5 in) diameter blue hose is attached to the back of the clear plastic
helmet at the base of the neck. This is the air outlet hose. It is attached by a bent hose
clamp, which is glued to the lip of the clear plastic helmet on the outside, as pictured in
Figure 4-2. The air inlet line is a 1.3 cm (0.5 in) clear vinyl hose which enters the helmet
assembly next to the air outlet hose. It runs straight up and over the top of the head
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through the groove in the bicycle helmet and ends in a plenum at the forehead. The
plenum directs the fresh air down over the face and towards the air outlet hose for
constant air circulation. The inlet and outlet hose diameters were selected to match those
on the MX-2 for maximum commonality between the systems.

Figure 4-2: Air outlet hose attached to the clear plastic helmet

The clear plastic helmet is closed off at the neck with zero-porosity yellow nylon
fabric, typically used in parachutes. It is sewn from six trapezoidal portions of fabric and
tapers from the helmet interface to the neck, as illustrated in Figure 4-3. Anthropometric
data was used to size this for neck circumferences ranging from 5th percentile U.S.
women to 95th percentile Navy divers [24]. The Navy divers were chosen because their
neck circumferences were the largest of the possible groups and U.S. men were not an
option on the list. The maximum neck circumference to fit in the helmet assembly is 45.7
cm (18.0 in), which has an 8% margin over the 95th percentile Navy diver who has a 42
cm (16.6 in) neck. The fabric is attached around the subject’s neck and the lip of the clear
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plastic helmet with loose elastic and has a pass-through for the two air hoses and
communications cables in the back. The purpose of this is to route the majority of the air
leaving the helmet through the air outlet hose. However, it is not a complete seal and no
pressure differential was measured across it.

Figure 4-3: Zero-porosity nylon interface between clear plastic helmet and subject necks

Though the helmet assembly is not sound proof, it would be difficult for the
subject wearing it to hold a conversation with the researcher over the noise of the flowing
air and the treadmill. To mitigate this, a two-way communication system between the
subject and researcher is provided. A modified set of earbud headphones and a small
microphone have been integrated into the helmet. The microphone is mounted inside of
the clear plastic helmet in front of the subject’s lips. Communication is enabled with a
wireless intercom system. Through the use of belt pack transceivers, the researcher can
maintain two-way communications with the subject at all times.
The inlet air is provided from compressed air cylinders at a flow rate of about 170
L/min (6 scfm). The Bauer Life Support Compressor for Breathing Air used is certified
for grade E air by Trace Analytics, Inc. The compressed air is stored in a cascade of four
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cylinders after exiting the compressor. In the unlikely event of a power failure, air will
continue flowing for over an hour, which is much more than ample time to terminate the
session.
The air outlet hose is 3.05 m (10 ft) long and terminates with a square fiberglass
tube that has a 5.1 cm (2 in) square opening and is 38 cm (15 in) long. This serves as the
mount for the oxygen and carbon dioxide sensors and is pictured in Figure 4-4. The
interfaces between the square fiberglass tube and the air outlet hose and the sensor
mounts are sealed with red RTV silicone gasket maker. The end of the air outlet hose
opens to ambient air.

Figure 4-4: Oxygen and carbon dioxide sensors mounted in the air outlet

4.1.2 Treadmills
Three treadmills were used throughout the experimental sessions. The first
treadmill (treadmill 1) is a Weslo® Cadence 865. It provides variable speed settings from
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0 to 4.47 m/s (0-10 mph) in increments of 0.045 m/s (0.1 mph) and incline settings from
1-12% in increments of 1%. The motor is rated at 1492 watts (2 hp). This treadmill began
to malfunction by self-terminating during exercise sessions. The second treadmill
(treadmill 2) is a Weslo® Cadence 825. It can provide speeds of 0-2.68 m/s (0-6 mph)
with manual control, has no power incline adjustability, and has a 933 watt (1.25 hp)
motor. It was found to be too weak to maintain the fast walking speed and the belt was
shorter than a comfortable stride length for some subjects during the fastest walking
speed. This treadmill was not utilized for any official exercise sessions from which data
was analyzed. Treadmill 3 is a Pro-Form® XP 580s Cross Trainer. This treadmill has a
1306 watt (1.75 hp) continuous duty motor, 0-4.47 m/s (0-10 mph) speed capability
adjustable in increments of 0.045 m/s (0.1 mph), and a powered incline range of 0-10%
grade in increments of 1%. All three treadmills are equipped with a safety key system for
automatic termination in case of emergency.
4.1.3 Data Collection
Sensor data is collected using a National Instruments® USB-6008 multifunction
data acquisition module [25], illustrated in Figure 4-5. Three of the eight 12-bit analog
input channels are used to collect data from the oxygen, carbon dioxide, and heart rate
sensors. The raw voltage data is recorded at a rate of 100 Hz using the included NIDAQmx software for later conversion and analysis. Complete technical specifications of
this module can be found in Appendix A.1.
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Figure 4-5: National Instruments® USB-6008 data acquisition module [25]

The USB-6008 also provides analog outputs at 5 Volts DC and 10 Volts DC. The
oxygen and heart rate sensors are powered from this 5 Volt DC analog output. The
carbon dioxide sensor requires a higher voltage and power for it is provided through an
independent 15 Volt power supply.
4.1.4 Oxygen Sensor
The oxygen sensor used is the Vernier® Oxygen Gas Sensor [26], pictured in
Figure 4-6. This electrochemical, or Galvanic, oxygen sensor requires an input of +5
Volts DC, outputs a 0-4.8 Volts DC signal, and has a range of 0-27% oxygen. The rated
accuracy is +/- 1% oxygen. The sensor is not very sensitive to temperature or pressure
within the operational range. However, corrections must be made for relative humidity.
More technical details about this sensor can be found in Appendix A.2.
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Figure 4-6: Vernier® oxygen gas sensor

The oxygen gas sensor contains an electrochemical cell with a lead anode and
gold cathode immersed in electrolyte. Oxygen molecules in the cell are reduced at the
cathode and this generates a current proportional to the oxygen concentration. The
current is then measured across a resistance and generates a small voltage, which is
conditioned and amplified. This sensor is essentially a battery which produces electricity
when exposed to oxygen. Therefore, the reactants are continually depleted, even when
not in use actively but still exposed to air. For this reason, electrochemical oxygen
sensors have a limited lifetime and require calibration with every use. The sensor used in
this experiment was about 6 months old and, according to Vernier, these sensors should
last for several years.
The Vernier® Oxygen Gas Sensor is designed for use with the Vernier® LabPro
interface. Since the National Instrument® USB-6008 was used instead, preprogrammed
calibrations and functions had to be replicated in the software described in Section 4.4.1.
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An electrochemical oxygen gas sensor was selected over other sensing
technologies because of its affordability. Within the selection of possible electrochemical
sensors in the same price range and rated accuracies, the Vernier® sensor included builtin signal amplification, which made integration with the data acquisition module simple.
4.1.5 Carbon Dioxide Sensor
The carbon dioxide sensor selected is the Vaisala CARBOCAP® Carbon Dioxide
GMM221 Module [27], pictured in Figure 4-7. It has a range of 0-3% carbon dioxide.
The input it requires is less than 2.5 W at 11-30 Volts DC and the output is 0-5 Volts DC.
The rated accuracy is less than 0.02% CO2 plus 2% of reading. This sensor has a slight
dependence on pressure and temperature; however, this experiment took place at standard
conditions and no corrections were necessary. The dependence on relative humidity is
insignificant. The calibration is preset by the manufacturer. It is recommended to send the
sensor for recalibration annually. This experiment took place six months after the date on
the calibration certificate for this sensor. Full technical specifications are available in
Appendix A.3.

Figure 4-7: Vaisala CARBOCAP® Carbon Dioxide GMM221 Module [27]
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This is a silicon based non-dispersive infrared absorbance (NDIR) sensor [28]. Its
working principle is Single-Beam Dual-Wavelength NDIR. An infrared light is emitted at
one end of the chamber, where part of it is absorbed by the carbon dioxide molecules
present. The light is then filtered to pass only the wavelength of light absorbed by the
carbon dioxide and measured by the infrared detector at the end of the chamber. Then a
reference wavelength of light is emitted. This reference wavelength is not absorbed by
the carbon dioxide and all of it is measured by the infrared detector. The ratio of the
amounts of light absorbed gives an accurate reading of the concentration of carbon
dioxide. The reference signal compensates for sensor aging affects and maintains the
stability of the sensor.
The Vaisala sensor was selected for a high rated accuracy relative to price.
Additionally, this line of sensors provided flexibility in the ranges available. Selecting a
sensor with a range that fits the application reduces the amount of error as a function of
the full range and increases the resolution.
4.1.6 Heart Rate Sensor
Heart rate is measured with a Polar® Chest Belt Transmitter and a Vernier®
Heart Rate Receiver, pictured in Figure 4-8. The chest belt transmitter is a rubber chest
strap with two electrodes which records the electrocardiogram (ECG) signal and
transmits the data. It has built-in batteries, which can only be replaced by the
manufacturer. There are two interchangeable elastic straps to accommodate various chest
circumferences. Like the oxygen sensor, the receiver requires +5 Volts DC and outputs a
0-4.8 Volts DC signal. Unlike a complete ECG tracing, this sensor outputs a flat line
signal with a spike when a heart beat occurs. The other components of the cardiac cycle
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are filtered out and are not visible. The complete technical specifications of this sensor
can be found in Appendix A.4. The receiver must be kept at most 80 cm (31.5 in) from
the transmitter to avoid a loss of signal. To minimize interference from surrounding
electronics, the receiver was attached to the subject’s shirt.

Figure 4-8: Polar® chest strap transmitter and Vernier® heart rate receiver

The D027i heart rate sensor from Learning Things, Inc. was also considered for
this application. Unlike an ECG sensor which monitors the electrical signal of the heart,
this sensor monitors the changes in blood perfusion. It has a clip with an infrared light
emitting diode on one side and an infrared sensor on the other side. The clip attaches to
either the ear lobe or a finger. The amount of blood in blood vessels changes regularly
with the heart beat and the amount of infrared light detected by the sensor changes with
it. The sensor translates the amount of light detected to an output voltage. It was found
that this sensor is very sensitive to movement and accurate readings were only obtained
when the subject was motionless. This was not possible throughout treadmill exercise and
the ECG chest strap was selected instead.
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4.1.7 Flow Rate Sensor
The flow rate sensor utilized for this experiment is the Hastings® L-10S laminar
flow element and HS-10S mass flow transducer, illustrated in Figure 4-9. This sensor
compensates for pressure changes within 7-1700 kPa (1-250 psi) and gas temperature
changes within the range of 0°C to 100°C [30]. It has an accuracy of +/- 1% of the full
range, which is 0-283 L/min (0-10 scfm) [31]. It is calibrated by the manufacturer and
does not require calibration prior to use. Complete technical specifications for this flow
meter can be found in Appendix A.5.

Figure 4-9: Hastings® flow rate sensor

The data from the mass flow meter is not collected with the same data acquisition
module as the remaining sensors. It is digitally displayed and monitored periodically
throughout the exercise session. This sensor is integrated into the MX-2 air system and
was not selected specifically for this study.
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4.2 Control Session Hardware
The control sessions were performed with a commercially available, top-of-theline cardiopulmonary exercise testing system. The following sections describe this
system, as well as the weighted helmet the subjects were asked to wear to simulate the
weight of the experimental helmet assembly and the heart rate measuring method for this
portion of the validation study.
4.2.1 Cardiopulmonary Exercise Testing System
The

Viasys

Healthcare

Oxycon

Pro®

is

the

commercially

available

cardiopulmonary exercise testing system utilized during the control sessions. This
complete integrated system includes the respiration collection devices, gas and flow
analyzers, computer, and treadmill. Figure 4-10 illustrates this system.

Figure 4-10: Viasys Healthcare Oxycon Pro®
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This indirect calorimetry system requires the subject to wear an oronasal mask to
collect all exhaled air. It seals to the face around the mouth and nose and is held in place
with a double head strap. This mask has several one-way valves. They allow the subject
to comfortably inhale ambient air but force all exhaled air out through a hose for analysis.
The oronasal mask is pictured in Figure 4-11.

Figure 4-11: Oronasal mask with one-way valves

A hose routes air from the mask into the right side of the mixing chamber,
pictured in Figure 4-12. This chamber allows the gas concentrations in an exhaled
volume of air to become uniform for averaged results with reduced noise. Two small
tubes on the left side collect samples of gas for the oxygen and carbon dioxide analyzers.
The oxygen analyzer is a high-speed differential paramagnetic sensor and the carbon
dioxide sensor’s operating principle is infrared absorption [32]. Both of these sensors
have an accuracy of 0.05%, a resolution of 0.01%, a stability of 0.02%/hour, and a
minimum 90% rise time of 40 milliseconds. The volume sensor is also located on the left

57

side at the outlet of the mixing chamber. It is a TripleV bidirectional turbine volume
sensor. It has an accuracy of 70 mL/s or 3% over a range of 0-15 L/s. At maximum flow,
its resistance is less than 0.1 kPa/L/s. Complete technical specifications of this system
can be found in Appendix A.6.

Figure 4-12: Oxycon Pro® mixing chamber

Prior to each control session, all components of the Oxycon Pro® system are
calibrated. The gas sensors are calibrated with a calibration gas and the volume sensor
undergoes an automatic calibration. Atmospheric pressure, temperature, and relative
humidity are also measured for internal sensor corrections.
The Oxycon Pro® system calculates 15-second averages of V&O2 and V&CO2 . The
RER is computed at the same rate. The system records a data point every 30 seconds.
Metabolic workload is calculated from this data by multiplying the V&O2 by the caloric
equivalent of oxygen in kilocalories per liter, which can be determined with Equation 4-1
[2].
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CEO2 = 3.9 + 1.1RER

Equation 4-1

4.2.2 Weighted Helmet
To simulate the weight of the experimental helmet assembly, subjects wore a
weighted helmet throughout the control sessions. This helmet, shown in Figure 4-13, is a
bicycle helmet with four small bags of lead shot attached to the outside. The mass of this
helmet is 2 kg (4.4 lb). This is 23% lighter than the experimental helmet assembly.
However, the entirety of this mass is supported by the head while the mass of the
experimental helmet assembly partially sits on the shoulders. This distribution of mass
reduces the perceived load and the reduced mass of the weighted helmet compensates for
that.

Figure 4-13: Weighted helmet worn during control sessions
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This weighted helmet is different from the one proposed in the IRB protocol
modification request in Appendix B.7. The previous helmet was a construction hard hat
with weight affixed to the top. This high center of gravity made that helmet unstable and
the bicycle helmet was chosen for testing instead. The masses of the two helmets were
very similar.
4.2.3 Heart Rate Sensor
Throughout the control sessions, the subjects wore the same Polar® Chest Belt
Transmitter as during the experimental sessions. However, instead of the Vernier® Heart
Rate Receiver, a Polar® receiver watch was used to display the heart rate, which was
recorded manually at 1-minute intervals. The Oxycon Pro® system includes an integrated
12-lead ECG measurement option, but this was considered unnecessary for this study.

