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Abstract

Humans and machines interact with each other on a variety of scales. Interactions
can involve tightly coupled interfaces or even be socio-technical in nature. In terms
of large complex systems, humans learn to interact and access these systems in the
context of different social, political, technical, and economic environments. And yet
despite this breadth, research on human-machine interactions on all scales depends on
having metrics for evaluation and platforms upon which measurement can take place.
This thesis investigated the utilization of new metrics for studying human-machine
interfaces and systems at a micro and macro scale.

At the micro scale, we investigated how humans may strategize to move their
bodies in order to complete a agility-based running tasks. For a slalom course, an
optimal control model was formulated to analyze the characteristics of an optimal
path trajectory to complete the task as quickly as possible. Opportunities to improve
the model were informed by the utilization of a “micro” system - wearable inertial
measurement unit (IMU) devices. While the path trajectories estimated from these
devices have limitations, IMUs offer an opportunities to measure human movement in
natural operational environments. In the context of space exploration, such natural
environments could also include planetary surfaces with reduced gravity. To evaluate
how locomotion might change in such conditions, the optimal control model was used
to investigate how an optimal path trajectory would change while completing the
slalom task in reduced gravity. The results demonstrated that as gravity decreased,
it would take a human more time to complete the task and the curvature about
turning regions would decrease (wider turns). The results and limitations of the
model in nominal and reduced gravity conditions demonstrated the strong influences
gravity and ground reaction forces have on the path trajectories humans can execute.
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Investigating some of the limitations of the optimal models depended on having
experimental trajectories estimated from the IMUs as a platform of measurement. Re-
flecting on how the curvature of the path trajectories decreased as gravity decreased,
the metric of integrated curvature was proposed for analyzing the path trajectories of
humans completing an agility task. The feasibility of using this metric was analyzed
via a pilot study of another agility-based running task. Along with other common
metrics of characterizing agility and path trajectories (task completion time and path
length), the integrated curvature metric was evaluated using both optical motion
capture (Vicon) and wearable IMU measurement platforms. The pilot study results
demonstrated that subject performance in terms of completion time, path length, and
integrated curvature could depend on the structure of the task and whether a subject
had a priori knowledge of the task goal. Furthermore, the results demonstrate that
there are opportunities to leverage the integrated curvature metric via the wearable
IMU measurement platform to make decision-making conclusions.

Wearable IMUs offer a measurement platform that could be utilized in natural field
settings, including reduced gravity planetary environments. But in order to test out
and improve metrics for IMUs in these conditions, we require access to reduced gravity
research platforms. Accessibility to microgravity platforms is complex and dependent
on a variety of factors beyond just financial costs. And just as it is important to use
human performance measurement platforms and metrics that can be leveraged in
different operational environments for generalized user populations, it also important
that access to microgravity research platforms is available for non-traditional partners.
Non-traditional partners include users like startups, early career academics, emerging
space nations, and education outreach groups.

In order to capture the complexities and nuances behind accessibility for end
users in the microgravity research ecosystem, new metrics of economic openness and
administrative openness were proposed. The current and future microgravity research
ecosystems were surveyed using case study research methods. Systems architecture
methods were utilized to analyze the stakeholders and forms of access (pathways)
present in the ecosystem. Analysis demonstrated that mixed public/private pathways
can foster relatively high economic and administrative openness, but these levels of
openness can decrease dependent on the capabilities and type of the end user and the
type of funding sources used at different stages of the pathway. Opportunities exist
to refine the accessibility metrics and add new dimensions of analysis. Whether it
be for wearable devices or microgravity research, by refining metrics and examining
platforms now, we can help ensure accessibility to these systems for any type of user
in the future.

Thesis Supervisor: Leia Stirling
Title: C. S. Draper Assistant Professor, Department of Aeronautics and Astronautics

Thesis Supervisor: Danielle Wood
Title: Assistant Professor of Media Arts & Sciences and Aeronautics & Astronautics
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Chapter 1

Introduction

Quite frankly the title of this thesis, “A Micro- and Macro- Analysis of Human-

Machine Interfaces and Systems in Space” may be one of the vaguest and broadest

titles a reader will encounter in an engineering context. And yet, it’s done on purpose.

Simply put, humans and machines interact with each other on a variety of scales.

Interactions can involve tightly coupled interfaces between a human and wearable

device, exoskeleton, or spacesuit. But interactions can also be socio-technical in

nature. In terms of large complex systems, humans learn to interact and access

these systems in the context of different social, political, technical, and economic

environments. Sometimes human life is dependent on these technical systems. The

machines themselves can be small, like wearable devices. But they can also be the

size of a football field, operate as the critical life support system, and be a symbol

of international cooperation around the globe (e.g. the International Space Station).

Even the spaces in which these interactions occur can vary widely, whether it be in a

laboratory environment, outside in a grassy field, or even on a different planet.

And yet despite this breadth, research on human-machine interactions on all scales

depends on having metrics for evaluation and platforms upon which measurement

can take place. This thesis explores the development of metrics and accessibility of

platforms for two very different topics. In the first half, we investigate how humans

plan path trajectories in agility-based running tasks. In the second half, we examine

the complex ecosystem of microgravity research and evaluate how end users gain

15



access to research platforms.

Chapter 1 investigates how the platform of optimal control modelling can be used

to investigate optimal path trajectories for humans running an agility task in varied

gravity environments. As the discussion will show, some of the limitations in the

model are analyzed using data collected from the measurement platform of wearable

inertial measurement units (IMU) devices. Chapter 2 details the analysis of a pilot

study used to investigate wearable device-based metrics. For agility-based running,

the study explores a new metric to be leveraged on wearable devices and how metric

values vary depending on measurement platform. Chapter 3 shifts perspective to a

larger technical system, namely the microgravity research ecosystem, and proposes

new metrics for end user accessibility. We ask the question, if one is not part of

a large space agency or big corporation, how do you access microgravity platforms

now and what dynamics will affect accessibility in the future? In order to explore

this question, Chapters 4 and 5 utilize case study research and systems architecture

methods to survey, analyze, and evaluate the research ecosystem. Different forms of

access are identified and evaluated against the new accessibility metrics.

While broad in topics, this thesis explores how metrics can be developed and

platforms can be utilized to better understand human-machine interactions within

the variety of spaces humans operate in. Better understanding of these interactions

can inform policy and technical system design to synergistically align with human

needs and objectives.

16



Chapter 2

An Optimal Control Model for

Assessing Human Agility

Trajectories

Tightly coupled human-machine interfaces can be used to measure human perfor-

mance (health monitoring wearable technology), operate a larger complex systems

(piloting an aircraft or spacecraft), and improve performance (exoskeletons and space-

suits). Designing the technologies themselves requires understanding both the anthro-

pometrics of the human population of interest and operational use cases. Operational

environments are characterized by the physical dimensions of the space and how the

human will strategize to move within it, the latter being much more difficult to

mathematically model. Mismatches between how the technology designed to operate

a system and how the human mentally determines how to operate a system can re-

sult in overall degradation in performance and sometimes injury. For tightly coupled

machines like exoskeletons and spacesuits, mismatches between the technology design

and human motor strategies can result in the human fighting against the exoskele-

ton while moving quickly on the ground or walking awkwardly in a spacesuit on a

reduced gravity planetary surface. This effect could be compounded in cases where

different population sets strageize differently or have different objective goals in mind

to complete their tasks quickly or efficiently. This chapter investigates how optimal
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control theory may be used to model how humans strategize motor techniques in

agility-based tasks in varied gravity environments.