4.3 Experiment Protocol
The previously described hardware and sensors were used to collect physiological
data on subjects throughout both treadmill exercise sessions. The following sections
describe the protocol prior to and throughout the experimental and control exercise
sessions.
4.3.1 Subject Selection
Since this research includes human subjects, the study had to be approved by the
Institutional Review Board (IRB) to assure the protection of rights and welfare of the
subjects. An approval was granted on November 9, 2006. A protocol modification
request was later submitted and approved. All IRB submissions and associated
documents, including the coversheet, proposal, subject recruitment email, consent form,
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subject questionnaire, IRB approval, and the protocol modification request and approval
can be found in Appendix B.
A total of 12 subjects, including 8 males and 4 females, participated in this study.
They were volunteers who responded to a recruitment email and were selected for certain
physical attributes for subject safety. To reduce the risk of a cardiovascular event, all
subjects were adults under the age of 40 who are reasonably fit and in good health.
Though no medical clearance was required, subjects were asked and excluded if they
have any medical conditions with which their risk during treadmill exercise is
heightened. The risk factors specifically addressed are listed in Table 4-1. However, this
is not an exhaustive list and subjects were asked to bring any additional medical concerns
to the investigator’s attention prior to commencement of testing for possible
disqualification.
Table 4-1: Validation study disqualifying conditions
High blood pressure
Heart murmur
Emphysema
Diabetes
Asthma
Elevated cholesterol
Claustrophobia
Epilepsy
Pregnancy
Heart attack
Stroke
Aneurysm
Open or bleeding lesions
near or including the mouth

Seizure
Head injury
Diseases of the arteries
Diseases of the lungs
Frequent headaches
Heart palpitations
Chest pain
Dizzy spells
Shortness of breath
Painful joints
Blood clots
Smoking
Taking medications with
adverse side effects to
exercise

Subject confidentiality is among the issues addressed by the IRB. Data is not
associated with subject identity. Throughout this thesis, subjects will be identified by
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alphanumeric codes. Females will be labeled F1 through F4 and males will be labeled M1
through M8.
4.3.2 Exercise Sessions
Each subject was scheduled to attend one experimental treadmill session and one
control treadmill session. Prior to the sessions, the physical requirements and excluding
conditions were discussed with each subject. He or she was asked to fill out a
questionnaire, which can be found in Appendix B.5. The questionnaire asked for basic
information, such as sex and age, a medical history to check for any disqualifying
conditions, and an exercise profile which establishes the frequency, duration, and type of
exercise each subject typically participates in. The weight and height were measured. The
purpose of the research, procedures, and equipment were described to the subject, any
questions were answered, and informed consent was obtained. The consent form is
included in Appendix B.4.
The original validation study plan intended for the order of sessions to vary
between subjects. Roughly half of the subjects were to participate in an experimental
session first and half were to start with the control session. Each subject’s two sessions
were to be spaced apart by no more than one week. However, issues with availability of
facilities for the control sessions forced all of the control sessions to be completed up to
ten weeks after the respective experimental session.
Each session took about an hour of the subject’s time, though the actual exercise
portion lasted 30 minutes. Prior to the experimental sessions, the chest belt transmitter
was first donned by the subjects in the bathroom for privacy. Each subject was instructed
on how to adjust the strap and wet the electrodes with saline for maximum signal
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conduction. The communications earphones and belt packs were then put on and tested.
Finally, the helmet assembly, with the air flow already is progress, was carefully placed
over the head, adjusted for fit and comfort, and closed off.
Prior to the control sessions, the chest belt transmitter was first donned following
the same procedure as during the experimental sessions. The weighted helmet was then
adjusted for a tight fit and removed. Next the oronasal mask was placed on the face and
the straps were tightened and closed. Leak paths were checked by placing a hand over the
hose attachment on the front of the mask and blowing. If any air was escaping through
the seal, the straps were readjusted and tightened. Finally, the weighted helmet was
donned taking care not to displace the oronasal mask straps.
After the session-appropriate gear has been donned and adjusted for fit, a rest
period began. Each subject was asked to sit quietly for 8 minutes. The 30 minutes of
treadmill exercise began immediately following the rest period. It was divided into three
10-minute portions at progressively higher speeds of 1.34 m/s (3 mph), 1.65 m/s (3.7
mph), and 1.97 m/s (4.4 mph). These three segments made up one continuous block of
exercise. Data was collected throughout the entire exercise session. The treadmill incline
was set to 1° grade because this is the minimal value possible on treadmill 1. A subject
during an experimental session and a control session is shown in Figure 4-14.
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Figure 4-14: A subject during an experimental (left) and a control (right) session

The three speeds used were selected to include a slow, medium, and fast walk.
The slowest speed requires a workload noticeably above resting values. The highest was
selected to be slightly slower than the human walk-run gait transition speed for the
shortest subject (subject F3 is 1.55 m or 61 in). The transition speed was calculated using
Equation 4-2, which is derived from an inverted pendulum mechanical model [33]. The
transition speed (m/s), v, is a function of the Froude number, f, acceleration due to gravity
(m/s2), g, and leg length (m), l, measured from the hip to the floor. The Froude number is
a dimensionless number defined as the ratio of centripetal and gravitational forces at the
preferred walk-run transition. It was experimentally determined to be 0.5 for humans
[33].
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v=

fgl

Equation 4-2

Historically, a typical average workload during EVA has been 215 kcal/hr and the
minimum and peak workloads have been 86 kcal/hr and 516 kcal/hr, respectively [14].
Typical metabolic workloads during walking are 114-228 kcal/hr at 0.89 m/s (2 mph),
150-318 kcal/hr at 1.34 m/s (3 mph), and 192-420 kcal/hr at a speed of 1.79 m/s (4 mph)
[4]. There is sufficient overlap between these typical values to assume that the workloads
during walking are representative of those experienced during EVA.
At the conclusion of each exercise session, the subjects filled out the response to
experiment portion of the subject questionnaire which related to the session just
completed. Questions probed the perceived exertion and comfort during the sessions.
Calibration data was collected immediately before and after each experimental
session. It is necessary for oxygen sensor calibration and for determination of baseline
carbon dioxide concentration in the cascade air without human respiration. The helmet
assembly was bypassed by connecting the inlet hose to the outlet hose, as illustrated in
Figure 4-15, and air was delivered directly into the outlet hose at the same flow rate.

Figure 4-15: Helmet assembly bypass for calibration

Each time, the system was first allowed to flush out for about 5 minutes followed
by 5 minutes of data collection. When two experimental sessions were scheduled
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consecutively, only one calibration was taken in between and was used as the after
calibration for the first session and the before calibration for the second session.

4.4 Experimental Session Data Processing
The data collected from the oxygen, carbon dioxide, and heart rate sensors is
recorded by the NI-DAQmx software as raw voltage values between 0 and 5 Volts at a
rate of 100 Hz. This rate was chosen for sufficient resolution in the ECG signal from the
heart rate sensor. A lower sampling rate would result in an imprecise determination of the
time at which a heart beat occurs and would lead to an irregular calculation of heart rate.
Though this high sampling rate is not necessary for either of the gas sensors, the data
acquisition module is not capable of different sampling rates at various pins. A short
sample of the Ni-DAQmx output is shown in Appendix C.5. The data analysis software
later calculated 1-second averages to smooth and reduce the quantity of gas sensor data.
The post-session data processing takes place in three stages, all programmed in
Matlab. The gas sensor calibration data obtained before and after each session at a rate of
10 Hz is first averaged and plotted for visual inspection with the code shown in Appendix
C.3. The Ni-DAQmx output data is then processed with the code included in Appendix
C.4 by filtering the heart rate data, adding a column with time in seconds, and saving into
a new text file labeled MHcleandata. A sample of this output file can be found in
Appendix C.6. This process is described in more detail in Section 4.4.3.
Finally, the code found in Appendix C.1 is used to calculate the metabolic rates. It
takes two inputs. The first is an Excel file labeled parameters. It contains information
specific to the subject and the exercise session including age, sex, weight, times of speed
transitions, before and after calibration data for the gas sensors, relative humidity, and the
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flow rates and times of transitions between them. A sample parameters file is included in
Appendix C.2. The second is a text MHcleandata file with four columns: O2, CO2, and
heart rate sensor voltages and time in seconds.
The outputs of this data processing are values of heart rate and metabolic
workload calculated from each of three sets of sensor data at each speed, the theoretically
predicted metabolic workload values as calculated by the Pandolf [35] model, and
multiple plots displaying all relevant data. The Pandolf model will be discussed in greater
detail in Section 5.1.
The following sections describe the conversion of the raw voltage data from each
sensor to metabolic workloads.
4.4.1 Oxygen Sensor Data
Since the oxygen sensor is an electrochemical sensor and its lifetime depends on
the amount of reactants present for the reaction, a calibration update is required before
every use. Equation 4-3 is the linear calibration equation used.
%O2 =

%O2 max ( RH )
V
Vmax

Equation 4-3

The slope of the calibration equation between the raw voltage (V) and the
percentage of oxygen (%O2) is a ratio of the maximum values of each. The maximum
percentage of oxygen (%O2max), or the percentage of oxygen in cascade air without
human respiration, is a function of the percentage of relative humidity (RH) shown in
Equation 4-4. This equation is derived from tabulated data published in the Vernier®
oxygen sensor manual [26].
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%O2 max ( RH ) = 20.9 − 0.008RH

Equation 4-4

As the workload increases throughout each experimental session, the respiration,
and therefore the relative humidity in the outlet air, increases. Perspiration also
contributes to an increase in relative humidity. An Onset HOBO® H08 data logger was
used to measure the relative humidity of the outlet air through several experimental
sessions. However, this sensor has a 10 minute settling time and a measurement range of
25-95%, making it inadequate for measurements at rest and low workloads. Relative
humidity data was only obtained for the medium and fast walking speeds for 4 subjects.
Figure 4-16 illustrates the relative humidity profile assumed for all of the experimental
sessions. It was developed from averages of collected data and extrapolation to lower
workloads. Transitions between each workload were assumed to be linear and last 3
minutes from the time a speed change occurred.
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Figure 4-16: Relative humidity profile
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The maximum voltage (Vmax) in Equation 4-3 is the voltage the sensor measured
without human respiration when the helmet assembly was bypassed. It was taken to be a
linearized function between the mean voltages of the before and after calibrations.
V&O2 was calculated by multiplying the difference of the maximum (%O2max) and
measured (%O2) percentage of oxygen by the measured flow rate. The V&O2 was then
used to calculate metabolic rate with a caloric equivalent of oxygen of 5.0 kilocalories
per liter of oxygen. This value is recommended by the American College of Sports
Medicine (ACSM) to be used when a RQ is unknown [34]. According to Equation 2-1,
this corresponds to an assumed RQ of 1.0.
4.4.2 Carbon Dioxide Sensor Data
The carbon dioxide sensor’s measurements are not affected significantly by
relative humidity and corrections for pressure and temperature were not necessary
because the testing conditions did not vary substantially from standard conditions. It was
calibrated by the manufacturer against accurate gas concentrations and did not require
recalibration prior to each session. The sensor has an input range of 0-5 Volts and an
output range of 0-3% carbon dioxide. Therefore, the carbon dioxide percentage is
calculated simply by multiplying the raw voltage by a factor of 0.6.
Metabolic workload was derived from carbon dioxide data by way of V&O2 . The
calculation of V&CO2 from carbon dioxide sensor data followed the same procedure as the
calculation of V&O2 from oxygen sensor data in Section 4.4.1. An assumed respiratory
exchange ratio of 1.0 was used to convert V&CO2 to V&O2 and the caloric equivalent of
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oxygen of 5.0 kilocalories per liter of was used to calculate the metabolic workload from
carbon dioxide sensor data.
4.4.3 Heart Rate Sensor Data
The heart rate sensor data collected is a flat line at about 1.2 Volts, with spikes up
to about 2.6 Volts when a heart beat occurs. The duration of the heart beat spikes is about
0.04-0.06 seconds. Electromagnetic interference creates some additional spikes in the
data which could be read as heart beats. Fortunately, the duration of the majority of these
spikes is shorter than that of a heart beat. Software was written to remove spikes that are
shorter than a set threshold. This threshold was typically set to 0.04 seconds, but was
adjusted on a case by case basis for optimum results. This code can be found in Appendix
C.4. After the heart rate data was cleaned with software, a few spikes had to be removed
manually as well. These were instances when interference caused an increase in the
voltage that lasted longer than the threshold. These cases were obvious by the fact that
heart beats appeared closer than naturally possible and the heart rates jumped to at least
twice the previous value.
Heart rate was derived from the cleaned heart rate data. First the times at which a
heart beat occurred, or the times the voltage exceeded a threshold of 1.5 Volts, were
recorded in a new matrix. The time periods between these beats were then calculated and
inverted for beat-to-beat heart rates. Finally, 15-second averages were taken every 5
seconds to smooth the data.
The metabolic rate was calculated from heart rate data using equations for V&O2
and its dependents published by Johnson [4]. V&O2 (L/min) was calculated using Equation
4-5.
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HR − HRrest
V&O2 = V&O2 max
HRmax − HRrest

Equation 4-5

In this equation, HR is the measured heart rate in beats per minute. HRrest is the
resting heart rate. It was measured on three occasions for each subject: prior to the
experimental and control sessions and a 10 minute independent measurement in a sitting
position. During the latter, each subject was asked to sit quietly for 10 minutes with the
chest belt heart rate monitor. The average of the final 5 minutes of this rest period was
taken to be the resting heart rate. The lowest of these three was used as HRrest in this
calculation. Like the RMR, the resting heart rate is not at basal conditions. Subjects are
likely digesting food and not in a thermoneutral environment. HRmax in beats per minute
was calculated using Equation 4-6 as a function of age.
HRmax = 220 − age

Equation 4-6

The V&O2 max equations vary for males and females. Equation 4-7 is the equation
for V&O2 max (L/min) for males.
V&O2 max = 4.2 − 0.03 ⋅ age

Equation 4-7

Equation 4-8 is the female equation for V&O2 max (L/min).
V&O2 max = 2.6 − 0.01 ⋅ age

Equation 4-8

Metabolic rate was calculated from V&O2 using the same caloric equivalent of
oxygen (5.0 kilocalories per liter) as discussed in Section 4.4.1.
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Chapter 5 : RESULTS AND ANALYSIS

The experimental and control sessions were both completed by each of 10
subjects. The following sections present quantitative and qualitative data from these
sessions as well as theoretically predicted results. All of the data is discussed and
statistically analyzed. Also included are results from three system characterization tests
and a detailed investigation of error sources.

5.1 Theoretical Predictions
Numerous models exist for the prediction of metabolic workload during walking
and running with variables such as surface types, incline, loads carried, and physical
characteristics of subjects. These models were developed under different conditions with
varying numbers of subjects. The model for walking with loads developed by Pandolf, et
al. [35] was selected to serve as the source of predicted data for this experiment. The
following sections explain why it was selected over others and describe the model and its
parameters.
5.1.1 Model Selection

A study was performed by Hall, et al. [36] to compare many of the existing
energy expenditure models for walking and running. Male and female subjects were
asked to walk and run 1600 m (1 mile) at 1.41 m/s (3.15 mph) and 2.82 m/s (6.31 mph),
respectively, while their metabolic workload was measured using indirect calorimetry.
Tests were performed on a track and a treadmill. It was found that there was no
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significant difference between energy expenditure of walking or running between the
track and the treadmill. However, a significant difference was found between the males
and females performing the same exercise. This is mostly due to the fact that males tend
to have a higher fat-free mass, which is metabolically active.
The data collected was then compared against existing prediction formulas. The
walking models considered include those derived by the American College of Sports
Medicine (ACSM) [34], Van der Walt, et al., Pandolf, et al. [35], and tables by McArdle,
et al. It was found that the experimental values did not differ significantly from those
calculated using the ACSM or Pandolf’s equations. McArdle’s tables and Van der Walt’s
equation were both found to significantly overestimate the metabolic rate.
The equation listed by ACSM [34] is a function of only walking speed and
percent grade. Pandolf’s equation is a function of walking speed, percent grade, subject
mass, and the mass of the load carried. This model was selected to serve as the source of
reference data for this study because it takes into account the physical size of the subject
as well as load carried. The experimental helmet assembly has a mass of 3.7 kg (6 lb) was
taken into consideration using Pandolf’s equation. Additionally, this model was
developed for walking and standing so it can be used for resting values as well.
5.1.2 The Pandolf Model

Equation 5-1 shows the Pandolf model for predicting energy expenditure for
walking while carrying a load.
M = 1.5W + 2.0(W + L)( WL ) 2 + η (W + L)(1.5V 2 + 0.35VG )
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Equation 5-1

In this model, M is the metabolic rate (watts), W is the subject mass (kg), L is the
load carried (kg), V is the speed of walking (m/s), G is the percent grade, and η is the
terrain factor (η = 1 for a treadmill). All energy expenditures in this thesis are given in
kilocalories per hour. The conversion between the two units used is listed in Equation
5-2.
1 kcal / hr =

3600
4184

watts = 0.8604 watts

Equation 5-2

The predicted results calculated with this model are shown in Appendix D.2. The
variables in this calculation are 3.7 kg (6 lb) for load carried, terrain factor of 1, and a
fractional percent grade of 0.01. The subject masses are given in Section 5.2.1.

5.2 Quantitative Results
The discussion of the quantitative results obtained is organized as follows. First is
the overview of subject physical characteristics. This is followed by the detailed results
from one sample subject to illustrate typical data obtained. The metabolic workloads
from all subjects are then presented and trends are discussed. Finally, the heart rates
measured during each session are compared.
5.2.1 Physical Characteristics of Subjects

A total of 12 subjects participated in this study. Their physical characteristics,
including age, mass, height, and resting heart rate, are listed in Table 5-1.

74

Table 5-1: Subject physical characteristics
Subject
F1
F2
F3
F4
M1
M2
M3
M4
M5
M6
M7
M8

Age
years
24
24
24
20
20
25
23
23
23
26
20
25

Mass
kg (lb)
61.8 (136)
51.8 (114)
59.1 (130)
60.9 (134)
80.0 (176)
77.3 (170)
77.7 (171)
60.5 (133)
68.2 (150)
74.5 (164)
62.3 (137)
70.5 (155)

Height
m (in)
1.65 (65)
1.63 (64)
1.55 (61)
1.63 (64)
1.88 (74)
1.73 (68)
1.70 (67)
1.68 (66)
1.83 (72)
1.78 (70)
1.73 (68)
1.83 (72)

Resting Heart Rate
bpm
62.2
94.6
70.4
66.5
66.3
67.0
79.2
77.3
68.4
69.7
74.6
82.2

Of the 12 subjects, 10 completed both sessions. Subject F2 chose to terminate the
experimental session prematurely. The experimental session for subject M5 was cut short
because of a treadmill malfunction and was never repeated. Neither of these subjects
participated in a control session. The average mass of the final 10 subjects was 68.5 kg
(150.6 lb) with a standard deviation of 8.4 kg (18.4 lb) and their average height was 1.72
m (67.7 in) with a standard deviation 0.11 m (4.2 in). The average and standard deviation
of the age was 23 years and 2.3 years, respectively.
The treadmill malfunctions did present an operational problem in the
experimental sessions. Of the 10 subjects who completed the entire experimental session,
5 did so on treadmill 1 (F1, F3, M1, M2, M3) and 5 on treadmill 3 (F4, M4, M6, M7,
M8). Those subjects who attempted to complete the protocol on treadmill 1 after it began
to malfunction or on treadmill 2 repeated the entire session on treadmill 3. Notes on the
specific occurrences during each session can be found in Appendix D.1.
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5.2.2 Sample Subject Results

Subject F3 was selected as a sample of all results because she completed both
sessions without any anomalies in the protocol and the results are a typical representation
of the majority of the subjects. Figure 5-1 displays a plot of the data obtained from all
three sensors during the experimental session.
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Figure 5-1: Metabolic rate obtained during the control session for subject F3

All three methods display distinct transition regions and plateaus. The horizontal
black line through each plateau indicates the averaged metabolic workload at that speed
from that sensor and the 5-minute time range over which it was averaged. The carbon
dioxide data has a plateau at each of the four workloads, while the remaining two
methods do not reach a steady state at the highest workload.
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There is some chatter in the data at each plateau. The standard deviations from the
mean were calculated for each sensor at each workload for subject F3 and are displayed
in Table 5-2. As can be seen from the data for each workload and the averages, the
carbon dioxide sensor is the most stable of the three.
Table 5-2: Standard deviations of metabolic workloads at plateaus (kcal/hr)
O2 Sensor
CO2 Sensor
HR Sensor

Rest
22.7
6.4
15.2

Slow
17.7
7.5
12.1

Medium
11.7
6.9
13.8

Fast
17.8
6.4
12.0

Average
17.5
6.8
13.3

The metabolic workload and the respiratory exchange ratio obtained from the
control sessions for subject F3 is displayed in Figure 5-2.
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Figure 5-2: Metabolic rate and RER obtained during the control session for subject F3
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RER

Metabolic Rate (kcal/hr)

Subject F3 Control Data
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The control data also results in steady plateaus at each workload. The standard
deviations of the metabolic workloads of subject F3 at rest and the slow, medium, and
fast walking speeds are 4.5 kcal/hr, 5.8 kcal/hr, 6.5 kcal/hr, and 8.0 kcal/hr, respectively.
The average of these four values is 6.2 kcal/hr. This is just slightly lower than the amount
of chatter in the carbon dioxide sensor.
Similar plots of experimental and control data for each subject can be found in
Appendix D.3 and Appendix D.5, respectively.
5.2.3 Results from All Subjects

The metabolic rates were calculated from the mean of the final 5 minutes of data
at each workload to avoid the inclusion of any settling effects before steady state was
reached. The metabolic workload data calculated for each subject and speed from data
collected by the oxygen sensor, carbon dioxide sensor, and heart rate sensor, along with
the theoretically expected values according to Pandolf’s model and those obtained during
the control sessions, is tabulated in Appendix D.2. These results are displayed in Figure
5-3 through Figure 5-6.
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Figure 5-3: Metabolic rates during the rest period for all subjects calculated from the oxygen, carbon
dioxide, and heart rate sensors, Pandolf’s model, and control data

The rest period data presented in Figure 5-3 is the most variable of the four
workloads. Oxygen sensor data shows a negative metabolic workload for four subjects.
This is physically impossible and implies problems with sensor calibration and
determining the absolute amount of oxygen in the air. The negative values indicate that
the amount of oxygen measured in the cascade air during the calibration before or
possibly after the exercise session was lower than with human respiration consuming
oxygen in the loop. Conversely, the metabolic workloads for three subjects appear very
high compared to the predicted and control values. It is likely that the resolution and
accuracy of the oxygen sensor within this small portion of its range is not sufficient.
The heart rate sensor shows no workload for three subjects and very low
workloads for five subjects. This supports the claim in Section 2.2.4 that the correlation
between metabolic workloads and heart rate is not strong at low workloads. The linear
approximation used to calculate metabolic workload from heart rate assumes no
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workload at rest and depends very heavily on the accuracy of the resting heart rate
measurement. As mentioned in Section 4.4.3, the resting heart rate is the lowest of three
heart rate measurements for each subject. For the subjects whose lowest heart rate
occurred prior to the experimental session, the metabolic workload calculated by
Equation 4-5 is 0 kcal/hr.
Carbon dioxide sensor data appears to be closest to predicted and control values.
It does not exhibit any highly irregular behavior like the oxygen and heart rate sensors.
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Figure 5-4: Metabolic rates during the slow speed for all subjects calculated from the oxygen, carbon
dioxide, and heart rate sensors, Pandolf’s model, and control data
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Figure 5-5: Metabolic rates during the medium speed for all subjects calculated from the oxygen,
carbon dioxide, and heart rate sensors, Pandolf’s model, and control data
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Figure 5-6: Metabolic rates during the fast speed for all subjects calculated from the oxygen, carbon
dioxide, and heart rate sensors, Pandolf’s model, and control data

A lot of variability was found in the experimental data during the slow, medium,
and fast walking periods as well. In general, experimental data showed higher workloads
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than control data. This phenomenon will be explored in greater detail in the following
sections.
The Pandolf model resulted in values close to the control results. This gives a
general indication that the experimental data is likely overestimating the metabolic
workload rather than the control data underestimating it. However, the Pandolf model
was experimentally derived with data from a limited number of subjects in conditions
that were not identical to those in this study, and it will not be quantitatively compared to
the experimental data.
5.2.4 Heart Rates

Heart rates were measured throughout each experimental and control session. The
means of the final 5 minutes of each workload for each subject are tabulated in Appendix
D.2. The heart rates from both sessions at each speed averaged across all 10 subjects,
along with their average difference (not difference of the averages) and the standard
deviation of this difference can be found in Table 5-3.
Table 5-3: Average heart rates (bpm) from each session and their difference
Rest
Slow
Medium
Fast

Experiment
74
112
135
168

Control
82
110
128
160

Difference
-8
3
7
8

St. Dev. of Diff.
10
9
11
8

It was found that average heart rates were higher during the experimental sessions
than the control sessions at all workloads other than rest. However, paired T tests at a
significance level of 0.05 support the hypothesis that the experimental and control heart
rates at the slow and medium speeds come from distributions with equal means. At rest
and at the fast walking speed this hypothesis can be rejected; therefore, the heart rates are
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not statistically the same. This implies that the experimental session workload was only
higher than its control counterpart at the fastest walking speed and this cannot be said for
the slow or medium walking speeds.

5.3 Statistical Analysis
Statistical analysis was performed on several aspects of the quantitative data
collected from the experimental and control sessions. The following sections explain the
relationship between the metabolic workloads from the experimental and control
sessions, the analysis of the energy expenditures relative to subject body mass, and the
search for correlations between metabolic rates and various body parameters.
5.3.1 Correlations with Control Measurements

To determine the accuracy of the experimental system, the metabolic rates from
each of the three sensors were correlated against the data obtained during the control
sessions. The results of this investigation are displayed in Figure 5-7 through Figure 5-9.
Each of these plots displays the equation of the best fit linear regression and the
coefficient of determination (R2) for this regression.
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Figure 5-7: Metabolic rates calculated from O2 sensor data correlated against control session
measurements
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Figure 5-8: Metabolic rates calculated from CO2 sensor data correlated against control session
measurements
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Figure 5-9: Metabolic rates calculated from heart rate sensor data correlated against control session
measurements

The Pearson correlation coefficients (R) between the control metabolic workloads
and those from the oxygen, carbon dioxide, and heart rate sensors are 0.92, 0.96, and
0.94, respectively. All three of these are statistically significant. This is a very
encouraging result because it indicates that all three of these sensors could serve as
predictors of metabolic workload.
The correlation of the carbon dioxide sensor data with the control data is the
strongest of the three. Visual inspection of the correlation plots indicates that the carbon
dioxide sensor data is a lot closer to the regression line than the oxygen sensor data at
rest. As was shown in Figure 5-3, there is a lot of variability and even negative values in
oxygen sensor data at rest. This is likely the reason that the correlation with control data
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is not as strong with the oxygen sensor. The same is true with the heart rate sensor data,
though to a lesser extent.
5.3.2 Relative Metabolic Workloads

Section 2.1.1 described the dependence of BMR and metabolic workload on body
mass. A measurement of metabolic workload per unit body mass can eliminate this
variable and allow the direct comparison of workloads among subjects. The metabolic
rates computed from data during the experimental and control sessions were divided by
the mass of the subject. The averages and standard deviations of these relative workloads
across all 10 subjects can be found in Table 5-4.
The standard deviations indicate that the variability in the results from all three
sensors is greater than in the control data. At rest, the variability in the carbon dioxide
data is on par with that of the control data. It is the only one of the three sensors which
has a standard deviation that is smaller than the mean. Since the metabolic workload
should never be negative, this implies that the oxygen and heart rate sensor methods are
not satisfactory at resting workloads.
Table 5-4: Averages and standard deviations of metabolic workload per unit body mass (kcal/hr/kg)
Rest
Slow
Medium
Fast

O2
0.7 (2.4)
6.5 (2.6)
9.1 (2.1)
13.4 (2.7)

CO2
1.4 (0.3)
5.4 (1.0)
7.2 (1.2)
10.5 (2.2)

Heart Rate
0.3 (0.5)
4.6 (1.5)
7.1 (2.2)
10.7 (2.5)

Control
1.1 (0.2)
4.4 (0.3)
5.7 (0.5)
8.5 (1.1)

The averages for the three experimental sensors are higher than the control
session averages in all cases except for the rest values from the oxygen and heart rate
sensors at rest. This is in agreement with the observations in Section 5.2.3. However, it is
possible that this assessment is not statistically significant.
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T tests at a significance level of 0.05 were performed at each speed between the
relative control workloads and relative workloads from each of the sensors to determine
if they come from distributions with identical means. It was found that only the rest
oxygen sensor data and the slow and medium heart rate sensor data share a mean with
their control data counterparts. This implies that at all workloads the carbon dioxide
sensor, which has thus far been shown to be the most reliable of the three methods,
requires a calibration. This linear calibration is the regression line displayed in Figure
5-8, and is given in Equation 5-3 in units of kilocalories per hour.
MR = 0.743MRCO2 + 26.5

Equation 5-3

5.3.3 Correlations with Body Parameters

In an attempt to find some meaningful trends, the metabolic workloads from the
experimental and control sessions were correlated against body parameters including
body mass, height, and body mass index (BMI). Pearson correlation coefficients (R) were
found for each of these combinations. With a significance level of 0.05 and a sample size
of 10, R needs to be greater than 0.632 to be considered significant.
Significant correlations with body mass were only found for the slow and medium
speeds during the control sessions and at the resting workload for the carbon dioxide
sensor data. Theoretically, some correlation is expected between body mass and
metabolic workload and these results are slightly surprising. However, the sample size is
not very large and the test conditions do include extraneous factors such as the
experimental helmet assembly. Additionally, the increased variability of data during the
experimental sessions, discussed in Section 5.3.2, can blur correlation calculations.
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The correlation results with height are more encouraging. Significant correlations
were found for the rest, and slow and medium speeds for both the carbon dioxide sensor
data and the control session data. No significant correlations were found for either the
oxygen sensor or the heart rate sensor at any workload. It is possible that correlations are
stronger with height than weight because the headgear used during both sessions could
affect the walking gait by forcing the subjects to maintain a stiff neck and back to
maintain the stability of the headgear. This could affect the taller subjects more because
the distance from their heads to their centers of gravity is greater and more static torque
may be required to stabilize the helmets. The similar correlations between the carbon
dioxide sensor data and the control session data with subject height do not shed light on
the accuracy of the carbon dioxide sensor. However, similar behavior between these two
methods of measuring the metabolic workload is another indication that, with the proper
calibration, the carbon dioxide sensor may provide sensible estimates of energy
expenditure.
BMI is a parameter used to assess weight relative to height and determine if an
adult is overweight or underweight. BMI is the body mass (kg) divided by the square of
the height (m) [34]. A BMI of less than 18.5 is considered underweight, 18.5-24.9 is
normal weight, 25-29.9 is overweight, and 30 or greater is considered obese. BMI is
related to percent of body fat. As mentioned in Section 2.1.1, the BMR and metabolic
workload depend on fat-free body mass. However, no significant correlations were found
between BMI and metabolic rate at any workload during any exercise session. The BMI
values for the 10 subjects ranged from 20.8 to 26.8, with only two subjects falling into
the overweight category.
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5.4 Qualitative Results
Subjects were asked to complete a questionnaire about their medical history,
exercise profile, and rated and qualitative response to the exercise sessions. The
following sections explore the responses given and attempt to draw some meaningful
information from them. The complete questionnaire can be found in Appendix B.5.
5.4.1 Experiment Response Ratings

The following questions were asked of the subjects after completing the exercise
sessions.
1.

Was the experimental session strenuous?

2.

Was the apparatus worn during the experimental session comfortable?

3.

Did the apparatus worn during the experimental session make the work more strenuous?

4.

Was the control session strenuous?

5.

Was the apparatus worn during the control session comfortable?

6.

Did the apparatus worn during the control session make the work more strenuous?

7.

Was the workload during the experimental and control sessions similar?

8.

Was the heart rate monitor comfortable?

9.

Did the heart rate monitor make the work more strenuous?