2.1 Introduction

Agility can be defined as a rapid change in velocity or direction [1] and is typically

measured by completion time on an agility drill. However, time based metrics alone

reveal little about the underlying biomechanics contributing to performance [2–4].

Beyond completion time, there are additional measures that inform the way people

complete an agility task. For example, the path trajectory selected can inform on

efficiency, as estimated through path length and path curvature. An agile task per-

formance requires selecting the appropriate trajectory and being able to perform the

necessary changes in velocity to achieve the desired path. Analysis of these additional

factors may lead to insights that enable individualized performance improvement.

Quantifying path efficiency includes estimating the time-varying state trajectory

(i.e., position, velocity, acceleration, and jerk). The motor techniques driving these

path trajectories can be a function of kinematic, dynamic, and time criteria. Previ-

ous research shows that goal oriented human motion planning of the upper extremi-

ties [5,6] and gait locomotion [7–14] can be modelled as an optimal control problem.

With the assumption that the human uses an underlying optimal control, the result-

ing path trajectories can be calculated, where the selected objective function drives

the solution. The validity of these optimal models can be analyzed by evaluating the

optimal trajectory models against experimental data [8,9,12]. For example, previous

research shows that in upper body movements, the experimental hand trajectories of

humans are similar to the minimum jerk profile (also known as maximizing smooth-

ness) [5,6]. Studies suggest that such optimality principles also influence lower body

locomotion trajectories through the relationship between velocity, curvature, and the

one-third power law [10,11,13,15]; however, spatial variability was observed between

subjects in comparing gross whole-body locomotion to foot step paths [14]. Recent

work has also investigated the optimality principles that may influence the planning

18



of human walking paths, evaluating objective functions such as metabolic cost [12]

and movement smoothness [11, 13–15].

While there is research investigating an underlying optimal control for walking

[8–10,14], for sagital plane limb movement while treadmill running [15], and metabolic

cost oriented biped models at different gait speeds [12] such a relationship has not

been investigated for curved running tasks. Additionally, optimal control techniques

have been shown to be inadequeate in explaining sudden avoidance behaviors [16].

In an agility-based running task, the athlete is instructed to complete a course as

fast as possible. For a planned agility course, it is unclear how a human may use

known waypoint locations with the goal of minimizing time to inform the underlying

objective function to achieve the task. While the goal is to minimize time, it is possible

that the athlete still minimizes energy to a lesser extent. As changing acceleration

of the center of mass requires changing applied ground reaction force, a surrogate

for reducing energy could be minimizing jerk (reducing acceleration changes). Chang

and Kram [17] have shown experimentally that limitations to maximum running speed

during curves are driven by the ground reaction forces necessary to attain maximum

velocities compared to straight running. Thus, it is important to include the ground

reaction force within the constraints to this problem formulation.

In this chapter, a planned agility task is formulated as an optimal control problem

and the relationship between estimated path trajectories and the selected objective

function is investigated. Specifically, the criterion of minimizing the magnitude of

the squared jerk and minimizing final time was analyzed with constraints on speed,

acceleration, and maximum ground reaction force that can be produced while running

without slipping. The sensitivity of the solution to gravity was also investigated. The

optimal control solutions are compared to experimental data, highlighting a faster

and slower athlete.
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Figure 2-1: Schematic of the agility run task with coordinate system used in the
analysis shown.

2.2 Methodology

2.2.1 Participants and Experimental Protocol

The present analysis used data from a previous experiment [18] in which participants

performed a slalom agility run. The task examined (Fig. 2-1) requires the participant

to run from the start cones to the finish cones as fast as possible, while going around

the five waypoint cones without slipping. All cone markers were placed 5 meters from

each other. Participants started from rest and were instructed to come to a stop at

the finish.

A study was conducted with 32 recreational athletes (17M, 15F; mean (SD) age:

20.1 (2.1) years, height: 1.75 (0.13) m, mass: 71.3 (13.7) kg). The study was carried

out on an outdoor lawn. The agility run was completed as an obstacle within a

larger obstacle course. All participants provided informed written consent and the

protocol and data analysis were approved by the University of Michigan Institutional

Review Board and the Massachusetts Institute of Technology Committee on the Use of

Humans as Experimental Subjects. For the current analysis, two trials are highlighted

that exemplify fast and slow strategies.

Before running the course, participants donned an array of inertial measurement

units (IMUs) (APDM, Portland, OR, 128 Hz sampling, +/-6G acceleration, +/-2000

deg/sec angular rate)) on the major body segments. In this analysis, the IMUs worn
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on each foot provide kinematic data to estimate the foot trajectories following Ojeda

and Borenstein [19]. In summary, the method uses gyroscope and accelerometer data

to estimate spatial orientation, and then integrates translational accelerations twice

to yield foot velocities and position. Drift (and other inertial sensor) errors were

reduced by applying the zero velocity update algorithm.

2.2.2 Optimal Control Formulation

An optimal control problem was defined and solved numerically using GPOPS-II [20]

in Matlab (MathWorks, Natick, MA). The optimal control problem consists of the

states, controls, constraints, and objective function. The agility run was expressed as

a point-to-point task in Cartesian coordinates, with interior point constraints on the

state variables to maintain continuity of the solution. The conditions of the problem

are defined in Fig. 2-2. The accuracy tolerance for the constraints was set to 10−6

following standards from other examples of utilizing GPOPS-II [20] and feasibility of

solution convergence.

The interior point constraints on the state variables are used to enforce the goal

of navigating around the 5 waypoint cones of the slalom run and enforce continuity

of the solution. The inequality constraints on velocity and acceleration were defined

based on the recorded limits of human speed and acceleration [21]. The inequality

constraint on the jerk control input was defined by analyzing the theoretical limits

of power a human can produce while accelerating in a sprint [21]. These constraint

values were supported by experimental data collected after participants completed

the agility task as the values recorded experimentally were less than the inequality

constraint values [18]. The ground reaction forces are a function of instantaneous

velocity, tangential acceleration, and path curvature (ρ). The derivation of the ground

reaction force constraint is provided in Appendix A. Equality constraints on initial

and final velocity are set to zero to model a subject starting and stopping at rest.

Completion time (tf ) was defined as a free variable, but was given an upper bound as

per the setup required of the GPOPS-II method [20]. Completion time was initially

set to 15 seconds, a few seconds longer than the slowest experimental subject [18].
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States Position 𝑥 𝑡 ,𝑦(𝑡)

Velocity 𝑣( 𝑡 ,𝑣) 𝑡

Acceleration 𝑎( 𝑡 ,𝑎) (𝑡)

Control Jerk 𝑗( 𝑡 , 𝑗)(𝑡)

Constraints Continuity at Waypoints

𝑥, 𝑡,
- = 	𝑥, 𝑡,

0 …		𝑥2 𝑡2
- =	𝑥2 𝑡2

0
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- = 	𝑦, 𝑡,

0 …		𝑦2 𝑡2
- =	𝑦2 𝑡2

0

𝑣(3 𝑡,
- =	 𝑣(3 𝑡,

0 …		𝑣(4 𝑡2
- =	𝑣(4 𝑡2

0

𝑣)3 𝑡,
- = 	𝑣)3 𝑡,

0 …		𝑣)4 𝑡2
- =	𝑣)4 𝑡2

0

ax1 t1
− =	ax1 t1

+ …		ax5 t5
− =	ax5 t5

+

ay1 t1
− =	ay1 t1

+ …		ay5 t5
− =	ay5 t5

+

Inequality constraints on velocity, acceleration,
jerk and ground reaction forces

0
𝑚
𝑠 ≤ 𝑣((𝑡) 	≤ 10

𝑚
𝑠

−10
𝑚
𝑠 ≤ 𝑣)(𝑡) 	≤ 10

𝑚
𝑠

−10
𝑚
𝑠A

≤ 𝑎( 𝑡 ), 𝑎)(𝑡) ≤ 10	
𝑚
𝑠A 	

−30
𝑚
𝑠C
≤ 𝑗( 𝑡 , 𝑗)(𝑡) ≤ 30

𝑚
𝑠C

𝑑𝑣
𝑑𝑡

A

+
𝑣(𝑡)A

𝜌

A

	≤ 𝜇𝑔 A

Start and stop at rest

𝑣( 0 = 0

𝑣) 0 = 0	

𝑣( 𝑡H = 0

𝑣) 𝑡H = 0

Figure 2-2: Conditions of Optimal Control Problem
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However, this variable was further refined for one of the optimal cases following initial

analysis and the rationale is discussed in Section 2.3.1.