The responses to these questions are tabulated in Table 5-5. Subjects were asked
to check one of five boxes in response to each question. A rating of 1 meant not at all and
a rating of 5 meant very.
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Table 5-5: Subject responses to questionnaire
Subject
F1
F3
F4
M1
M2
M3
M4
M6
M7
M8

Q1
3
2
5
2
2
4
4
3
5
3

Q2
2
2
3
3
3
2
4
2
1
3

Q3
4
4
2
1
3
3
3
1
4
4

Q4
3
2
5
3
2
3
4
1
3
4

Q5
3
3
4
2
3
4
4
1
4
4

Q6
4
1
2
3
3
2
2
1
2
4

Q7
4
4
5
4
4
3.5
2
5
3
4

Q8
4
5
5
4
5
5
5
5
4
4

Q9
2
1
1
1
1
1
1
1
1
2

There was no consensus on which session was more strenuous. According to the
responses to questions 1 and 4, 5 subjects indicated that the sessions were the same, 3
said that the experimental session was more strenuous and 2 said that the control session
was more strenuous. However, when asked if each apparatus made the work more
strenuous in questions 3 and 6, 5 said both elevated the workload equally, 4 stated that
the experimental helmet assembly hindered their workload more and only 1 said the
opposite. When asked if the workload during the sessions was similar in question 7, the
average response was a 3.9 with a standard deviation of 0.9. This indicates that subjects
were leaning towards yes, but it is not unanimous.
In general, the experiment response portion of the subject questionnaire did not
yield any unanimous opinion or conclusive response to the question of whether the
workload during the experimental sessions was higher than during the control sessions.
However, it should be noted that the control sessions were performed up to ten weeks
after the experimental sessions. After the experimental sessions, subjects were asked to
respond to the questions that apply and the complete the rest after the control sessions.
This large lag time may have affected the subjects’ relative memory of the experimental
sessions.
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5.4.2 Subject Comments

After the completion of each session, subjects were asked to write down or state
any general comments they may have about the experiment and the workloads of each
session. A complete list of subject comments can be found in Appendix D.1. Four
subjects indicated that the experimental helmet assembly affected their workload because
it rests on the shoulders and institutes a motion constraint. One subject complained that
this headgear forced him to look down throughout the walking portion of the session and
caused his glasses to slide off his nose. However, not all subjects chose to comment and it
is possible that those who did not respond were the ones without complaints.
Breathing comfort was also mentioned. One subject mentioned being bothered by
the very low humidity of the cascade air compared to ambient air. It is not clear whether
this actually inhibited his performance. Another subject noted that the control session was
more difficult because it takes more effort to breathe out directly into the hose rather than
the open space of the experimental helmet assembly. Only one subject indicated anything
to this effect.
In general, there is a slight tendency within the subjects to make comments that
indicate the experimental session was more strenuous. However, it is nearly impossible to
draw conclusive results from a few subject comments.
5.4.3 Subject Exercise Profiles

The subject questionnaire, found in Appendix B.5, included questions about the
subjects’ typical exercise routine. Table 5-6 lists the frequency and duration of weekly
exercise as well as a list of the activities each subject participates in.
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Table 5-6: Subject exercise profiles
Subject

F1
F3
F4
M1
M2
M3
M4
M6
M7
M8

Exercise
Frequency
(per week)
2 to 4
5 to 7
0 to 1
0 to 1
5 to 7
2 to 4
2 to 4
5 to 7
2 to 4
2 to 4

Exercise
Duration
(min)
30-60
60-120
N/A
30-60
30-60
30-60
<30
<30
<30
30-60

Fitness
Score

Exercise Type

4
9
0
2
6
4
2
3
2
4

Running, swimming, biking, martial arts, climbing
Swimming, running
Swimming, running, lifting
Running, swimming, soccer
Racquetball, climbing
Jogging, sit-ups, push-ups
Biking
Biking, Frisbee
Swimming, volleyball

In an attempt to quantify the fitness level of the subjects, a scoring system was
developed. Point values were awarded for both frequency and duration of exercise
according to the values set forth in Table 5-7. The fitness scores, listed in Table 5-6, are
the products of the frequency and duration point values for each subject.
Table 5-7: Fitness score point system
Exercise Frequency (per week)
0 to 1
2 to 4
5 to 7

Frequency Points
1
2
3

Exercise Duration (min)
<30
30-60
60-120

Duration Points
1
2
3

The metabolic workloads per unit mass from the experimental and control
sessions were correlated against the fitness scores. The relative workloads were used
instead of the absolute to eliminate the variation due to body size and only look at the
effects of physical fitness. With a significance level of 0.05 and a sample size of 10, the
absolute value of the Pearson correlation coefficient (R) needs to be greater than 0.632 to
be considered significant. Significant correlations were only found for the oxygen sensor
at the slow and fast walking speeds and for the carbon dioxide sensor for all three
walking speeds. No significant correlations were found for workloads from the heart rate
sensor and the control sessions at any speed.
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A correlation was expected because regular physical activity improves
cardiovascular and respiratory function [34]. Trained athletes tend to have lower heart
rates, ventilation rates, and oxygen uptakes at a given submaximal workload because
their bodies can utilize the aerobic metabolism more efficiently. It was expected that
more physically fit subjects will have lower relative workloads, as exhibited in the
correlations of fitness with workloads from the carbon dioxide sensor. However, it was
surprising that the same correlations were not present for the control sessions. It is
possible that experimental helmet assembly required a higher level of adaptation of the
walking gait that fit subjects were more capable of doing efficiently, but this is difficult to
confirm.
There are several possible sources of error within this study. First of all, the
exercise profile is self-reported by each subject. There may be a tendency to overestimate
the amount of exercise performed regularly. It is also possible that some regular activities
which require physical exertion were not reported. Examples of this could be long walks
or lifting heavy objects outside the gym. Additionally, the scoring system placed on the
exercise profiles attempts to quantify fitness for analysis. However, it does not capture
the amount of exertion during the reported exercise periods and may not be a very
accurate method.

5.5 System Characterization
Several tests were performed to characterize the behavior of the system as much
as possible. The following section addresses the decision to assume a respiratory
exchange ratio rather than calculating one. The measurement repeatability, sensor
stability, and time step response are then explored.
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5.5.1 Respiratory Exchange Ratio Measurements

The respiratory exchange ratio was calculated during each experimental session
from the V&CO2 and V&O2 , which were derived from data from the respective sensors.
Typical results are plotted in Figure 5-10 and plots from all 10 subjects are included in
Appendix D.4.
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Figure 5-10: Sample RER plots from experimental session

As discussed in Section 2.1.4, RER should typically remain within the range of
0.7 to 1.0. Under conditions of prolonged strenuous activity, it can rise to slightly above
1.0 due to the buffering of lactic acid and hyperventilation. The results from the
experimental sessions include respiratory exchange ratios significantly outside of this
range. Subject M6 is an example where the RER was below the reasonably expected
range throughout the first three quarters of the session. This implies that the V&CO2 was
lower than the V&O2 . Subject M8 had even more unreasonable RER values. Since the
oxygen sensor measured a negative workload during the rest portion of this session, the
RER is also negative. Not a single one of the 10 subjects had RER results that were
reasonable throughout the entire exercise session. The likely culprit is the oxygen sensor,
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particularly for the subjects with a negative metabolic workload during the rest period. In
these instances the RER blew up near the V&O2 crossover from negative to positive
values.
For these reasons, the measured RER from the experimental sessions was not
used for the calculation of V&O2 from V&CO2 or the caloric equivalent of oxygen. Instead,
a value of 1.0 was assumed. This value is also assumed in the COSMED® K2 portable
V&O2 measurement system, a predecessor to the COSMED® K2b4. This instrument does

not have a carbon dioxide sensor and assumes an RER of 1.0. A study was performed to
test the accuracy of this system against a metabolic measurement cart in a laboratory and
showed that it is accurate and precise at submaximal workloads [37]. However, the RER
assumption in the K2 is only used to calculate the caloric equivalent of oxygen and not to
calculate V&O2 from V&CO2 . As explained in Section 5.6.4, the caloric equivalent of
oxygen is less sensitive to RER.
This assumed value may appear high compared the RER data from the control
sessions. However, the assumed RER is directly proportional to the metabolic workload
calculated from the carbon dioxide sensor data. A different assumption would simply
change the calibration equation but yield similar results in the end.
5.5.2 Repeatability

To test the repeatability, or the variation of measurements provided by this
system, subject F3 was asked to perform the experimental protocol on five separate
occasions. The results from these tests are listed in Table 5-8. Session 1 is the primary
data collection experimental session for subject F3. It was performed in the morning.
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Session 2 was performed 48 days later in the afternoon. The preliminary data from these
two sessions showed a large discrepancy. Paired T-tests with a significance level of 0.05
showed that the values from all three sensors were statistically different. A more
controlled repeatability study was then initiated. Sessions 3, 4, and 5 occurred on three
consecutive mornings (beginning at 10:40, 9:20, and 9:50am). The ambient temperature
was similar on all three days. To eliminate the effect on the energy expenditure due to the
thermic effect of feeding, the subject was asked to fast for 12 hours prior to these
experimental sessions.
Table 5-8: Results of repeatability study
Session 1 Session 2 Session 3 Session 4
Oxygen Sensor
Rest
-118*
117
321
291
Slow Walk
84
337
515
473
Medium Walk
369
480
478
491
Fast Walk
593
700
683
655
Carbon Dioxide Sensor Session 1 Session 2 Session 3 Session 4
Rest
52
85
72
73
Slow Walk
222
263
253
243
Medium Walk
302
381
346
362
Fast Walk
429
546
543
538
Session 1 Session 2 Session 3 Session 4
Heart Rate Sensor
Rest
49
146
-7
-9
Slow Walk
188
261
166
154
Medium Walk
304
337
267
269
Fast Walk
495
518
493
489
*all metabolic workload values are given in kcal/hr

Session 5
-42
214
464
705
Session 5
73
250
341
511
Session 5
-18
153
271
521

Paired T-tests were performed on the results of every possible pair of the five
sessions for each of the three sensors. The purpose of this is to test the hypothesis that the
two matched (paired) samples come from distributions with equal means by analyzing the
difference between each pair and the variance. Figure 5-11 shows the T-test results at a
significance level of 0.05.
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Figure 5-11: Between-session T-test results for all sensors

As mentioned previously, there was a statistically significant difference between
the sessions 1 and 2. These two were performed at various times of day in various stages
of food metabolism. Conversely, the paired T-tests performed on the highly controlled
sessions, sessions 3, 4, and 5, for each of the three sensors showed that the results were
statistically the same. The T-tests performed to compare sessions 1 and 2 to sessions 3, 4,
and 5 show mixed results. The discrepancies found are not specific to one sensor.
Additional insight can be gained from a visual inspection of the repeatability data.
Plots of data for each of the three sensors throughout the five sessions are displayed in
Figure 5-12, Figure 5-13, and Figure 5-14.
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Figure 5-12: Plot of O2 sensor data from repeatability study
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Figure 5-13: Plot of CO2 sensor data from repeatability study
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Figure 5-14: Plot of heart rate sensor data from repeatability study

Once again it is evident from the plots from the carbon dioxide and heart rate
sensors in Figure 5-13 and Figure 5-14 that the results of sessions 3, 4, and 5 are much
more constant than those from sessions 1 and 2. These findings lead to two results. It was
found that the metabolic workload measurement system has good repeatability of its
measurements when input conditions are replicated closely. However, some doubt has
been cast over the conditions under which data was obtained during the experimental and
control sessions, which did not control the time of the subject’s most recent meal. The
energy expenditure due to the thermic effect of feeding is a potential source of error
between the experimental and control sessions.
Of the three sensors, the most variation is found in data from the oxygen sensor.
This is determined from visual inspection of the oxygen sensor plot in Figure 5-12
compared to the remaining two sensors in Figure 5-13 and Figure 5-14. It is particularly
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true during the rest and slow walk periods. Since V&O2 and V&CO2 are related by RER, a
relatively constant value, the amount of variation should not differ much between the
oxygen and carbon dioxide sensors. Furthermore, the similarity in the amount of variation
in the data from the carbon dioxide and heart rate sensors indicates a problem with the
reliability of the oxygen sensor.
5.5.3 Sensor Stability

To examine the stability of the two gas sensors, the experimental helmet assembly
was bypassed as done for calibration and described in Section 4.3.2. Data was recorded at
a rate of 10 Hz for a time period of 69.6 minutes. The results from this study are plotted
in Figure 5-15 and Figure 5-16. The oxygen sensor displays behavior that appears to be
sinusoidal, while the carbon dioxide sensor seems to be slowly drifting upwards. It is
possible that these changes are a result of variation in the air rather than the sensor.
However, this is unlikely because the sensors display different behaviors during the same
data collection period.
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Figure 5-15: Oxygen sensor drift
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Figure 5-16: Carbon dioxide sensor drift
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The magnitude of these changes is important to note. Throughout this time, the
oxygen measurement varies by about 0.35% O2. The carbon dioxide sensor measurement
varies by only 0.02% CO2. These changes translate to about 180 kcal/hr and 10 kcal/hr,
respectively. The carbon dioxide sensor exhibits significantly more stability.
5.5.4 System Response Time

The lag time and step response time of the gas sensors are important to quantify
for system characterization. A test was performed by bypassing the experimental helmet
assembly as described in Section 4.3.2. A T-connection was installed in the system such
that air could enter from two different sources. One was the cascade of air used during all
testing and the other was a cylinder of nitrogen gas. Air was flown through the system at
a flow rate of 170 L/min (6 scfm) for several minutes. Then, the cascade was closed and
the nitrogen cylinder was opened at the same instant. The flow rate of nitrogen was
unknown but the regulator was set to a pressure of 103 kPa (15 psi). The data collection
rate was 10 Hz. The results from this test are plotted in Figure 5-17 and Figure 5-18.
After the transition, the percentages of oxygen and carbon dioxide should theoretically be
0. However, small leaks in the system and the possible reverse flow of air from the outlet
back to the gas sensors lead to small amounts of oxygen and carbon dioxide in this
measurement.
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Figure 5-17: Oxygen sensor response time
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Figure 5-18: Carbon dioxide sensor response time
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Both gas sensors exhibit a similar time response of about 10 seconds of lag before
the sensor began to respond and a transition period of about 30 seconds. The lag time is
the duration of the new gas traveling through the system to the sensors at the outlet. This
depends on the lengths of air inlet and outlet hoses and is likely to change with the
implementation into MX-2. The MX-2 umbilical is 15 m (50 ft) long and the
experimental helmet assembly air outlet hose length is only 3 m (10 ft). This lag time
may also be affected by some inaccuracy in turning the cascade air off and opening the
nitrogen bottle because two people were required to complete these tasks at the same
instant. However, the time difference during this operation was significantly lower than
the 10 second time lag, perhaps about 1 second.
The transition time of about 30 seconds is acceptable for this application. The
time constant, or the time to reach 63.2% of the final value, for V&O2 at the onset of
exercise is about 49 seconds [4]. The steady state V&O2 after the onset or change in
exercise intensity is typically reached within 1-4 minutes [1]. This implies that the sensor
settling time is not dominating in the measurements obtained.

5.6 Error Analysis
The oxygen, carbon dioxide, and heart rate sensors have been shown to output
some amount of error in their readings. This section takes a closer look at the possible
sources of error and how they affect each of the sensor readings individually. The
potential sources of error analyzed include: the pre- and post-session calibrations, relative
humidity estimation, variability in flow rate, assumed respiratory exchange ratio,
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published

sensor

accuracy,

ambient

temperature,

treadmill

calibration,

and

electromagnetic interference. Table 5-9 displays a summary of the error sources and a
rating of how significantly each error affects each of the three sensors.
Table 5-9: Comparison of error sources at a glance
Error Source
Pre- and post-session calibration
Estimation of relative humidity
Variability of flow rate
Estimation of respiratory quotient
Published sensor accuracy
Ambient temperature
Treadmill calibration
Electromagnetic interference

O2 Sensor
High
Medium
Low
Low
High
None
Low
None

CO2 Sensor
Very low
None
Low
High
Low
Very low
Low
None

Heart Rate Sensor
None
None
None
Low
None
None
Low
Low

The sensitivity was rated as high if an expected or observed error can cause a
change in the output equivalent to 100 kcal/hr or greater, medium if the effect can be 51100 kcal/hr, low for an error of 11-50 kcal/hr, very low for 1-10 kcal/hr, and none if the
sensor reading is not affected by the source of error.
The error sources fall into two possible categories: absolute or relative. Absolute
errors are those from measurements of the oxygen or carbon dioxide in the air and are flat
quantities regardless of the workload. Therefore, these errors account for a greater
percentage error at lower workloads. For example, if a source of error translates to 10
kcal/hr, this is a 10% error at a workload of 100 kcal/hr, but only a 2% error at a
workload of 500 kcal/hr. Conversely, relative errors are a certain percentage error and
translate to a larger amount at higher workloads. For example, a relative error of 5%
translates to 5 kcal/hr at a workload of 100 kcal/hr, but at a workload of 500 kcal/hr it
translates to 25 kcal/hr. This distinction is the reason the possible errors are calculated in
kilocalories per hour instead of percentages and given for the worst possible situation in
Table 5-9.
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In general, the oxygen sensor is most prone to errors. It has a high sensitivity to
the pre- and post-session calibrations, the estimation of relative humidity, and the
published accuracy is not very high for this application. The only very large source of
error attributed to the carbon dioxide sensor is the estimation of respiratory quotient or
respiratory exchange ratio. The heart rate sensor itself was not found to have a lot of
considerable errors. However, as discussed in Section 2.2.4, heart rate has been shown to
be an unreliable predictor of metabolic rate for various emotional and environmental
reasons, even when measured very accurately.
The following sections delve into the details of the sensitivity analysis for each of
the error sources and their effect on each of the three sensors.
5.6.1 Sensitivity to Calibration Errors

Calibration data with the experimental helmet assembly bypassed was collected
prior to and following each experimental exercise session. There is a discrepancy
between the averaged voltages from the before and after calibration for each subject for
both the oxygen and carbon dioxide sensor. The voltage difference between each before
and after calibration was translated into a workload quantity by following the equations
described in Section 4.4. It was found that the variation in the before and after oxygen
sensor calibration data converts to an average of 61 kcal/hr and the maximum value
found was 195 kcal/hr for subject M1. For the carbon dioxide sensor, these errors amount
to an average of only 3 kcal/hr and the maximum found was 10 kcal/hr for subject M7.
The maximum values were the ones represented in Table 5-9 as high for the oxygen
sensor and very low for the carbon dioxide sensor.
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The errors from the calibrations are considered to be absolute errors. They are
based on the measurement of the amount of oxygen or carbon dioxide in the air naturally
without human respiration and do not depend on the workload. For this reason, they are
more significant at low workloads.
This analysis shows that the carbon dioxide sensor provides a consistent reading
of the carbon dioxide content in the cascade air and the sensor calibration and conversion
of voltage data to metabolic workload do not yield high errors. Conversely, the oxygen
sensor is very sensitive to the calibration process. There is a lot of variability in the
sensor readings of ambient oxygen content, which implies that there may also be
variability in the values during human respiration. A contributing factor is likely the fact
that only a small portion of the sensor range is utilized for this application. The range of
the sensor is 0–27% but the utilized range is only about 18-21% and the resolution within
this diminished range is reduced.
The heart rate sensor does not require or even have the possibility of calibration
and is not affected by this error source (none in Table 5-9).
5.6.2 Sensitivity to Relative Humidity

The relative humidity estimate only affects the oxygen gas sensor readings. The
carbon dioxide sensor output does not significantly depend on the relative humidity and
the heart rate sensor is completely independent of it (none in Table 5-9).
The percentage of oxygen in ambient air depends on the relative humidity. With a
higher amount of water vapor, the same physical amount of oxygen constitutes a lower
percentage. Since the relative humidity profile utilized was created from a few
measurements and extrapolation, this assumption could lead to an unknown amount of
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error. It was found that every 1% RH error translates to about 4.5 kcal/hr. Since the
relative humidity measurements obtained vary by as much as 11% RH between subjects
(6% RH from the mean) for a given workload and the profile was extrapolated for lower
workloads, it is assumed that the error could be as much as 15% RH. This translates to
about 70 kcal/hr and is rated as medium Table 5-9.
Like the calibration errors discussed in Section 5.6.1, relative humidity errors are
absolute and do not vary with the workload. Therefore, the errors accumulated from this
source are more significant at lower workloads.
5.6.3 Sensitivity to Flow Rate

The flow rate is directly proportional to the V&O2 and V&CO2 , and therefore directly
proportional to the calculated metabolic workload from these two sensors. The heart rate
measurements are not affected by the flow rate (none in Table 5-9).
Throughout most of the sessions, the flow rate sensor showed a very gradual
increase in flow rate throughout the exercise period, usually no more than 5.7 L/min (0.2
scfm) overall. The valves on the air system were not touched throughout the experiments
so the physical amount of air flow should not have changed. This sensor has a 67%
settling time of less then 10 seconds [31]. However, the residual settling may occur over
a much greater period of time. The final flow rate value recorded was assumed to be the
actual rate and was used in the calculations. Additionally, this sensor has an accuracy of
+/- 2.8 L/min (+/- 0.1 scfm). At a flow rate of 169.9 L/min (6.0 scfm), a variation of 2.8
L/min (0.1 scfm) translates to 1.7 % error in the final metabolic workload value.
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Errors in the flow rate reading are relative. They account for a certain percentage
of error. A 1.7% error accounts for less than 2 kcal/hr at rest and for up to 20 kcal/hr at
high workloads. In Table 5-9, this error source was rated as low for the gas sensors.
Flow rate errors can also be caused by a leak between the flow meter and the
experimental helmet assembly. This would not be the fault of the sensor. However, the
flow rate utilized in the calculations would be higher than actual and would lead to an
elevated metabolic workload in both gas sensor calculations. Since the experimental
helmet assembly is not designed to be airtight, the difference between the inlet and outlet
flow rates would not yield useful information for quantifying this source of error. On
occasion, a small leak was manually detected in a connection on the air inlet hose, but it
was not quantified. Opening and reconnecting the joint mitigated this apparent problem
each time.
5.6.4 Sensitivity to Respiratory Exchange Ratio Estimate

As mentioned in Section 5.5.1, the RER measurements did not yield good results
and a value of 1.0 was assumed in lieu of measured data. The respiratory quotient has an
effect on the metabolic rate measurements in two distinct ways. All three of the methods
of measurement are a form of indirect calorimetry, in which the metabolic workload is
estimated from V&O2 . As described in Section 2.2.2, the caloric equivalent of oxygen used
to convert V&O2 to metabolic workload depends on the RQ. It was found that a difference
of 0.2 in RQ leads to 4% error in the caloric equivalent of oxygen and therefore 4% error
in the calculated metabolic workload.
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The RQ also has a greater impact on carbon dioxide measurements. It is used to
directly convert V&CO2 to V&O2 . Therefore, a difference of 0.2 between the assumed and
actual RQ translates into 20% error.
Both of these errors are relative errors. They account for a greater amount of error
at higher workloads. A 4% error in the caloric equivalent of oxygen translates to about 3
kcal/hour at rest and up to 40 kcal/hr at a high workload for a heavy person. The 20%
error in the conversion from V&CO2 to V&O2 can lead to about 15 kcal/hour error at low
workloads and up to 200 kcal/hr for a large subject at the highest walking speed. For
these reasons, the significance of errors in RQ estimation has been rated low for the
oxygen and heart rate sensors and high for the carbon dioxide sensor, as listed in Table
5-9.
5.6.5 Sensitivity to Published Sensor Accuracy and Resolution

The oxygen gas sensor is listed to have an accuracy of +/- 1% volume of oxygen
[26]. This is not a high accuracy considering that the range used in this application is only
about 18%-21% oxygen. This is possibly the reason for the unpredictably varying V&O2
values compared to V&CO2 . An error of 1% volume of oxygen translates to an absolute
error of about 500 kcal/hr at any workload. The published accuracy of the oxygen sensor
is rated as a high error source in Table 5-9.
The carbon dioxide sensor has a published accuracy of 1.5% of the full range plus
2% of the reading [27]. The range is 0%-3%. This error is both absolute and relative
because it has a portion that does not depend on the workload and a portion that does.
The absolute portion of the error is significantly larger. This error source translates to
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about 25 kcal/hr at rest and about 35 kcal/hr at the fast walking speed. It was classified as
low in Table 5-9.

The heart rate monitor does not have a published accuracy. Though it has an
analog output voltage, it is essentially a digital signal because it only has two distinct
narrow ranges. The sensor has a constant low voltage output and switches to a
significantly higher voltage for a few hundredths of a second when a heart beat occurs.
As long as the receiver is within range of the transmitter, no errors are generated and the
rating for this sensor is none in Table 5-9.
5.6.6 Sensitivity to Ambient Temperature

Only the carbon dioxide sensor is affected by temperature. The oxygen and heart
rate sensors do not depend on ambient temperature and are rated as none for this category
in Table 5-9. The air temperature was not measured throughout all of the experimental
sessions. The Onset HOBO® H08 data logger used to measure the relative humidity also
recorded temperature for four of the subjects. It was found that the temperature stays
within 2°C of 25°C, which is the temperature the carbon dioxide sensor is calibrated for.
The sensor temperature dependence is -0.1% of full scale per 1°C [27]. A temperature
difference of 2°C translates into only 3 kcal/hr, therefore, this error source was rated very
low in Table 5-9 for the carbon dioxide sensor. Since the error depends on the full scale

instead of the actual reading, it is an absolute error, which is more significant at lower
workloads.
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5.6.7 Sensitivity to Treadmill Calibration

A calibration check was performed on treadmills 1 and 3 used in the experimental
sessions. The belt length of each treadmill was measured by placing three marks in
various positions and summing the distances between them. The treadmills were then set
to each of the three speeds and the passing of a mark on the belt was counted during a 1minute interval while a person was walking. The results are listed in Table 5-10. No
calibration was performed on treadmill 1 at the fast speed or the treadmill used during the
control sessions.
Table 5-10: Treadmill calibration results
Intended Speed
3.0 mph
3.7 mph
4.4 mph

Treadmill 1
Measured Speed
3.002 mph
3.752 mph
-

Difference
0.07%
1.4%
-

Intended Speed
3.0 mph
3.7 mph
4.4 mph

Treadmill 3
Measured Speed
3.093 mph
3.839 mph
4.479 mph

Difference
3.1%
3.8%
1.8%

All measured speeds were slightly above those intended by up to 3.8%. This may
be an artifact of an imperfect measuring method. However, since two different treadmills
were used during the experimental sessions and a third was used during the control
sessions, it is worthwhile to explore the sensitivity to speed variation between treadmills.
The Pandolf model [35] applied to subject F3 was used to determine the effect of speed
variation on metabolic workload. When the slow, medium, and fast speeds are each
increased by 0.1 mph, the workload increases by 10 kcal/hr (4.4 %), 12 kcal/hr (4.1 %),
and 14 kcal/hr (3.7 %), respectively. This source of error does not fall into either the
relative or absolute categories of error because both the absolute workload differences
and the percentages of error vary with workload.
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Treadmill calibration affects the metabolic workload itself and therefore the
measurements from all three sensors are affected equally. This error is rated low in Table
5-9.
5.6.8 Electromagnetic Interference

The heart rate sensor is unaffected by most error sources which degrade the data
obtained from the two gas sensors. Electromagnetic interference does create some spikes
in the raw voltage data which could be read as heart beats and elevate the heart rate. The
inclusion of an additional heart beat in a 15 second time segment results in a relative error
of about 3%. This can translate to over 30 kcal/hr at high workloads and was rated as a
low source of error in Table 5-9. Fortunately, the duration of these voltage spikes is

shorter than that of heart beats and they can be easily filtered out with software and some
manual data cleaning. The addition or omission of a single heart beat is easily
recognizable in a plot of the data and is always corrected.
However, as mentioned in Section 2.2.4, heart rate has been shown to be an
unreliable predictor of metabolic rate for various emotional and environmental reasons,
even when measured very accurately. Additional error is caused by the use of
standardized equations for V&O2 as a function of heart rate, rather than personal laboratory
calibrations for each subject.
Electromagnetic interference does not affect the measurements from the two gas
sensors and this is reflected in Table 5-9 with ratings of none.
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Chapter 6 : CONCLUSIONS AND FUTURE RESEARCH

The final chapter of this thesis contains a summary of the research that has been
performed, the conclusions that have been drawn, and a recommendation for the
metabolic workload measurement system to be implemented into the MX-2 neutral
buoyancy space suit analogue. Finally, a few suggestions for future testing and system
improvements are outlined.

6.1 Conclusions
In an attempt to develop a metabolic workload measurement system for the MX2, a neutral buoyancy space suit analogue developed by the University of Maryland
Space Systems Laboratory, three independent indirect calorimetry methods were tested.
The energy expenditure was calculated from oxygen consumption via the caloric
equivalent of oxygen. Oxygen consumption was computed from measurements of flow
rate and those from an oxygen sensor and a carbon dioxide sensor located at the air outlet
of the space suit and also from heart rate measurements with standardized equations. All
three methods were implemented into a space suit simulation system, which included an
isolated experimental helmet assembly that allowed subjects to breathe in an enclosed
environment similar to the MX-2 but retain full mobility below the neck. This system
was validated against the Viasys Healthcare Oxycon Pro®, a commercially available
metabolic measurement system used by exercise physiologists. 10 subjects completed
two exercise sessions each: an experimental session and a control session. The protocol
for each session was an 8-minute sitting rest period followed by 30 minutes of continuous
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walking on a treadmill, which included three 10-minute periods at progressively faster
speeds. The experimental sessions were performed with the experimental helmet
assembly and control sessions were performed with the Oxycon Pro®. For each subject,
three metabolic workloads were calculated from the experimental session data and one
was calculated from data obtained during the control session. These results, along with
subject heart rates and verbal and written feedback, were analyzed statistically,
graphically, and qualitatively.
6.1.1 System Performance

Results indicate that the carbon dioxide sensor method is the best of the three.
This sensor was found to have the least chatter of the three, a level comparable to the
control system. It was the most reliable at rest and low workloads. The oxygen sensor
indicated some negative metabolic workloads, which is physically impossible, and the
heart rate sensor method indicated some workloads too close to zero to be plausible. At
rest, the carbon dioxide sensor supplied data which was closest to the control data.
Pearson correlation coefficients were found between the control results and the results
from each of the three sensors. It was found that the carbon dioxide sensor data had
strongest correlation with the control data (R = 0.96). Metabolic rate results were also
correlated against subject body parameters. Significant correlations were only found for
the carbon dioxide sensor and the control sessions with height. A possible reason for this
correlation is the fact that the additional load on the head was further from the center of
gravity of taller subjects and more difficult to stabilize. However, it is another example of
the carbon dioxide sensor displaying behavior similar to the control system and unlike
either the oxygen or the heart rate sensors.
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A few tests were performed to better characterize the system. A repeatability
study was carried out, which included a single subject executing the experimental session
protocol on five separate occasions. While all three sensor methods demonstrated
repeatability, the metabolic rate values from the carbon dioxide sensor were the most
consistent. When the gas sensors were left to collect data for over an hour to quantify the
amount of drift, the carbon dioxide sensor performed significantly better than the oxygen
sensor. Both of these sensors have a similar response time to a step input, which has been
determined to be acceptable for this application.
Finally, an error analysis was performed on all three experimental methods to
determine the sensitivity of each sensor to various parameters and how it may impact the
final results. The oxygen sensor method was found to have three very significant sources
of error: calibration, accurate knowledge of relative humidity, and the published sensor
accuracy. The heart rate sensor is not very prone to error due to various outside factors.
However, heart rate has been shown to be an unreliable predictor of metabolic workload
due to various environmental and psychological issues. The carbon dioxide was shown to
have only one significant source of error: the estimation of respiratory exchange ratio.
While it would be ideal to measure this parameter, assumptions have been previously
used in commercially available products and studies have shown these to be sufficient.
6.1.2 Recommendations for MX-2

It is recommended that the carbon dioxide sensor method be implemented into the
MX-2 neutral buoyancy space suit analogue. Additionally, the heart rate sensor can be
implemented to monitor heart rate. However, it should not be used to calculate the
metabolic workload.
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Though the intention of this experiment design was for the experimental and
control sessions to be identical and require the same amount of workload, there were
some differences between the headgear worn during both sessions and the environments
they were performed in. Several types of results were analyzed to determine whether
sessions were identical. The heart rates obtained during the experimental sessions
appeared to be higher than those from the control sessions; however, T tests showed that
they were only statistically different at the fastest walking speed. The metabolic
workloads relative to body weight (for direct comparison among subjects) from each of
the three sensors were compared to those from the control sessions. T test analysis found
that the carbon dioxide sensor values were higher than their control session counterparts
at each of the four workloads. This indicates the need for a calibration for this system.
Such a linear calibration was found to have slope of 0.743 and an intercept of 26.5
kcal/hr.
Metabolic rate and heart rate information should be displayed in real time during
MX-2 operations as well as stored for future analysis. This implies that calibration
information taken after each session cannot be utilized in the metabolic workload
calculation. For this reason, it should be assumed that the amount of carbon dioxide
found in the cascade air without human respiration is 0.05%. This is the mean from
calibrations taken before and after each exercise session. The effect of the calibration of
the carbon dioxide sensor on the metabolic workload results has been found to be very
low compared to other errors.
The recommended method for calculating the metabolic workload from the raw
voltage from the carbon dioxide sensor is displayed in Equation 6-1. This equation
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incorporates the calculations performed during the study with the calibration equation
that was developed as a result of this research. In this equation, V is the raw carbon
dioxide sensor voltage, flow is the air flow rate (L/min), and RER is the respiratory
exchange ratio. The calibration was developed for the assumption that RER is 1.0 and
this value should be used in this formula. It is best to include real time values for flow
rate in this equation. However, if this is not possible, a value of 170 L/min (6 scfm) can
be used if the flow is carefully monitored and adjusted manually to be kept at this value.
⎡ 60 flow(0.6V − 0.05) ⎤
MR = 0.743⎢
⎥⎦(3.9 + 1.1RER ) + 26.5
100RER
⎣

Equation 6-1

To display the heart rate in real time, a change in algorithm will be necessary. A
simple approach is to count the number of heart beats in the past 15 seconds and multiply
this number by a factor of 4. However, for more accurate results, the time intervals
between heart beats should be considered. For example, the heart rate can be calculated
from the duration of the last 10 heart beat intervals. This method looks at irregular sample
times depending on the workload. Another option is to calculate the heart rate from the
time interval between the last two heart beats; however, this has been shown to be a noisy
approach. Any of these options are viable depending on what is most desired: simplicity,
low noise, or accuracy.