A multi-criterion objective function was formulated to evaluate minimizing com-

pletion time and minimizing the sum of squared jerk (Equation 2.1). Here, x rep-

resents position in the x dimension, y represents position in the y dimension (axes

defined in Fig. 2-1), and t represents time. The criterion of minimizing completion

time is weighted by ω and the criterion of minimizing jerk is weighted by λ. To

evaluate a minimum time optimal path, λ is set to zero. To evaluate a minimum

jerk optimal path, ω is set to zero. The minimum jerk criterion was derived as in

Flash and Hogan [5] where an optimally smooth path is calculated by defining the

objective function as minimizing the sum of the squared jerk terms. For the purposes

of this chapter, only one criterion was considered at a time. The optimal trajectories

presented are either minimum time trajectories or minimum jerk trajectories.

C = ωtf + λ×

[
1

2

∫ tf

t0

([d3x
dt3

]2
+
[d3y
dt3

]2)
dt

]
(2.1)

2.2.3 Data Analysis

To validate the GPOPS-II method, the analytical minimum jerk solution from Flash

and Hogan [5] and the GPOPS-II solution were plotted against each other for the case

of one waypoint. Once the GPOPS-II method was validated for the one waypoint

task, the problem definition was expanded to include all five cone waypoints of the

agility task, which extends from [5] and is described via the interior point constaints

in Fig. 2-2 and Equation 2.1.

The full agility run problem was then successively evaluated for a minimum jerk

optimal path and a minimum time optimal path. For the minimum time optimal

path, the sensitivity of the model to different values of gravity and friction coefficients

were evaluated. The optimal path models were then compared to the experimental

trajectories run by subjects. Specifically, the path length and path curvature of an

exemplary fast and slow performing participant were compared to the optimal model
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trajectories.

The comparative metrics were defined similarly to the methods used by Zaferiou

et al. [18]. Path length was calculated by summing the Euclidean norms between

each time point of the trajectories. Experimental completion times were defined

by using a step size threshold to determine when the subject was stationary versus

running. Turning regions were defined using a threshold of curvature as follows. For

each trajectory, the peak curvature points at the five inner cones were identified. A

curvature threshold was set at one half of the lowest peak curvature. The regions

with curvature greater than the threshold were defined as the turning regions. The

completion time for each turning region was also calculated.

2.3 Results

2.3.1 Optimal Models

The analytical and GPOPS-II solutions Fig. 2-3 highlight the similarity between the

solutions for a path with a single waypoint. The root mean square error between

the analytical and GPOPS-II trajectories was less than 0.15 meters. The GPOPS-II

problem definition within Matlab was then expanded to include all five waypoints of

the agility run task. The five waypoints of the full agility run problem correspond to

the five inner cones of Fig. 2-1. The optimal paths for minimum jerk and minimum

time are shown in Fig 2-4. For the minimum jerk solution Fig. 2-4a, the final

time parameter was fixed to 12.71 seconds, equivalent to the completion time of

the slowest subject. While the formulation of the problem has a free final time, the

nature of minimizing jerk generates reduced velocities, and thus the solution is always

constrained by the upper bound on the final time. The minimum time optimal path

(Fig. 2-4b) generated a final time of 12.12 seconds.

In Fig 2-4, the x-axis is the starting forward direction. Participants start at the

left-most cone and end at the right-most cone. Qualitatively, Fig 2-4a shows that the

smoothest way to run the task involves taking a wide first turn, slower cutting turns
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Figure 2-3: Optimal GPOPS and analytical solutions for one waypoint. Triangles
represent the start, waypoint, and end locations.

for the next three inner cones, and then finishing with another wide turn-around

the last cone. In contrast, the minimum time optimal path in Fig. 2-4b involves

turns with increased curvature and (zero curvature) straightaways between the turn

regions. The average curvature per turn phase around the cones is shown in Table

2-6. The quantitative data support the qualitative investigation, with the minimum

time trajectory having increased curvature and decreased turn time for all cones.

Parameter Sensitivity

The ground reaction force constraint is influenced by gravity and the friction coeffi-

cient of the running surface. Nominal, Martian, and lunar gravity were evaluated at

9.8m
s2

, 3.71m
s2

, and 1.62m
s2

, respectively. The nominal static friction coefficient µ was

evaluated at 0.45, equivalent to that of a natural grass rugby field [22]. Fig. 2-5 (a)

and (b) presents the minimum time optimal path evaluated at Martian and lunar

gravity for nominal µ, with Table 2-6 providing the quantified mean cone curvatures

and turn times at each cone. Decreasing gravity decreases the mean curvature and

increases time during each turn.
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(a) Optimally Smooth Path

(b) Minimum Time Optimal Path

Figure 2-4: Optimal Path Trajectory Models. (a)shows the optimally smooth path
evaluated with minimum jerk criterion at a fixed completion time of 12.71 seconds.
(b) shows the minimum time optimal path with resulting completion time of 12.12
seconds. The color bar on the right shows the range in body speed which is overlaid
on the trajectory.
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Figure 2-5: Changing Gravity and Experimental Trajectories. (a) Minimum time
optimal path evaluated at g = 3.71m

s2
and µ = 0.45. (b) Minimum time optimal

path evaluated at g = 1.62m
s2

and µ = 0.45. (c) Path trajectory of Subject A, who
completed task in 10.70 seconds. (d) Path trajectory of Subject B, who completed
task in 12.71 seconds. The color bar keys on the right of each graph show the range
in body speed which is overlaid on the trajectory.

Experimental Comparison

The left foot trajectories of the fastest and slowest performers are plotted in Fig.

2-5 (c) and (d). The fastest subject completed the task from start to stop in 10.70

seconds. The slowest subject completed the task in 12.71 seconds. The path length

and average curvature were averaged for both feet for each subject (Fig. 2-6). The

fastest performer was able to complete the task in a faster time than the computa-

tionally estimated fastest time, with a shorter path length, but with lower curvatures.

The slower performer had a longer path length, longer times during the turns, and a

smaller curvature than the fast performer.
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Type
Task time

(sec)

Path 
Length

(m)

Mean curvature over turn phase (1/m) Duration of turn phase (sec)

Cone 1 Cone 2 Cone 3 Cone 4 Cone 5 Cone 1 Cone 2 Cone 3 Cone 4 Cone 5

Subject A 10.70 29.40 0.66 1.72 1.78 2.11 0.49 0.51 0.81 0.77 0.84 0.77

Subject B 12.71 32.08 0.40 0.61 0.87 0.75 0.47 0.98 1.92 1.71 1.89 1.33

Minimum 
Jerk Nominal 12.71 30.95 0.24 3.49 0.76 3.49 0.24 1.86 1.09 1.73 1.09 1.86

Minimum 
Time Nominal 12.12 30.29 0.73 4.97 4.01 4.84 0.74 0.54 0.62 0.65 0.63 0.53

Minimum 
Time                 

g=3.71 m/s2
19.68 30.38 0.71 3.61 3.58 3.07 0.71 0.88 1.12 1.11 1.17 0.88

Minimum 
Time                 

g=1.622 m/s2
30.31 30.29 0.59 2.23 2.29 2.26 0.60 1.49 2.10 2.11 2.11 1.51

Figure 2-6: Analysis of Optimal and Experimental Trajectories

2.4 Discussion

Analyzing the similarities and differences between the optimal and experimental path

trajectories can lend insights as to how the optimal models can be improved for

eventual utilization in human-machine interfaces. The results shown in Fig. 2-4

present the optimal path trajectories for the planned agility task, as defined by the

conditions in Table 2-2. The minimum time trajectory solved with these conditions

found a task completion time of 12.12 seconds. This value is longer than that of

the fastest experimental subject, 10.70 seconds. However, the optimal model was

evaluated with the inequality constraints applied throughout the entire time series. By

applying the ground reaction force constraint at each point of the trajectory, the model

applies the constraint during times when a human could be in flight phase during

running, i.e., not in contact with the ground. As a result, the model over-restricts the

ground reaction forces relative to the experiment and thus reduces the velocity that

can be achieved, which increases the time estimate. While this model assumption

limits the generalization to natural running, there is opportunity to improve the

model in the future.
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The solution to the minimum jerk optimal trajectory (Fig. 2-4a) was evaluated

with a fixed task completion time constraint of 12.71 seconds, identical to the com-

pletion time of the slowest subject. When evaluating for a minimum jerk trajectory,

it was found that the completion time of the task would always be equal to the up-

per bound of completion time defined within the GPOPS-II formulation. As jerk is

defined as the third derivative of position, it follows that to minimize jerk across the

optimal trajectory, lower completion times increase jerk overall. Thus, minimizing

jerk is directly opposed to the stated goals for participants to minimize time.

The optimal path trajectory was also evaluated for its sensitivity to changing

gravity, although results must be interpreted with caution as reduced gravity also

affects the time in contact with the ground. Adjusting the gravity parameter for

the minimum time optimal trajectories, affected task completion time and average

curvature about turns of the inner cones. As shown in Table 2-6, when friction was

kept constant and the value of the gravity parameter decreased, the completion time

increased and average curvature about the inner three cones decreased. The gravity

term bounded the ground reaction force constraint, which affects the accelerations a

human could produce while turning without slipping. As the ground reaction force

constraints narrowed the feasible solution space with decreasing gravity, the optimal

trajectories result in longer completion times and smaller curvatures. Average cur-

vature about the inner turns decreased, modelling that a human would be unable

to make tight turns under these conditions. The optimal trajectories and results in

Table 2-6 suggest that if a human were to attempt the agility run task in Martian or

lunar gravity, the subject would be limited in their ability to make quick changes in

direction and their task completion time would be longer than that in Earth condi-

tions. These trends are anecdotally supported by those training in reduced gravity

simulators. Users of the NASA Active Response Gravity Offload System (ARGOS)

suggest that different turn strategies exist, such as creating a torque when leaving

the ground such that a rotation occurs while in the flight stage. De Witt and Ploutz-

Snyder [23] have also shown that for a given running speed in microgravity, ground

reaction forces were lower than in 1G with current gravity-replacement forces, which
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has implications for turning ability.

A comparison of recreational athlete performance on this agility run task was

highlighted (Fig 2-5 (c-d), Table 2-6). The trajectories of the fastest subject (Subject

A, 10.70 seconds) and the slowest subject (Subject B, 12.71 seconds) were shown.

Although the experimental path lengths should be at least 30 meters, due to the

course geometry in Fig 2-1, the estimated path length of Subject A was slightly less

at 29.40 meters, as shown in Table 2-6. This difference in path length may be due

to several contributing factors. Saturation of the IMU accelerometer signal may have

caused a loss of accelerometer-derived displacement, thereby underestimating path

length, or a component of the path length may not have been estimated correctly

in the horizontal plane due to possible inaccuracies in the orientation estimation.

Alternatively, there may be contributing factors due to the experimental setup: small

errors in the cone placement, or if the first running footfall was made by the left foot

and the last footfall made by the right foot.

Qualitatively there are differences in the path trajectories of Subject A and B,

specifically in the optimal speed throughout the trajectory. Subject A, the high per-

former, selected a strategy with higher average curvature around each cone turn. In

comparison to the optimal trajectories, the subject trajectories differ most in average

curvature over each turn and the selected speed throughout the trajectory. Subject

A presents a speed pattern similar to that of both optimal trajectories by maintain-

ing high speed in the straightaways between cones and with rapid deceleration while

approaching each cone. Both subject trajectories show lower average curvature per

turn than all variants of the optimal trajectories. This lower curvature points to

the importance of extending the model to have the flight phase modeled separately

from the stance phase. Additionally, the footfalls measured experimentally needed

to make contact with the ground exterior to the cones, which could limit the upper

bound of the experimental curvature when compared to the optimal trajectories. The

interior point constraints of the optimal model simply used the cone positions and the

resulting trajectories were very tightly located to the cones (purple markers in Fig.

2-4). The experimental trajectories (Fig. 2-5) suggest that it may not be physically
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feasible to place one’s foot that close to a cone while running.

The experimental trajectories presented were of each participants’ left footpath,

with Table 2-6 presenting values averaged between feet. As highlighted by Chang

and Kram [17], the inner and outer feet impart different peak forces. Thus, future

modeling efforts may want to consider the feet independently. The present model

considered the person as a point mass moving along a trajectory. Different insights

of human path planning may be gained by specifically examining how the individual

foot trajectories compare to the trajectory of the center of mass. While this model

allowed the center of mass to cross directly above the cone locations, the center of

mass of high performers may tip interior to the cones (despite the foot trajectories

remaining exterior to the cones).

The minimum jerk trajectory was evaluated at a fixed completion time equivalent

to the completion time of Subject B. In terms of the curvature of the turns around

the first and last cones, the Subject B trajectory is more similar to the minimum jerk

optimal path than the minimum time optimal path. However, as Table 2-6 shows,

Subject B’s trajectory is dissimilar to the minimum jerk optimal trajectory in path

length and average curvature. Subject B did not achieve a path to maximize path

smoothness, with subject balancing underlying constraints of the problem in a differ-

ent manner than Subject A. As task technique was self-selected by these participants,

it is unclear if Subject B could have achieved improved performance with prior athletic

training using the technique of long and fast straightaways.

Future work could consider expanding the experimental trajectory analysis to eval-

uate the trajectories of subjects’ sacrum. In planning locomotion through the agility

run task, it is possible that subjects prioritize their sacral trajectories, as representa-

tive of their center of mass, different than foot path trajectories. This hypothesis is

further investigated in Chapter 3. Future work could also include utilizing Equation

2.1 to evaluate the agility run task via a multiple criterion objective function, by

varying the weightings between the minimum time and minimum jerk criterion to

produce a Pareto front. Further evaluation of the experimental dataset could be used

to map the performance of the subjects to the Pareto front and respective optimal
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trajectories. By comparing the trajectories of high performing subjects to optimal

trajectories, insights can be gained into which aspects of high performing subjects’

trajectories contributed to higher performance. Paying particular attention to the

path trajectory itself, and not just completion time, can contribute to understanding

human locomotion planning in running tasks like the agility run.