6.2 Future Research
Many approaches can be taken in the continuation of this research. A few are
discussed in the following sections. The first issue touched on is the replacement of the
electrochemical oxygen sensor with one that is more accurate and precise. The topic of
implementing a direct calorimetry metabolic workload measurement system into the LCG
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is then overviewed. Finally, a suggestion for final validation testing after implementation
into the MX-2 neutral buoyancy space suit analogue is made.
6.2.1 Oxygen Sensor Replacement

The electrochemical oxygen sensor utilized in this experiment was not accurate or
precise enough for this application. Though the carbon dioxide sensor method was
recommended for implementation into the MX-2, a capable oxygen sensor would be
beneficial in the long run. The knowledge of the concentration of oxygen would be
instrumental in reducing error by removing the need for assumptions when calculating
V&O2 from V&CO2 and the caloric equivalent of oxygen.

A paramagnetic oxygen sensor is recommended for this application. This is the
type of oxygen sensor used in the Oxycon Pro®. This sensor type takes advantage of the
paramagnetic behavior of oxygen [38]. A small glass dumbbell is suspended inside a
nitrogen-filled cylindrical container. Oxygen molecules are attracted to the magnetic field
and this causes a displacement of the dumbbell. The applied current necessary to restore
the position of the dumbbell is directly proportional to the partial pressure of oxygen in
the gas sample.
These sensors are generally very accurate, except for trace concentrations of
oxygen. The percentages of oxygen in this application are about 16-21% and are not near
trace concentrations. Paramagnetic oxygen sensors are also very delicate and sensitive to
vibration and should only be used in a fixed testing environment, which is the case in the
MX-2 metabolic workload measurement system. However, the largest disadvantage of
this sensor is the price as it tends to be significantly above the price of the
electrochemical sensors. [38]
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6.2.2 Direct Calorimetry Measurements with the LCG

It may be beneficial to implement another redundant and completely independent
method of metabolic workload measurement into the MX-2 system. This can be achieved
by direct calorimetry. The measurement of LCG inlet and outlet water temperatures and
flow rate through it could provide sufficient data to estimate metabolic rate by measuring
the amount of heat carried away by the LCG. This method would be completely
unobtrusive since a LCG is already worn by the suit subjects.

However, the heat

exchange with the environment through the wall of the MX-2 would have to be estimated
or ignored. Additionally, any LCG leaks inside the suit would reduce the actual flow rate
and cause an overestimation of metabolic workload. Nevertheless, this is a worthwhile
endeavor for redundancy and calibration.
6.2.3 Simultaneous Experimental and Control Testing

A method of final verification of this system is a simultaneous workload
measurement with the carbon dioxide sensor method implemented into the MX-2 and a
portable system. A portable cardiopulmonary exercise system, such as the COSMED®
K4b2, can easily fit inside the large interior volume of the MX-2. It includes an oronasal
mask with one-way valves, similar to that of the Oxycon Pro®. Air from inside the suit
would be inhaled and exhaled, measured with the portable system, released into the
volume of the suit, and finally exit through the air outlet hose past the gas sensor located
at the exit. It can also be used in conjunction with the LCG direct calorimetry metabolic
measurement method. The benefit of this test is the direct comparison of metabolic
workloads without the need for standardizing conditions and repeating simulations. The
difference between the two measurements is the error of the experimental system only
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and does not include physiological, environmental and hardware differences between two
different sessions. Unfortunately, the drawback to this method and the reason it wasn’t
utilized during this study is the staggering cost of the COSMED® K4b2 or similar
systems.
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A.4 Heart Rate Monitor
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A.6 Control Session Metabolic Workload Measurement System
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Appendix C : MATLAB CODE
C.1 Experimental Data Analysis Code
close all; clear all; clc; format compact;
%IMPORT THE TEXT PARAMETERS
%import the file parameters.txt from the correct folder
parameters = xlsread('M8parameters.xls');
%separate this data into appropriate variables
HRdata = parameters(1); %1 if HR data taken, 0 otherwise
makeplot = parameters(2); %1 if you want to plot, 0 otherwise
sex = parameters(3); %female = 1, male = 2
wt_lb = parameters(4); %subject weight in pounds
flow_scfm = parameters(5); %final flow reading in scfm, used in v5 & before
sit_start = parameters(6); %time (sec) when sitting data starts
sit_end = parameters(7); %time (sec) when sitting data ends
s3_0mph = parameters(8); %time (sec) when 3.0 mph starts
s3_7mph = parameters(9); %time (sec) when 3.7 mph starts
s4_4mph = parameters(10); %time (sec) when 4.4 mph starts
end_walk = parameters(11); %time (sec) test finished
HRclean = parameters(12); %hand cleaned = 1, matlab cleaned = 2
O2calib_before = parameters(13); %O2 calibration voltage before
O2calib_after = parameters(14); %O2 calibration voltage after
CO2calib_before = parameters(15); %CO2 calibration voltage before
CO2calib_after = parameters(16); %CO2 calibration voltage after
RH0 = parameters(17); %RH at rest extrapolated from hobo and CO2 data
RH1 = parameters(18); %RH at 3.0 mph from hobo data
RH2 = parameters(19); %RH at 3.7 mph from hobo data
RH3 = parameters(20); %RH at 4.4 mph extrapolated from hobo and CO2 data
scfm1 = parameters(21); %first flow rate (scfm)
scfm2 = parameters(22); %second flow rate (scfm)
scfm3 = parameters(23); %third flow rate (scfm)
scfm4 = parameters(24); %fourth flow rate (scfm)
flowtime1 = parameters(25); %time start first flow rate (scfm)
flowtime2 = parameters(26); %time start second flow rate (scfm)
flowtime3 = parameters(27); %time start third flow rate (scfm)
flowtime4 = parameters(28); %time start fourth flow rate (scfm)
age = parameters(29); %subject age at time of test
HRrest = parameters(30); %resting heart rate of subject
clear parameters flow_scfm
%IMPORT THE TEXT DATA
%first column is O2 voltages
%second column is CO2 voltages
%third column is HR voltages
%fourth column is time in seconds
RawVoltages = importdata('M8_MHcleandata.txt');
%DEVELOP RELATIVE HUMIDITY PROFILE
%based on assumed values of 10%, 20%, 30% and 45% and transition times
RH = RH0*ones(length(RawVoltages),1);
%only develop RH profile for workloads that took place
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if s3_0mph > 0
RH(s3_0mph*100:length(RH)) = RH1*ones(length(RH) - s3_0mph*100 + 1,1);
if (s3_0mph + 180)*100 < length(RH)
for x = 0:18000
RH(s3_0mph*100 + x) = ...
(RH0 - ((RH1-RH0)/18000)*s3_0mph*100) + ...
((RH1-RH0)/18000)*(s3_0mph*100 + x);
end;
end;
clear x
end;
if s3_7mph > 0
RH(s3_7mph*100:length(RH)) = RH2*ones(length(RH) - s3_7mph*100 + 1,1);
if (s3_7mph + 180)*100 < length(RH)
for x = 0:18000
RH(s3_7mph*100 + x) = ...
(RH1 - ((RH2-RH1)/18000)*s3_7mph*100) + ...
((RH2-RH1)/18000)*(s3_7mph*100 + x);
end;
end;
clear x
end;
if s4_4mph > 0
RH(s4_4mph*100:length(RH)) = RH3*ones(length(RH) - s4_4mph*100 + 1,1);
if (s4_4mph + 180)*100 < length(RH)
for x = 0:18000
RH(s4_4mph*100 + x) = ...
(RH2 - ((RH3-RH2)/18000)*s4_4mph*100) + ...
((RH3-RH2)/18000)*(s4_4mph*100 + x);
end;
end;
clear x
end;
%AIR DATA
%make vector of flow values in scfm
%parameters matrix can store up to 4 values
%only used if flow was changed during session
flow_scfm = ones(floor(length(RawVoltages)/100), 1); %initialize
flow_scfm = scfm1*flow_scfm; %replace all ones with 1st value
if scfm2 > 0
flow_scfm(flowtime2:length(flow_scfm),1) = ...
scfm2*ones(length(flow_scfm) - flowtime2 + 1,1);
end;
if scfm3 > 0
flow_scfm(flowtime3:length(flow_scfm),1) = ...
scfm3*ones(length(flow_scfm) - flowtime3 + 1,1);
end;
if scfm4 > 0
flow_scfm(flowtime4:length(flow_scfm),1) = ...
scfm4*ones(length(flow_scfm) - flowtime4 + 1,1);
end;
flow_lpm = flow_scfm*28.3; %liters per minute
%OXYGEN DATA
%the calibration factor for oxygen from raw voltage varies with time
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%it is equal to %O2max/volt_max
% %O2max varies with humidity
%volt_max is a linear function of estimated sensor drift
%equation for O2max is linear, extrapolated from vernier calibration data,
%R^2 = 1
O2max = -0.008*RH + 20.9;
%create O2max matrix with 1 data point per second
c = 0;
O2max_short = zeros(floor(length(RawVoltages)/100),1);
for n = 1:length(RawVoltages)
if mod(n,100) == 0
c = c + 1;
O2max_short(c) = O2max(n);
end;
end;
clear c n
%Vmax is a linear function of average voltages found during the before and
%after calibrations
Vmax = (O2calib_after - O2calib_before)/RawVoltages(:,4) + O2calib_before;
%convert raw voltage to %O2
O2 = (O2max./Vmax').*RawVoltages(:,1);
%average each second of data for smoother curve
O2count = 0;
O2tally = 0;
for x = 1:length(O2)
O2tally = O2tally + O2(x);
if x>0 & mod(x,100) == 0
O2count = O2count + 1;
O2_avg(O2count,:) = [RawVoltages(x,4)-.5 O2tally/100];
O2tally = 0;
end
end;
clear x O2tally O2count
if makeplot == 1
%plot initial and smoothed data
figure(1); grid on; hold on; box on;
plot(RawVoltages(:,4),O2)
plot(O2_avg(:,1),O2_avg(:,2),'r','LineWidth',1.5)
xlabel('time (seconds)'); ylabel('% O_2'); title('O_2');
legend('raw data','smoothed data','Location','SouthWest')
%plot vertical lines at speed transition times
plot([sit_start sit_start],[min(O2_avg(:,2)) max(O2_avg(:,2))],'g');
plot([sit_end sit_end],[min(O2_avg(:,2)) max(O2_avg(:,2))],'g');
if s3_0mph > 0
plot([s3_0mph s3_0mph],[min(O2_avg(:,2)) max(O2_avg(:,2))],'g');
end;
if s3_7mph > 0
plot([s3_7mph s3_7mph],[min(O2_avg(:,2)) max(O2_avg(:,2))],'g');
end;
if s4_4mph > 0
plot([s4_4mph s4_4mph],[min(O2_avg(:,2)) max(O2_avg(:,2))],'g');
end;
if end_walk > 0
plot([end_walk end_walk],[min(O2_avg(:,2)) max(O2_avg(:,2))],'g');
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end;
end;
%CARBON DIOXIDE DATA
%convert raw voltage to %CO2
CO2 = 0.6*RawVoltages(:,2);
%average each second of data for smoother curve
CO2count = 0;
CO2tally = 0;
for x = 1:length(CO2)
CO2tally = CO2tally + CO2(x);
if x>0 & mod(x,100) == 0
CO2count = CO2count + 1;
CO2_avg(CO2count,:) = [RawVoltages(x,4)-.5 CO2tally/100];
CO2tally = 0;
end
end;
clear x CO2tally CO2count
%get percent CO2 in cascade air from before and after calibrations
%(CO2 sensor is pre-calibrated by manufacturer)
% extrapolated line from before and after
CO2air = 0.6*(CO2calib_before + ...
(CO2calib_after - CO2calib_before)/max(CO2_avg(:,1)).*CO2_avg(:,1));
if makeplot == 1
%plot initial and smoothed data
figure(2); grid on; hold on; box on;
plot(RawVoltages(:,4),CO2)
plot(CO2_avg(:,1),CO2_avg(:,2),'r','LineWidth',1.5)
xlabel('time (seconds)'); ylabel('% CO_2'); title('CO_2');
legend('raw data','smoothed data','Location','SouthEast')
%plot vertical lines at transitions between speeds
plot([sit_start sit_start],[min(CO2_avg(:,2)) max(CO2_avg(:,2))],'g');
plot([sit_end sit_end],[min(CO2_avg(:,2)) max(CO2_avg(:,2))],'g');
if s3_0mph > 0
plot([s3_0mph s3_0mph],[min(CO2_avg(:,2)) max(CO2_avg(:,2))],'g');
end;
if s3_7mph > 0
plot([s3_7mph s3_7mph],[min(CO2_avg(:,2)) max(CO2_avg(:,2))],'g');
end;
if s4_4mph > 0
plot([s4_4mph s4_4mph],[min(CO2_avg(:,2)) max(CO2_avg(:,2))],'g');
end;
if end_walk > 0
plot([end_walk end_walk],[min(CO2_avg(:,2)) max(CO2_avg(:,2))],'g');
end;
end;
if HRdata == 1
%HEART RATE DATA
threshold = 1.5;
%calculate Heart Rate
count = 1;
bpm_count = 0;
HRb = zeros(1,length(RawVoltages));
if RawVoltages(1,3) > threshold
HRb(1,1) = 1;
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end;
for h = 2:length(RawVoltages)
if RawVoltages(h,3) > threshold
HRb(1,h) = 1;
if HRb(1,h-1) == 0
beats(1,count) = RawVoltages(h,4);
if count > 1
if (beats(count) - beats(count-1)) < .9
bpm(count) = 60/(beats(count) - beats(count-1));
else
%if beats are missing (more than 0.9 s between beats),
%make them nan, won't plot
bpm(count) = nan;
end;
end;
count = count + 1;
end;
end;
if RawVoltages(h,4) > 15 & mod(RawVoltages(h,4),5) == 0
bpm_count = bpm_count + 1;
stop = RawVoltages(h,4)-15;
y = count - 1;
nan_count = 0;
while beats(y) > stop
if isnan(bpm(y))
%if there is data missing in the past 15 s
nan_count = 1;
end;
y = y-1;
end;
if nan_count == 0
if (y + 1) > length(beats)
%this is if there are no beats in the past 15 s
bpm6(bpm_count,:) = [RawVoltages(h,4)-7.5 nan];
else
bpm6(bpm_count,:) = [RawVoltages(h,4)-7.5 ...
(count-2-y)*60/(beats(count-1)-beats(y+1))];
end;
elseif nan_count == 1
%this is if there is missing data in the past 15 s
bpm6(bpm_count,:) = [RawVoltages(h,4)-7.5 nan];
end;
clear nan_count
end;
end;
%find averages of HR for last 5 min of each speed
cr = 0; c1 = 0; c2 = 0; c3 = 0;
for b = 1:length(beats)
if beats(b) > sit_start & beats(b) <= sit_end
cr = cr + 1;
elseif beats(b) > (s3_7mph - 300) & beats(b) <= s3_7mph
c1 = c1 + 1;
elseif beats(b) > (s4_4mph - 300) & beats(b) <= s4_4mph
c2 = c2 + 1;
elseif beats(b) > (end_walk - 300) & beats(b) <= end_walk
c3 = c3 +1;
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end;
end;
HR_rest = cr/((sit_end-sit_start)/60)
%display heart rates for last 5 min of each speed
if s3_7mph > 0
HR_3_0mph = c1/5
end;
if s4_4mph > 0
HR_3_7mph = c2/5
end;
if end_walk > 0
HR_4_4mph = c3/5
end;
if makeplot == 1
%plot heart rate
figure(3); grid on; hold on; box on;
plot(beats(1,2:length(beats)),bpm(1,2:length(beats)),'b')
plot(bpm6(:,1),bpm6(:,2),'r','LineWidth',1.5)
xlabel('time (seconds)'); ylabel('heart rate (bpm)'); title('Heart Rate');
legend('beat to beat', '15 second averages','Location','SouthEast')
%plot vertical lines at transitions between speeds
plot([sit_start sit_start],[min(bpm6(:,2)) max(bpm6(:,2))],'g');
plot([sit_end sit_end],[min(bpm6(:,2)) max(bpm6(:,2))],'g');
if s3_0mph > 0
plot([s3_0mph s3_0mph],[min(bpm6(:,2)) max(bpm6(:,2))],'g');
end
if s3_7mph > 0
plot([s3_7mph s3_7mph],[min(bpm6(:,2)) max(bpm6(:,2))],'g');
end;
if s4_4mph > 0
plot([s4_4mph s4_4mph],[min(bpm6(:,2)) max(bpm6(:,2))],'g');
end;
if end_walk > 0
plot([end_walk end_walk],[min(bpm6(:,2)) max(bpm6(:,2))],'g');
end;
plot([(sit_start + 1) sit_end], [HR_rest HR_rest],'m', 'LineWidth',3);
if s3_7mph > 0
plot([(s3_7mph - 300) s3_7mph], [HR_3_0mph HR_3_0mph],'m', 'LineWidth',3);
end;
if s4_4mph > 0
plot([(s4_4mph - 300) s4_4mph], [HR_3_7mph HR_3_7mph],'m', 'LineWidth',3);
end;
if end_walk > 0
plot([(end_walk - 300) end_walk], [HR_4_4mph HR_4_4mph],'m', 'LineWidth',3);
end;
end;
clear h stop y bpm_count count HRb b cr c1 c2 c3
%get metabolic workload from heart rate using equations in Johnson
%find VO2max in L/min
if sex == 1 %female
VO2max = 2.6 - 0.01*age;
elseif sex == 2 %male
VO2max = 4.2 - 0.03*age;
end;
HRmax = 220 - age; %find max heart rate
%find VO2

170

VO2fromHR = VO2max*(bpm6(:,2) - HRrest)/(HRmax - HRrest); %L/min
MRfromHR = VO2fromHR*60*5; %metabolic rate in kcal/hr, using 5 kcal/L O2
%find average metabolic workload for last 5 min of each speed from HR
MR_HR_rest = 60*5*VO2max*(HR_rest - HRrest)/(HRmax - HRrest)
if s3_7mph > 0
MR_HR_3_0mph = 60*5*VO2max*(HR_3_0mph - HRrest)/(HRmax - HRrest)
end;
if s4_4mph > 0
MR_HR_3_7mph = 60*5*VO2max*(HR_3_7mph - HRrest)/(HRmax - HRrest)
end;
if end_walk > 0
MR_HR_4_4mph = 60*5*VO2max*(HR_4_4mph - HRrest)/(HRmax - HRrest)
end;
end;
if makeplot == 1
%plot all three at once
figure(4);
subplot(3,1,1);grid on; hold on; box on;
plot(O2_avg(:,1),O2_avg(:,2))
plot(O2_avg(:,1),O2max_short,'r')
ylabel('% O_2')
plot([sit_start sit_start],[min(O2_avg(:,2)) max(O2_avg(:,2))],'g');
plot([sit_end sit_end],[min(O2_avg(:,2)) max(O2_avg(:,2))],'g');
if s3_0mph > 0
plot([s3_0mph s3_0mph],[min(O2_avg(:,2)) max(O2_avg(:,2))],'g');
end;
if s3_7mph > 0
plot([s3_7mph s3_7mph],[min(O2_avg(:,2)) max(O2_avg(:,2))],'g');
end;
if s4_4mph > 0
plot([s4_4mph s4_4mph],[min(O2_avg(:,2)) max(O2_avg(:,2))],'g');
end;
if end_walk > 0
plot([end_walk end_walk],[min(O2_avg(:,2)) max(O2_avg(:,2))],'g');
end;
subplot(3,1,2);grid on; hold on; box on;
plot(CO2_avg(:,1),CO2_avg(:,2))
plot(CO2_avg(:,1),CO2air,'r')
ylabel('% CO_2')
plot([sit_start sit_start],[min(CO2air) max(CO2_avg(:,2))],'g');
plot([sit_end sit_end],[min(CO2air) max(CO2_avg(:,2))],'g');
if s3_0mph > 0
plot([s3_0mph s3_0mph],[min(CO2air) max(CO2_avg(:,2))],'g');
end;
if s3_7mph > 0
plot([s3_7mph s3_7mph],[min(CO2air) max(CO2_avg(:,2))],'g');
end;
if s4_4mph > 0
plot([s4_4mph s4_4mph],[min(CO2air) max(CO2_avg(:,2))],'g');
end;
if end_walk > 0
plot([end_walk end_walk],[min(CO2air) max(CO2_avg(:,2))],'g');
end;
if HRdata == 1
subplot(3,1,3);grid on; hold on; box on;

171

plot(bpm6(:,1),bpm6(:,2))
xlabel('time (seconds)')
ylabel('heart rate (bpm)')
plot([sit_start sit_start],[min(bpm6(:,2)) max(bpm6(:,2))],'g');
plot([sit_end sit_end],[min(bpm6(:,2)) max(bpm6(:,2))],'g');
if s3_0mph > 0
plot([s3_0mph s3_0mph],[min(bpm6(:,2)) max(bpm6(:,2))],'g');
end;
if s3_7mph > 0
plot([s3_7mph s3_7mph],[min(bpm6(:,2)) max(bpm6(:,2))],'g');
end;
if s4_4mph > 0
plot([s4_4mph s4_4mph],[min(bpm6(:,2)) max(bpm6(:,2))],'g');
end;
if end_walk > 0
plot([end_walk end_walk],[min(bpm6(:,2)) max(bpm6(:,2))],'g');
end;
end;
end;
%%%%%%%%%
%FIND VO2
%difference between oxygen in outlet air with and without human respiration
perc_change_O2 = (O2max_short - O2_avg(:,2))/100;
VO2 = perc_change_O2.*flow_lpm;
clear perc_change_O2
%FIND TOTAL METABOLIC RATE FROM O2
TMR_O2_kcph = VO2*5*60; %Johnson pg. 11: 5000 kcal/1 L O2
%find averages of metabolic rate from O2 for last 5 min of each speed
MR_O2_rest = mean(TMR_O2_kcph((sit_start + 1):sit_end))
if s3_7mph > 0
MR_O2_3_0mph = mean(TMR_O2_kcph((s3_7mph - 300):s3_7mph))
end;
if s4_4mph > 0
MR_O2_3_7mph = mean(TMR_O2_kcph((s4_4mph - 300):s4_4mph))
end;
if end_walk > 0
MR_O2_4_4mph = mean(TMR_O2_kcph((end_walk - 300):end_walk))
end;
%FIND BMR
wt_kg = wt_lb/2.205;
%use Schoffield pg. 17, adults 18-30
if sex == 1
BMR_mjpd = 0.062*wt_kg + 2.036; %mJ/24hr
elseif sex == 2
BMR_mjpd = 0.063*wt_kg + 2.896; %mJ/24hr
end;
BMR_kcph = BMR_mjpd*239.006/24 %kilocalories per hour
%FIND VCO2
perc_change_CO2 = (CO2air - CO2_avg(:,2))/100;
VCO2 = perc_change_CO2.*flow_lpm;
clear perc_change_CO2
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%FIND TOTAL METABOLIC RATE FROM CO2
RQ = 1; %assume
VO2_rq = -VCO2/RQ;
TMR_CO2_kcph = VO2_rq*5*60; %Johnson pg. 11: 5000 kcal/1 L O2
%find averages of metabolic rate from O2 for last 5 min of each speed
MR_CO2_rest = mean(TMR_CO2_kcph((sit_start + 1):sit_end))
if s3_7mph > 0
MR_CO2_3_0mph = mean(TMR_CO2_kcph((s3_7mph - 300):s3_7mph))
end;
if s4_4mph > 0
MR_CO2_3_7mph = mean(TMR_CO2_kcph((s4_4mph - 300):s4_4mph))
end;
if end_walk > 0
MR_CO2_4_4mph = mean(TMR_CO2_kcph((end_walk - 300):end_walk))
end;
%FIND METS
TMR_O2_mets = TMR_O2_kcph/BMR_kcph;
TMR_CO2_mets = TMR_CO2_kcph/BMR_kcph;
if makeplot == 1
figure(5); grid on; hold on; box on;
plot(O2_avg(:,1),TMR_O2_mets,'b');
plot(CO2_avg(:,1),TMR_CO2_mets,'r');
xlabel('time (seconds)'); ylabel('Total Metabolic Rate (mets)');
legend('from O_2 sensor','from CO_2 sensor','Location','SouthEast')
%plot vertical line at transitions between speeds
plot([sit_start sit_start],[min(TMR_CO2_mets) max(TMR_CO2_mets)],'g');
plot([sit_end sit_end],[min(TMR_CO2_mets) max(TMR_CO2_mets)],'g');
if s3_0mph > 0
plot([s3_0mph s3_0mph],[min(TMR_CO2_mets) max(TMR_CO2_mets)],'g');
end;
if s3_7mph > 0
plot([s3_7mph s3_7mph],[min(TMR_CO2_mets) max(TMR_CO2_mets)],'g');
end;
if s4_4mph > 0
plot([s4_4mph s4_4mph],[min(TMR_CO2_mets) max(TMR_CO2_mets)],'g');
end;
if end_walk > 0
plot([end_walk end_walk],[min(TMR_CO2_mets) max(TMR_CO2_mets)],'g');
end;
end;
%PLOT METABOLIC RATE IN KILOCALORIES PER HOUR
if makeplot == 1
figure(6); grid on; hold on; box on;
plot(O2_avg(:,1),TMR_O2_kcph,'b');
plot(CO2_avg(:,1),TMR_CO2_kcph,'r');
plot(bpm6(:,1),MRfromHR,'g')
plot(O2_avg(:,1),BMR_kcph*ones(length(O2_avg),1),'k')
plot([sit_start sit_start],[min(TMR_O2_kcph) max(TMR_O2_kcph)],'g');
plot([sit_end sit_end],[min(TMR_O2_kcph) max(TMR_O2_kcph)],'g');
if s3_0mph > 0
plot([s3_0mph s3_0mph],[min(TMR_O2_kcph) max(TMR_O2_kcph)],'g');
end;
if s3_7mph > 0
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plot([s3_7mph s3_7mph],[min(TMR_O2_kcph) max(TMR_O2_kcph)],'g');
end;
if s4_4mph > 0
plot([s4_4mph s4_4mph],[min(TMR_O2_kcph) max(TMR_O2_kcph)],'g');
end;
if end_walk > 0
plot([end_walk end_walk],[min(TMR_O2_kcph) max(TMR_O2_kcph)],'g');
end;
plot([(sit_start + 1) sit_end], [MR_O2_rest MR_O2_rest],'c');
plot([(sit_start + 1) sit_end], [MR_CO2_rest MR_CO2_rest],'m');
plot([(sit_start + 1) sit_end], [MR_HR_rest MR_HR_rest],'g');
if s3_7mph > 0
plot([(s3_7mph - 300) s3_7mph], [MR_O2_3_0mph MR_O2_3_0mph],'c');
plot([(s3_7mph - 300) s3_7mph], [MR_CO2_3_0mph MR_CO2_3_0mph],'m');
plot([(s3_7mph - 300) s3_7mph], [MR_HR_3_0mph MR_HR_3_0mph],'g');
end;
if s4_4mph > 0
plot([(s4_4mph - 300) s4_4mph], [MR_O2_3_7mph MR_O2_3_7mph],'c');
plot([(s4_4mph - 300) s4_4mph], [MR_CO2_3_7mph MR_CO2_3_7mph],'m');
plot([(s4_4mph - 300) s4_4mph], [MR_HR_3_7mph MR_HR_3_7mph],'g');
end;
if end_walk > 0
plot([(end_walk - 300) end_walk], [MR_O2_4_4mph MR_O2_4_4mph],'c');
plot([(end_walk - 300) end_walk], [MR_CO2_4_4mph MR_CO2_4_4mph],'m');
plot([(end_walk - 300) end_walk], [MR_HR_4_4mph MR_HR_4_4mph],'g');
end;
xlabel('time (seconds)'); ylabel('Total Metabolic Rate (kcph)');
legend('from O_2 sensor','from CO_2 sensor','from HR sensor','BMR','Location','NorthWest')
end;
%RESPIRATORY EXCHANGE RATIO
rer = -VCO2./VO2;
%plot VO2, VCO2, and RER
if makeplot == 1
figure(7);
subplot(3,1,1);grid on; hold on; box on;
plot(O2_avg(:,1),VO2);
ylabel('VO_2 (L/min)');
plot([sit_start sit_start],[min(VO2) max(VO2)],'g');
plot([sit_end sit_end],[min(VO2) max(VO2)],'g');
if s3_0mph > 0
plot([s3_0mph s3_0mph],[min(VO2) max(VO2)],'g');
end;
if s3_7mph > 0
plot([s3_7mph s3_7mph],[min(VO2) max(VO2)],'g');
end;
if s4_4mph > 0
plot([s4_4mph s4_4mph],[min(VO2) max(VO2)],'g');
end;
if end_walk > 0
plot([end_walk end_walk],[min(VO2) max(VO2)],'g');
end;
subplot(3,1,2);grid on; hold on; box on;
plot(CO2_avg(:,1),-VCO2);
ylabel('VCO_2 (L/min)');
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plot([sit_start sit_start],[min(-VCO2) max(-VCO2)],'g');
plot([sit_end sit_end],[min(-VCO2) max(-VCO2)],'g');
if s3_0mph > 0
plot([s3_0mph s3_0mph],[min(-VCO2) max(-VCO2)],'g');
end;
if s3_7mph > 0
plot([s3_7mph s3_7mph],[min(-VCO2) max(-VCO2)],'g');
end;
if s4_4mph > 0
plot([s4_4mph s4_4mph],[min(-VCO2) max(-VCO2)],'g');
end;
if end_walk > 0
plot([end_walk end_walk],[min(-VCO2) max(-VCO2)],'g');
end;
subplot(3,1,3);grid on; hold on; box on;
plot(O2_avg(:,1),rer);
xlabel('time (seconds)')
ylabel('RER')
plot([sit_start sit_start],[min(rer) max(rer)],'g');
plot([sit_end sit_end],[min(rer) max(rer)],'g');
if s3_0mph > 0
plot([s3_0mph s3_0mph],[min(rer) max(rer)],'g');
end;
if s3_7mph > 0
plot([s3_7mph s3_7mph],[min(rer) max(rer)],'g');
end;
if s4_4mph > 0
plot([s4_4mph s4_4mph],[min(rer) max(rer)],'g');
end;
if end_walk > 0
plot([end_walk end_walk],[min(rer) max(rer)],'g');
end;
end;
%write all results to excel file for easy analysis
xlswrite('results.xls',MR_O2_rest,1,'B2')
xlswrite('results.xls',MR_CO2_rest,1,'C2')
xlswrite('results.xls',MR_HR_rest,1,'D2')
xlswrite('results.xls',HR_rest,1,'G2')
if s3_7mph > 0
xlswrite('results.xls',MR_O2_3_0mph,1,'B3')
xlswrite('results.xls',MR_CO2_3_0mph,1,'C3')
xlswrite('results.xls',MR_HR_3_0mph,1,'D3')
xlswrite('results.xls',HR_3_0mph,1,'G3')
end;
if s4_4mph > 0
xlswrite('results.xls',MR_O2_3_7mph,1,'B4')
xlswrite('results.xls',MR_CO2_3_7mph,1,'C4')
xlswrite('results.xls',MR_HR_3_7mph,1,'D4')
xlswrite('results.xls',HR_3_7mph,1,'G4')
end;
if end_walk > 0
xlswrite('results.xls',MR_O2_4_4mph,1,'B5')
xlswrite('results.xls',MR_CO2_4_4mph,1,'C5')
xlswrite('results.xls',MR_HR_4_4mph,1,'D5')
xlswrite('results.xls',HR_4_4mph,1,'G5')
end;
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figure(8)
%pretty version of plot 6
hold on; box on; grid on;
plot(O2_avg(:,1),TMR_O2_kcph,':r','LineWidth',1.5)
plot(CO2_avg(:,1),TMR_CO2_kcph,'--b','LineWidth',1.5)
plot(bpm6(:,1),MRfromHR,'g','LineWidth',1)
xlabel('time (sec)','FontSize',14)
ylabel('metabolic rate (kcal/hr)','FontSize',14)
legend('from O_2 sensor','from CO_2 sensor','from heart rate
sensor','FontSize',14,'Location','SouthEast')
set(gca,'FontSize',12)
plot([(sit_start + 1) sit_end], [MR_O2_rest MR_O2_rest],'k','LineWidth',1);
plot([(sit_start + 1) sit_end], [MR_CO2_rest MR_CO2_rest],'k','LineWidth',1);
plot([(sit_start + 1) sit_end], [MR_HR_rest MR_HR_rest],'k','LineWidth',1);
if s3_7mph > 0
plot([(s3_7mph - 300) s3_7mph], [MR_O2_3_0mph MR_O2_3_0mph],'k','LineWidth',1);
plot([(s3_7mph - 300) s3_7mph], [MR_CO2_3_0mph MR_CO2_3_0mph],'k','LineWidth',1);
plot([(s3_7mph - 300) s3_7mph], [MR_HR_3_0mph MR_HR_3_0mph],'k','LineWidth',1);
end;
if s4_4mph > 0
plot([(s4_4mph - 300) s4_4mph], [MR_O2_3_7mph MR_O2_3_7mph],'k','LineWidth',1);
plot([(s4_4mph - 300) s4_4mph], [MR_CO2_3_7mph MR_CO2_3_7mph],'k','LineWidth',1);
plot([(s4_4mph - 300) s4_4mph], [MR_HR_3_7mph MR_HR_3_7mph],'k','LineWidth',1);
end;
if end_walk > 0
plot([(end_walk - 300) end_walk], [MR_O2_4_4mph MR_O2_4_4mph],'k','LineWidth',1);
plot([(end_walk - 300) end_walk], [MR_CO2_4_4mph MR_CO2_4_4mph],'k','LineWidth',1);
plot([(end_walk - 300) end_walk], [MR_HR_4_4mph MR_HR_4_4mph],'k','LineWidth',1);
end;
saveas(8,'prettyplot.emf')
%PANDOLF
load = 6/2.2; %helmet mass in kg
speeds_mph = [0; 3; 3.7; 4.4];
speeds_mps = speeds_mph*1609/3600;
grade = 0.01; % 1% grade
tf = 1; %terrain factor (1 for treadmill)
Pandolf_W = 1.5*wt_kg + 2*(wt_kg+load)*(load/wt_kg)^2 + ...
tf*(wt_kg+load)*(1.5*speeds_mps.^2 + 0.35*speeds_mps*grade);
Pandolf_kcph = Pandolf_W*3600/4184
xlswrite('results.xls',Pandolf_kcph,1,'E2:E5')