2.5 Conclusion

In this chapter, a planned agility task was formulated as an optimal control problem

and the relationship between estimated path trajectories and the selected objective

function was investigated. The optimal trajectories show that it is possible to formu-

late the agility task as an optimal control problem. However, preliminary analysis of

subject experimental trajectories suggests that the current formulation of the agility

run task is limited when compared to foot trajectories. With these limitations, the

model shows that locomotion would be limited in reduced gravity conditions, espe-

cially in tasks requiring sharp turns. These model results are supported by reduced

gravity training. Opportunities for improving the modelling of the optimal trajec-

tories include incorporating a dynamics model to accurately evaluate the ground

reaction forces present at each footfall. Including subject specific anthropometrics

in such a model can also enable subject-specific solutions to inform strategy, such as

subject stride length and foot orientation.

While there are opportunities to improve the model, the results indicate that one

of the primary drivers of the optimal solution is the ground reaction constraint. Such

a gravity dependent solution has implications for future human exploration of re-

duced gravity environments. Interpreting optimal human movement trajectories at

the micro scale can inform how larger wearable systems, like a spacesuit, should be de-

signed to not impede locomotion on different planetary surfaces. By improving human

movement models that highlight the the sensitivity of human movement to gravity,

motion strategies could be developed that create a more informed understanding of

how humans move in these different environments.
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Chapter 3

Comparison of Measurement

Platforms for Agility-based Motion

Path Trajectories Analysis

The previous chapter demonstrated that opportunities exist to model how humans

strategize completing an agility-based running task. Evaluating the performance and

limitations of the model depended on the availability of experimental trajectories

that were measured using wearable technology in an outdoor environment. This

chapter investigates how different platforms (motion capture systems and wearable

technology) could be used evaluate performance metrics and motion strategies for

an agility-based running task on the ground. For human performance research on

microgravity research platforms (further described in Section 4.4), motion capture

systems are difficult to implement. Improving metrics that can be used with wearable

technology measurement platforms can not only enable these devices to be used more

appropriately in microgravity research environments, but also increase the availability

of experimental data sets for comparison against optimal trajectory models.
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3.1 Background

As discussed in Chapter 2, agility can generally be defined as a person’s ability to

rapidly change velocity or direction in response to a stimulus [1]. While measurement

of agility is often experimentally limited to completion time [2–4], other measures of

path performance, such as the path curvature metric used in the previous chapter, can

also be examined. Literature focuses on two types of agility – planned and reactive

agility. Planned agility refers to the physical action of changing direction and is

evaluated by navigating a pre-defined path (similar to the task discussed in Chapter

1). Reactive agility incorporates a cognitive component by involving perception and

reaction to a cue signaling turn direction [24]. Analyzing how human subjects plan

and execute path trajectories, dependent on their knowledge of the goal, presents the

opportunity to develop reactive agility performance measures that inform on the level

of the cognitive component.

To measure positional path trajectories, motion capture systems (such as Vicon

cameras) are often utilized. While highly precise, such systems are also bulky, expen-

sive and limited to laboratory testing environments. Wearable technology systems,

such as inertial measurement units (IMUs), offer the potential to extend human per-

formance analyses into more naturalistic environments. However, the positional data

obtained from wearable devices can be subject to drift error due to device limitations.

One method for mitigating position drift is to perform zero velocity updates (e.g.,

Ojeda and Borenstein [19]). However, the presence of positional drift errors are more

likely to occur within reactive agility tasks due to stutter-stepping and saturation of

the accelerometer from high velocity foot strikes. The previous chapter also discussed

the possibility that human subjects may prioritize optimizing sacral trajectories, as

representative of the center of mass, different than foot trajectories. However, esti-

mation of sacral positional trajectories cannot utilize the zero velocity foot update

from Ojeda and Borenstein’s algorithm [19]. Acknowledging that in reactive agility

tasks, the complete task goals are not known a priori, it is also possible that subjects

will strategize their trajectories differently for planned or reactive agility tasks. This
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chapter presents the results of a pilot study analyzing the relationship between the

feet and sacrum path trajectories with planned and reactive agility performance us-

ing optical motion capture and wearable device measurement platforms. Results are

also evaluated for feasibility of a proposed curvature metric on different measurement

platforms.

3.1.1 Hypothesis

Subject performance in the pilot study is analyzed using the metrics of completion

time, path length, and integrated curvature. Completion time is utilized since one of

the goals of the agility run task used in the study is to complete the task as quickly

as possible. To evaluate the path trajectories subjects execute, the metrics of path

length and integrated curvature are used. Path length is used to investigate if that

aspect of the path trajectory contributes to path efficiency and/or task performance.

The formulation of integrated curvature is further described in the methodology. This

metric is proposed and evaluated on whether it can represent the curvature profile of

the trajectories, regardless of measurement platform. This pilot study hypothesized

that based on Vicon optical motion capture analysis (1) trial type (planned vs. reac-

tive) contributes significantly to task completion time, integrated curvature and path

length; and, (2) path lengths differ between the feet and sacrum of a subject. In com-

paring Vicon-based trajectories against IMU-based positional trajectory analysis, it

is hypothesized that (3) while IMU-based position estimates are still subject to drift

error, the curvature profile of the IMU-based estimates are not significantly different

from the curvature profile of the Vicon-based estimates.

3.2 Methodology

3.2.1 Participants

Two male adults with a military background completed the agility-based running

task described in Section 3.2.2. This task is different than the task discussed in
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Table 3.1: Subject Anthropometrics

Age Sex
Height
(cm)

Weight
(kg)

Greater
trochanter
to ground

(cm)

Knee to
ground
(cm)

Dominant
Foot

Dominant
Hand

23 Male 172.72 70.31 101 57 Right Left
24 Male 174.26 74.03 90 50 Right Right

Chapter 2 to enable the investigation of planned and reactive agility on the same

course layout. Anthropometrics are listed in Table 3.1. Subjects were recruited from

the MIT community. Subjects were eligible for participation in the study if they (1)

were between the ages of 18-40 and (2) exercised at least 120 minutes per a week.

Subjects were excluded from the study if they self-report (1) a history of previous

lower extremity surgery, (2) lower extremity injury preventing more than three weeks

of participation in physical activity in the last 6 months, or (3) any physical, cognitive

or other condition that would impair their ability to perform this study’s tasks or

cause them to be at increased risk for injury. Procedures were approved by the MIT

Committee on the Use of Humans as Experimental Subjects and subjects provided

written consent.

3.2.2 Experimental Protocol

The pilot study was conducted within an indoor motion capture space utilizing

twenty-two Vicon motion capture cameras. Data was captured at 100 Hz. Opal

(APDM, Portland, OR) inertial measurement units (IMUs) were placed on each foot

using an elastic velcro strap and on the sacrum using a tightly worn belt. Device

specifications of the IMUs can be found in Appendix B. A triad of reflective markers

were placed on top of each IMU using a custom designed marker plate (Appendix

B). Complete marker and IMU placement on the body is shown in Fig. 3-1. On

each shoe, markers were placed on the heel and near the big toe and fifth toe. Four

markers were placed near the right and left anterior superior iliac spine (RASI and
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LASI), and the right and left posterior superior iliac spine (RPSI and LPSI) along the

sacrum belt. Four markers were placed across the head. Subjects were instructed to

wear their own athletic shoes and clothing on testing days, with a compression style

athletic shirt if possible.

Subjects completed a five-cone agility drill, in which 5.72 cm tall circular cones

were placed four meters apart, and were instructed to complete the course shown in

Figure 3-2 as quickly as possible without slipping. The course was adapted from the

Stop’n’Go reactive-agility test developed by Sekulic et al. [25]. Beginning at the start

cones, subjects were told to run around the waypoint cone to the directed endpoint

cone, touch the endpoint cone and then return back to the start cone. For planned

agility, subjects were told which endpoint to touch prior to beginning the task. For

reactive agility, a verbal cue was provided as the subjects passed the cue location

1.4 meters prior to reaching the waypoint cone. Subjects ran to each of the four

endpoint cones five times for each trial type, resulting in 20 trials for planned agility

and 20 trials for reactive agility. The test matrix is shown in Table 3.2. One subject

was assigned to complete the planned agility trials first while the other subject was

assigned to complete the reactive agility trials first.

Table 3.2: Subject Test Matrix

Trial Type Endpoint Cone Order

Planned 4, 4, 1, 3, 3, 1, 1, 4, 2, 1, 3, 3, 2, 2, 4, 4, 2, 2, 1, 3

Reactive 1, 2, 1, 3, 2, 2, 4, 4, 3, 1, 2, 4, 3, 3, 4, 3, 1, 2, 4, 1

3.2.3 Metrics

During analysis of the collected data, a trial was defined as the forward path trajec-

tory from the start cones to the point either of the feet reached within a 0.85 meter

margin around endpoint cone, as measured by the position of the heel markers. This

bounding box was identified in post-processing of the data in order to standardize the
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(a)

(b)

Figure 3-1: Vicon Marker and IMU Placements Across Body. Squares represent IMUs
that were attached using a Velcro strap. Circles represent Vicon markers with their
respective labels. (a) Pelvis and Head Marker and IMU Placements. (b) Feet Marker
and IMU Placements
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Figure 3-2: Agility Run Course Layout. The x-axis represents the forward projection
of subjects as they completed the course. Cones 1 and 4 required 90° turns while
Cones 2 and 3 required 60° turns

end positions for each trial and reduce the effects of marker occulsion as subjects bent

down to touch the endpoint cone. Positional data captured from the Vicon markers

were analyzed for the following metrics: task completion time, integrated curvature,

and path length. Integrated curvatures were calculated for the sacral path trajec-

tories measured from the Vicon markers. Path lengths were also calculated for the

sacral and feet path trajectories as measured from the Vicon markers. Path length

and integrated curvature were calculated for the sacrum and feet. For the IMUs,

integrated curvature of the feet were calculated using positional estimates produced

from Ojeda and Borenstein’s algorithm [19]. The metric definitions are as follows:

Task completion time (sec) = time to complete forward path trajectory from

start to a 0.85 meter boundary from the endpoint cone.

Integrated curvature (1/meters) =
∫ tn
ti
κ(t) dt

where κ(t) = x′(t)y′′(t)−y′(t)x′′(t)

[x′(t)2+y′(t)2]
3
2

and the integral was calculated using trapezoidal
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numerical integration via Matlab’s trapz function.

Path length (meters) =
∑n−1

i=1

√
dx2i + dy2i

where dxi = xi+1 − xi; dyi = yi+1 − yi for each sampled point in the forward

path trajectory.

In evaluating the curvature profiles for the Vicon vs IMU comparisons, κ(t), or the

instantaneous curvature [26], was utilized. The Vicon and IMU trajectories were also

compared after being “smoothed” to varying degrees. In analysis of the Vicon posi-

tional trajectories, small sharp curves were present in the portions of the trajectory

where foot contacts were estimated to have occurred. These small sharp curves in

the Vicon and IMU trajectories were smoothed out by calculated the cubic smooth-

ing spline via Matlab’s csaps function [27]. This method has been used in previous

analysis of agility running drills by Zaferiou, et al. [18]. These smoothed positional

trajectories were then also evaluated for the integrated curvature metric.

3.2.4 Data Processing

Vicon Data Processing

The Vicon motion capture system recorded positional coordinates of the reflective

markers at 100 Hz. Over the course of a trial, markers occasionally became occluded

from view of the cameras due to the body position of a subject. Such gaps in positional

data were filled in post-processing using the spline, cyclic, pattern and rigid body fill

techniques of the Vicon Nexus software. Most gaps filled using these techniques were

of a length less than 10 frames. Any gaps larger than this length were only filled if

they were at the initial portion of a trial when the subject was standing stationary.

The heel markers were selected to represent the position of each foot as the markers

placed on the IMU marker plates often became occluded from camera view during the

swing and flight phases of running. The centroid of the three Sacrum IMU markers

was evaluated and utilized to represent the position of the sacrum. Raw positional

data captured from Vicon were filtered using a low pass 6th order Butterworth filter
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with a cutoff frequency of 30 Hz. The full raw data set recorded subjects’ forward and

return trajectories as they ran to each endpoint cone and back to start. Trial data

was parsed for metric analysis by identifying when either of the heel markers were

within a 0.85 meter margin around the endpoint cone and marking that point as the

end of the forward path trajectory. Filtering and metric evaluations utilized custom

Matlab software. The code used for evaluating metrics is included in Appendix C.

IMU Data Processing

As referenced in Appendix A, the IMUs capture raw accelerometer data, from which

velocity and positional displacement can be estimated by using numerical integration.

However, such estimations are subject to drift error in which small errors in acceler-

ation measurements are compounded with each level of integration. To address drift

error, zero velocity foot updates were implemented using an algorithm developed by

Ojeda and Borenstein [19]. Through this method, positional foot trajectories were

estimated from the foot mounted IMUs. Positional trajectory estimates were not

evaluated from the sacrum IMU. Since the IMU data was collected at 128 Hz and

the Vicon data was collected at 100 Hz, the IMU position data was downsampled to

100 Hz using Matlab’s resample function to simplify further analysis. The IMU trial

data was then parsed from the full raw data set using the same trial start and end

indices that were used for the Vicon trial data.

The positional trajectories estimated from the IMUs require a global reference

frame to be contextually interpreted. For example the positional trajectory for the

left foot IMU would not be in the same general orientation as that of the right foot

IMU or the Vicon-based positional trajectories. To match the orientations of each

foot against each other and to the Vicon positional trajectories, the IMU trajectories

were translated to originate at the same coordinates of the Vicon trajectories and then

rotated about this start position. The angle of rotation was calculated by identifying

the location of the first foot contact after the subject began running, calculating the

angle from this location with respect to the x-axis in the X-Y plane, and finding the

difference between such angles for the Vicon trajectory and IMU trajectory. Cal-
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Figure 3-3: Rotation of IMU positional trajectories. Vicon positional trajectory of
a right foot planned agility trial to cone 1 is shown in blue. The IMU positional
trajectory of that same foot is shown in red. The IMU trajectory has already been
translated to originate at the same location the Vicon trajectory begins. The asterisks
represent the first identified foot contact. θV was calculated with respect to the
beginning of the trajectory, the black asterisk, and the x-axis. θI was calculated with
respect to the beginning of the trajectory, the purple asterisk, and the x-axis. The
IMU trajectory was then rotated counter-clockwise by the difference between θV and
θI .

culating the angle of rotation is visualized in Fig. 3-3. The first foot contact was

identified by analyzing the vertical z position of the heel marker. The first minima

in the z-direction, or the point at which the first heel-off event occurred, was used as

the first foot contact. Since this event was early on in the trial, it’s location estimate

is less likely to have been affected by drift error.