176

C.2 Input Parameters Sample
1
1
2
156
0
0
300
360
966
1569
2160
2
2.8965
2.9469
0.042
0.036
10
20
30
45
6.4
-1
-1
-1
0
-1
-1
-1
26
82.2

HRdata
makeplot
sex
wt_lb
flow_scfm
sit_start
sit_end
s3_0mph
s3_7mph
s4_4mph
end_walk
HRclean
O2calib_before
O2calib_after
CO2calib_before
CO2calib_after
RH0
RH1
RH2
RH3
scfm1
scfm2
scfm3
scfm4
flowtime1
flowtime2
flowtime3
flowtime4
age
HRrest

1 if HR data taken, 0 otherwise
1 if you want to plot, 0 otherwise
1 = female, 2 = male
subject weight in lb
air flow in scfm
time when sitting data starts in seconds
time when sitting data ends in seconds, start getting on
treadmill
time 3.0 mph starts in seconds
time 3.7 mph starts in seconds
time 4.4 mph starts in seconds
time test finished in seconds
1 if hand cleaned, 2 if matlab cleaned
O2 calibration before voltage
O2 calibration after voltage
CO2 calibration before voltage
CO2 calibration after voltage
RH at rest extrapolated from hobo and CO2 data
RH at 3.0 mph from hobo data
RH at 3.7 mph from hobo data
RH at 4.4 mph extrapolated from hobo and CO2 data
first flow rate (scfm)
second flow rate (scfm): -1 if no more change
third flow rate (scfm): -1 if no more change
fourth flow rate (scfm): -1 if no more change
time start first flow rate (s): should be 0
time start second flow rate (s): -1 if no more change
time start third flow rate (s): -1 if no more change
time start fourth flow rate (s): -1 if no more change
subject age at time of test
resting heart rate
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C.3 Gas Sensor Calibration Code
% calibrate O2 sensor by bypassing the helmet and recording just cascade
% air before and after each run
% average these short calibration runs to get one value
close all; clear all; clc; format compact;
%get data
x = importdata('M8 calib before.txt');
xx = x.data;
beforeO2 = xx(:,1);
beforeCO2 = xx(:,2);
y = importdata('M8 calib after.txt');
yy = y.data;
afterO2 = yy(:,1);
afterCO2 = yy(:,2);
clear x xx y yy
%average each second of before data for smoother curve
O2count = 0; CO2count = 0;
O2tally = 0; CO2tally = 0;
for xb = 1:length(beforeO2)
O2tally = O2tally + beforeO2(xb);
CO2tally = CO2tally + beforeCO2(xb);
if xb>0 & mod(xb,100) == 0
O2count = O2count + 1;
CO2count = CO2count + 1;
before_smoothO2(O2count) = [O2tally/100];
before_smoothCO2(CO2count) = [CO2tally/100];
O2tally = 0; CO2tally = 0;
end
end;
clear xb O2tally O2count CO2tally CO2count
%average each second of after data for smoother curve
O2count = 0; CO2count = 0;
O2tally = 0; CO2tally = 0;
for xa = 1:length(afterO2)
O2tally = O2tally + afterO2(xa);
CO2tally = CO2tally + afterCO2(xa);
if xa>0 & mod(xa,100) == 0
O2count = O2count + 1;
CO2count = CO2count + 1;
after_smoothO2(O2count) = [O2tally/100];
after_smoothCO2(CO2count) = [CO2tally/100];
O2tally = 0; CO2tally = 0;
end
end;
clear xa O2tally O2count CO2tally CO2count
%average data
before_avgO2 = mean(beforeO2)
before_avgCO2 = mean(beforeCO2)
after_avgO2 = mean(afterO2)

178

after_avgCO2 = mean(afterCO2)

%plot everything for O2
figure(1); grid on; box on; hold on;
plot(before_smoothO2,'b');
plot(before_avgO2*ones(length(before_smoothO2),1),'b.')
plot(after_smoothO2,'r');
plot(after_avgO2*ones(length(after_smoothO2),1),'r.')
legend('before data','before average','after data','after average',...
'Location','NorthWest')
xlabel('time (seconds)'); ylabel('voltage'); title('O_2');
%plot everything for CO2
figure(2); grid on; box on; hold on;
plot(before_smoothCO2,'b');
plot(before_avgCO2*ones(length(before_smoothCO2),1),'b.')
plot(after_smoothCO2,'r');
plot(after_avgCO2*ones(length(after_smoothCO2),1),'r.')
legend('before data','before average','after data','after average',...
'Location','NorthWest')
xlabel('time (seconds)'); ylabel('voltage'); title('CO_2');
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C.4 Heart Rate Data Filtering Code
%clean interference out of HR data
close all; clear all; clc; format compact;
%IMPORT THE TEXT DATA
%% first column is O2 voltages
%% second column is CO2 voltages
%% third column is HR voltages
x = importdata('M8 data.txt');
RawVoltages = x.data;
clear x
%add fourth column to Raw Voltages with time in seconds
RawVoltages(:,4) = zeros(length(RawVoltages),1);
for n = 1:length(RawVoltages)
RawVoltages(n,4) = n/100;
end;
clear n
%HEART RATE DATA
threshold = 1.5;
%clean HR data
for cd = 1:length(RawVoltages)
if RawVoltages(cd,3) > threshold
cHR = 1;
high = 1;
while high == 1
if RawVoltages((cd + cHR),3) < threshold
high = 0;
else cHR = cHR + 1;
end;
end;
if cd < 250000
if cHR < 1
while cHR ~= 0
RawVoltages((cd + cHR - 1),3) = 0;
cHR = cHR - 1;
end;
end;
else
if cHR < 5
while cHR ~= 0
RawVoltages((cd + cHR - 1),3) = 0;
cHR = cHR - 1;
end;
end;
end;
end;
end;
%calculate Heart Rate
count = 1;
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bpm_count = 0;
HRb = zeros(1,length(RawVoltages));
if RawVoltages(1,3) > threshold
HRb(1,1) = 1;
end;
for h = 2:length(RawVoltages)
if RawVoltages(h,3) > threshold
HRb(1,h) = 1;
if HRb(1,h-1) == 0
beats(1,count) = RawVoltages(h,4);
if count > 1
bpm(count) = 60/(beats(count) - beats(count-1));
end;
count = count + 1;
end;
end;
end;
figure(3); grid on; hold on; box on;
plot(beats(1,2:length(beats)),bpm(1,2:length(beats)),'b')
xlabel('time (seconds)'); ylabel('heart rate (bpm)'); title('Heart Rate');
legend('beat to beat', '15 second averages','Location','SouthEast')
clear h stop y bpm_count count HRb beats
%csvwrite('Mcleandata.txt',RawVoltages)
save Mcleandata.txt RawVoltages -ASCII
NewVoltages = importdata('Mcleandata.txt');
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C.5 Sample Unprocessed Raw Voltage Data from NI-DAQmx
NI VI Logger
Created: 4/6/2007 11:59:12.764 AM Eastern Daylight Time
Number of scans: 216262
Scan rate: 0.01 seconds
Row,Time,O2(Voltage),CO2(Voltage),HR(Voltage)
1,11:18:26.125 AM,2.91704,0.471493,1.16245
2,11:18:26.135 AM,2.91704,0.471493,1.16245
3,11:18:26.145 AM,2.91704,0.471493,1.16245
4,11:18:26.155 AM,2.91704,0.471493,1.17264
5,11:18:26.165 AM,2.91704,0.471493,1.16245
6,11:18:26.175 AM,2.91704,0.471493,1.16245
7,11:18:26.185 AM,2.91704,0.471493,1.17264
8,11:18:26.195 AM,2.91704,0.471493,1.17264
9,11:18:26.205 AM,2.91704,0.471493,1.17264
10,11:18:26.215 AM,2.91704,0.471493,1.16245
11,11:18:26.225 AM,2.91704,0.471493,1.17264
12,11:18:26.235 AM,2.91704,0.471493,1.17264
13,11:18:26.245 AM,2.91704,0.471493,1.16245
14,11:18:26.255 AM,2.92724,0.471493,1.17264
15,11:18:26.265 AM,2.91704,0.471493,1.17264
16,11:18:26.275 AM,2.91704,0.471493,1.16245
17,11:18:26.285 AM,2.91704,0.461299,1.17264
18,11:18:26.295 AM,2.91704,0.471493,1.17264
19,11:18:26.305 AM,2.91704,0.471493,1.17264
20,11:18:26.315 AM,2.91704,0.471493,1.17264
…
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C.6 Sample Processed Raw Voltage Data
O2 Voltage

CO2 Voltage

HR Voltage

Time (s)

2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9272400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
2.9170400e+000
…

4.7149300e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001
4.6129900e-001
4.7149300e-001
4.7149300e-001
4.7149300e-001

1.1624500e+000
1.1624500e+000
1.1624500e+000
1.1726400e+000
1.1624500e+000
1.1624500e+000
1.1726400e+000
1.1726400e+000
1.1726400e+000
1.1624500e+000
1.1726400e+000
1.1726400e+000
1.1624500e+000
1.1726400e+000
1.1726400e+000
1.1624500e+000
1.1726400e+000
1.1726400e+000
1.1726400e+000
1.1726400e+000

1.0000000e-002
2.0000000e-002
3.0000000e-002
4.0000000e-002
5.0000000e-002
6.0000000e-002
7.0000000e-002
8.0000000e-002
9.0000000e-002
1.0000000e-001
1.1000000e-001
1.2000000e-001
1.3000000e-001
1.4000000e-001
1.5000000e-001
1.6000000e-001
1.7000000e-001
1.8000000e-001
1.9000000e-001
2.0000000e-001
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Appendix D: RESULTS
D.1 Session Outcomes and Subject Comments
Subject
F1

F2

F3
F4

M1
M2

Experimental Session Results
• session completed with treadmill 1
• subject mentioned slight sore throat
• subject accidentally pulled out safety
key and stopped treadmill 2 minutes
into fast speed, restarted immediately
and completed full 10 minutes at fast
speed afterward
• subject periodically took a few
running steps to keep up with fast
speed
• subject chose to terminate session
during fast speed
• subject periodically took a few
running steps to keep up with fast
speed
• treadmill 1 was used
• completed session with treadmill 1
• treadmill 1 malfunctioned during
medium speed during the first
attempt
• session was repeated for a full data
set with treadmill 3
• completed session with treadmill 1
• completed session with treadmill 1

Control Session Results
• control session completed
• subject switched to jog about 6 minutes
into the fast speed
• subject said that the workloads were
similar but the control session weighted
helmet does not rest on the shoulders like
the experimental helmet assembly

• subject did not take part in a control
session

•
•
•
•

•
•
•
•

M3

• completed session with treadmill 1
• helmet sitting on shoulders caused
pressure points, subject shrugged
shoulders throughout session to
relieve these points
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•
•
•

control session completed
subject said the control session was easier
control session completed
initially had some trouble fitting oronasal
mask because subject’s face was shorter
(nose to chin) than the mask, tightening
strap seemed to eliminate leaking
control session completed
control session completed
hose popped out from of mask about 1
minute into slow speed, was pushed back
in almost immediately
subject said the headgear from both
sessions had similar weight but the
experimental helmet assembly forced
your neck and back posture more
control session completed
data inexplicably dropped to 0 about 5
min into rest period and then came back,
these points were excluded
subject said the experimental session was
harder because of motion constraint

M4

• treadmill 1 malfunctioned during fast
speed
• subject mentioned the helmet
assembly forced his head down and
therefore his glasses slid off
• session was repeated for a full data
set with treadmill 3
• subject had to stop to retie shoe 4
minutes into medium speed, restarted
session at the beginning of medium
speed

M5

• treadmill 1 malfunctioned during
slow speed
• session was not repeated
• completed session with treadmill 2
• subject complained the walking belt
was shorter than his stride length at
fast speed and made the walk
awkward
• repeated session with treadmill 3
• completed session with treadmill 2
• repeated session with treadmill 3
• subject could not sustain fast speed
with walking gait and switched to a
run during both sessions
• subject accidentally pulled off safety
stop 1.5 minutes into the fast speed,
the session was restarted at the
beginning of the fast speed

M6

M7

M8

• session completed with treadmill 3
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• control session completed
• hose started coming out of mask about 1
minute into slow walk, was pushed back
in
• accidentally only walked at slow speed
for 9 minutes and all other speeds
occurred a minute too early, last 5
minutes taken into account after a
transition that was only 4 minutes
• subject said the control session didn’t
force his head down in a particular
position as much as the experimental
session
• subject did not take part in control session
• control session completed

• control session completed
• hose fell out from mask about 2.5 minutes
into the slow walk, was replaced right
away, caused dip in data, not part of
averaged data
• subject started running instead of walking
3 minutes into fast speed
• subject says the control session was more
comfortable because ambient air was not
as dry as cascade air
• control session completed
• subject said control session was harder
because it was more difficult to exhale
into the smaller space of the hose rather
than the large helmet volume

D.2 All Metabolic Rates and Heart Rates
All metabolic rates are given in kcal/hr and heart rates are given in beats per minute
MR from
O2

F1
rest
slow
medium
fast
F3
rest
slow
medium
fast
F4
rest
slow
medium
fast
M1
rest
slow
medium
fast
M2
rest
slow
medium
fast
M3
rest
slow
medium
fast
M4
rest
slow
medium
fast
M6
rest
slow
medium
fast

MR from
CO2

MR from
HR

MR from
Pandolf

MR from
Control

HR from
Exp. Ses.

HR from
Con. Ses.

48
484
679
966

77
322
469
709

0
243
389
616

81
233
312
407

69
304
421
630

62
108
136
179

81
116
148
181

-124
87
375
602

55
229
307
435

57
194
309
498

77
223
299
390

65
246
331
486

81
105
125
159

70
98
117
146

182
391
490
1001

74
320
438
753

3
237
396
637

77
223
299
390

58
244
341
568

67
110
140
185

68
100
128
171

54
566
716
991

133
510
660
918

7
398
544
820

108
308
412
538

82
333
446
652

67
116
134
168

74
106
125
157

-97
295
525
719

98
351
482
631

0
209
320
488

101
288
386
504

85
308
390
491

67
93
107
127

77
93
103
120

274
620
787
1004

88
355
483
680

27
352
556
917

103
295
395
516

80
316
406
645

82
119
141
182

80
110
123
161

7
582
794
1070

88
420
531
797

88
428
600
826

79
226
303
396

65
296
377
553

81
122
142
170

94
119
136
165

354
758
787
989

121
379
502
725

11
326
476
772

97
279
373
487

87
326
425
609

71
109
127
163

92
125
140
170
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M7
rest
slow
medium
fast
M8
rest
slow
medium
fast

-56
312
471
882

84
414
553
843

0
446
718
959

81
233
312
407

67
284
366
594

75
126
158
186

80
117
138
174

-122
406
624
809

126
357
477
631

24
284
507
740

91
262
351
459

115
309
394
552

85
113
137
163

102
111
125
151
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D.3 Experimental Data Plotted
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D.4 RER Plots from Experimental Sessions
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D.5 Control Data Plotted
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