3.2.5 Statistical Analysis

Evaluation of Hypotheses (1) and (2)

Based on Vicon marker data, separate multifactor analysis of variance models were

fit for the dependent variables of task completion time and integrated curvature with
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fixed within-subject factors of trial type (planned vs. reactive) and endpoint cone

number (1, 2, 3, 4) and the random factor of subject (Subject A vs. Subject B).

A multifactor analysis of variance model was also fit for the dependent variable of

path length with fixed within-subject factors of trial type (planned vs. reactive), end-

point cone number (1, 2, 3, 4), and body location (left foot, right foot, sacrum) and

the random factor of subject (Subject A vs. Subject B). Normality was assessed by

plotting a histogram of the observed data and residual of the model and calculating

skewness. Completion time data were log transformed for left skewness, path length

data were square-root transformed for right skewness and integrated curvature data

were square-root transformed for right skewness. Constant variance of the model

residuals was checked for each of the metrics using the Brown-Forsythe test. Follow-

ing identification of significant main and interaction effects from the n-way ANOVA

analyses, Tukey post hoc pairwise comparisons were completed.

Comparison of Vicon and IMU Estimates of Integrated Curvature - Hy-

pothesis (3)

Since the Vicon and IMU trajectories are based off of different measurement meth-

ods for the same trials, they are dependent samples in this analysis. For each

foot, integrated curvature is calculated based off of the Vicon positional trajecto-

ries (IntCurvV icon) and the IMU positional estimates (IntCurvIMU). The paired

difference D is calculated:

D = IntCurvV icon − IntCurvIMU (3.1)

The variable D was evaluated using a paired t-test to investigate if there is a signfi-

cant difference between Vicon- and IMU-based estimates of integrated curvature. A

multifactor analysis of variance model was also fit for the dependent variable D with

fixed within-subject factors of trial type (planned vs. reactive), endpoint cone number

(1, 2, 3, 4), and body location (left foot, right foot) and the random factor of subject

(Subject A vs. Subject B). Normality was assessed by plotting a histogram of the
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observed data and residual of the model and calculating skewness. The assumption

of constant variance was checked using the Brown-Forsythe test. Following identifi-

cation of significant main and interaction effects from the n-way ANOVA, Tukey post

hoc pairwise comparisons were completed. The dependent variable D was also cal-

culated for the smoothed Vicon and IMU trajectories. A similar analysis of variance

model was fit and evaluated using the same process as the unsmoothed trajectories.

Following the paired difference analysis, the IMU-based integrated curvature data

was then evaluated to test if similar conclusions could be reached as the Vicon-based

comparisons. These evaluations were completed for both unsmoothed and smoothed

IMU estimates. Based on the IMU-based trajectory estimates, separate multifactor

analysis of variance models were fit for the dependent variables of unsmoothed inte-

grated curvature and smoothed integrated curvature with fixed within-subject factors

of trial type (planned vs. reactive), endpoint cone number (1, 2, 3, 4), and body lo-

cation (left foot, right foot) and the random factor of subject (Subject A vs. Subject

B). Normality was assessed by plotting a histogram of the observed data and residual

of the model and calculating skewness. Unsmoothed integrated curvature data were

square-root transformed for right skewness and smoothed integrated curvature data

were log-transformed for right skewness. Constant variance of the model residuals

was checked for each of the metrics using the Brown-Forsythe test. Following identi-

fication of significant main and interaction effects from the n-way ANOVA analyses,

Tukey post hoc pairwise comparisons were completed.

3.3 Results and Discussion

3.3.1 Evaluation of Hypotheses (1) and (2)

The positional trajectories as captured by the Vicon markers were recorded for both

subjects for all planned and reactive agility trials. The path trajectories from both

subjects are shown in Fig. 3-4 and Fig. 3-5.

The planned agility trials shown (a),(c), and (e) of Fig. 3-4 and Fig. 3-5 suggest
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(c) Planned Right Foot
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(d) Reactive Right Foot
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(f) Reactive Sacrum

Figure 3-4: Complete Path Trajectory Set for Subject A. Black circles mark cone
locations. Path trajectories of the same color denote multiple trials to the same cone.
Planned trajectories are shown in (a),(c) and (e) while reactive trajectories are shown
in (b),(d) and (f).
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(d) Reactive Right Foot
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(f) Reactive Sacrum

Figure 3-5: Complete Path Trajectory Set for Subject B. Black circles mark cone
locations. Path trajectories of the same color denote multiple trials to the same cone.
Planned trajectories are shown in (a),(c) and (e) while reactive trajectories are shown
in (b),(d) and (f).
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that subjects planned their routes from the beginning of their runs at the start cones.

From the start cone to waypoint cone, these trajectories curve outwards in the di-

rection opposite to their directed endpoint cone. These curved trajectories originate

at the start cones. On the other hand, the reactive agility trials shown in (b), (d),

and (f) of Fig. 3-4 and Fig. 3-5 exhibit straight trajectories up until the point where

the verbal cue would be given (1.4 meters from the waypoint cone). For the reactive

agility trials, the curved trajectories began near the point at which the task goal

was made known to the subject. Comparing the planned and reactive trajectories

suggests that subjects started planning their route at the point when they became

aware of the endpoint, selecting a solution that increased curvature once the endpoint

was known. During testing, subjects had been instructed to run around the waypoint

cone. The path trajectories show that these instructions were executed for the foot

trajectories, but subjects did not interpret the instructions to mean the whole body.

For both planned and reactive trials, sacral path trajectories (Fig. 3-4e, 3-4f, 3-5e,

3-5f) often passed directly over or beyond the waypoint cone as subjects leaned over

the cone during turning periods.

The ANOVA model (Appendix D) for completion time supports statistically signif-

icant mains of trial type (F (1, 64) = 358.19, p < 0.05) and endpoint cone (F (3, 64) =

11.72, p < 0.05). Tukey post hoc comparisons were completed for significant factors

and boxplots of pairwise comparisons are shown in Fig. 3-6. For all endpoints, reac-

tive agility trials had longer completion times (Fig. 3-6) than planned agility trials.

The increased completion time for the reactive agility trials could be attributed to

subjects’ reaction time upon receiving the verbal cue. Upon receiving the verbal cue,

subjects would need to plan their trajectory towards the now known endpoint cone

and transition from anticipatory stutter-stepping to running around the waypoint

cone to the endpoint cone. This planning and transition part of the reaction to the

verbal cue could have contributed to longer completion times. Within the planned

agility trials, completion times were higher for cones 1 and 4, which required 90°

turns, than cones 2 and 3, which required 60° turns (Fig. 3-6). Similar comparisons

were not found to be significantly different for reactive agility trials. Regardless of
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Figure 3-6: Completion time (sec) - Boxplot of Tukey post hoc pairwise comparisons
for Vicon-based completion time (* indicates p < 0.01). Completion time comparisons
between planned and reactive agility groupings for each cone.

endpoint cone, subjects had to run the same distance since each cone was 4 meters

away from it’s adjacent cone. Therefore, the results suggest that greater turn angles

contributed to increased completion times within planned agility. This conclusion is

consistent with prior work that showed for a similar course layout and task, inner

cones had a greater cone acceleration than the outer cones [28].

For integrated curvature, the ANOVA model (Appendix D) supports a significant

main effect for trial type (F (1, 64) = 190.67, p < 0.05) and endpoint cone (F (3, 64) =

148.65, p < 0.001). For all endpoints, reactive agility trials had higher integrated

curvatures (Fig. 3-7) than planned agility trials. Within the planned agility trials,

integrated curvatures were higher for cones 1 and 4 than cones 2 and 3 (Fig. 3-7).

Within reactive agility, only cone 3 was less than cones 1 and 4 (p < 0.05). The

endpoint cone differences are partly due to task definition. The outer cones (cones 1

and 4) inherently require a greater curvature to quickly cut around the larger turn
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Figure 3-7: Integrated Curvature (1/m) - Boxplots of Tukey post hoc pairwise com-
parisons for Vicon-based integrated curvature of sacrum (* indicates p < 0.01). In-
tegrated curvature comparisons between planned and reactive agility groupings for
each cone.

angle, so it makes sense that those cones have larger integrated curvatures. However

for reactive agility, this difference is only observed for one of the inner cones. This

could be partly due to the lack of subjects since the data was collected as a pilot

study. Another contributing factor could be that the higher overall curvatures for

reactive agility trials reduces the inner vs. outer cone differences. Since subjects

could not plan their entire trajectory at the start, it necessitates a sharper turn near

where the verbal cue is heard, regardless of the eventual endpoint cone, as is observed

in sub-figures (b), (d), and (f) of Fig. 3-4 and 3-5.

For path length, the ANOVA model (Appendix D) supports a significant main

effect for endpoint cone (F (3, 188) = 44.41, p < 0.01); however there was also a

significant interaction effect between endpoint cone and body location (F (6, 188) =

7.02, p < 0.05) and an interaction effect between all factors (F (6, 188) = 2.78, p <
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0.05). The left and right foot path lengths were larger than sacral path lengths for

all endpoint cones (Fig. 3-8a). In comparing the foot path lengths, for cone 1 the

right foot had larger path lengths than the left foot. For cone 4, the left foot had

larger path lengths than the right foot. Thus for cones 1 and 4, the outer turning

foot had larger path lengths than the inner foot. This effect was not observed for

cones 2 and 3. Analysis of path length also showed that while Subject A did not

demonstrate significant differences between planned and reactive agility, for Subject

B planned agility trials were significantly smaller in path length than reactive agility

trials (Fig. 3-8b).

Trial type was not found to have a significant effect on path length, regardless

of the body location measured or endpoint cone. Fig. 3-4 shows that the reactive

agility trajectories are characterized by a straightaway portion up until the cue point is

given, followed by a sharp turn around the waypoint cone towards the endpoint cone.

Whereas the planned agility trajectories demonstrate a continuous curved trajectory.

For the case of this pilot study, path length may not have been a strong discriminator

between planned and reactive agility due to differences in when curved portions of

the trajectory originated and how sharp those curved portions were. However, trial

type was found to have a significant effect on integrated curvature, which suggests

that this metric may be better suited towards characterizing curved portions of the

positional trajectories.

3.3.2 Comparison of Vicon and IMU Estimates of Integrated

Curvature - Hypothesis (3)

The IMU-based positional trajectories were evaluated for both subjects for all planned

and reactive agility trials. A representative sample for a planned agility trial is shown

in 3-9. Qualitatively, the overall shape of the IMU and Vicon-based trajectories are

similar. However the IMU trajectories are somewhat truncated, originating around

the turn about the waypoint cone. Since the algorithm used by Ojeda and Borenstein

[19] relies upon a zero-velocity foot update, it is hypothesized that the high velocity
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(a)

(b) Path Length (meters)

Figure 3-8: Boxplots of Tukey post hoc pairwise comparisons for Vicon-based path
length (* indicates p < 0.01). (a) Path length comparisons between the left heel, right
heel and sacrum for each cone. (b) Path length comparisons between each subject
for each trial type 51
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(b) Right Foot IMU vs Vicon Trajectory

Figure 3-9: IMU- vs Vicon-based positional trajectories for a planned agility trial to
endpoint cone 1 by Subject A. Foot trajectories based on Vicon markers are in blue
while IMU-based estimated trajectories are in red. (a) Left foot trajectory. (b) Right
foot trajectory.

footfalls and pivoting action of the foot about the waypoint cone (which would not

result to a zero velocity in magnitude) may result in accurate trajectory estimates,

which are compounded by the aforementioned drift error. Therefore, metrics such

as path length are not suitable for analysis in comparing the Vicon and IMU-based

trajectory estimates. However, it is also hypothesized that the trajectory estimates in

between footfalls are similar such that the overall curvature of the trajectories are not

significantly different. Thus further analysis to compare the Vicon and IMU-based

trajectory estimates uses the integrated curvature metric.

Dunsmooth Analysis

For the paired difference variable Dunsmooth calculated with the unsmooted Vicon and

IMU-based trajectories, the t-test failed to reject the null hypothesis that Dunsmooth

was not different from zero. While the entire distribution of Dunsmooth was evalu-

ated with the t-test, the ANOVA analysis investigates whether any factors within

the distribution were significantly different from other factors. The ANOVA model

(Appendix D) for the variable Dunsmooth supports a statistically significant main ef-

fect for body location (F (1, 118) = 256.72, p < 0.05) and interaction effects for
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trial type and body location (F (1, 118) = 8815.79, p < 0.01); trial type and sub-

ject (F (1, 118) = 30.13, p < 0.05); and trial type, endpoint cone, and body location

(F (3, 118) = 12.83, p < 0.05). Tukey post hoc comparisons were completed for the

significant factors. Between feet, Dunsmooth on the right foot was greater than the

left foot. Within Subject A’s trials, reactive agility trials were found to have greater

Dunsmooth than planned agility trials (Fig. 3-10a). Furthermore for cones 1, 2, and 4,

Dunsmooth on the right foot during reactive agility were greater than that on the left

foot and greater than planned agility trials on the left foot (Fig. 3-10b).

These significantly different groups had a mean value of Dunsmooth > 0 which

means that the Vicon-based integrated curvatures for these trials was greater than

the IMU-based integrated curvatures. An example of one of these trials is shown in

Fig. 3-11. As shown in Fig. 3-11a, large spikes in the Vicon-based curvature can be

observed in between 1.5 to 2 seconds, which corresponds to the portion of the trajec-

tory right before the waypoint cone (around (-1.5-1m, 0m) in Fig. 3-11b and 3-11c).

IntCurvV icon were calculated based on the heel marker of the foot while IntCurvIMU

were calculated based on IMUs mounted on the top of the foot. A contributing factor

to the larger IntCurvV icon could be that while anticipatory stutter-stepping before

receiving a verbal cue, subjects’ heels were bouncing and pivoting while the balls of

their feet remained in place. These heel bounces and pivots could present as a bump

in curvature in the X-Y plane, resulting in a larger overall integrated curvature. In

terms of the right foot vs. left foot, these differences may be influenced by foot

dominance. Both subjects self-reported being right foot dominant. It’s possible that

their right heels stutter-stepped more during reactive agility trials in anticipation of

needing to turn direction and driving the directional change with their dominant foot.

However such a strategy difference is difficult to significantly infer from a pilot study

with two subjects.

Dsmooth Analysis

Another possible reason is that throughout the trajectories at the footfall points, a

sharp high curvature kink is prominent, such as near (-1m, 0m) in 3-9a and near
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Figure 3-10: Boxplots of Tukey post hoc pairwise comparisons for Dunsmooth integrated
curvature (** indicates p < 0.001). (a) Dunsmooth comparisons between subject for
each trial type. (b) Dunsmooth comparisons between trial type for each foot and cone.
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Figure 3-11: Edge case of extreme positive difference (D = 18932 1
m

) between Vicon
and IMU-based trajectories.
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(b) Right Foot

Figure 3-12: Smoothed Vicon and IMU-based trajectories are plotted against the
original trajectories. The original Vicon trajectory is in blue and the original IMU
trajectory is in red. Red asterisks mark where the algorithm from [19] identified
footfalls. Smoothed Vicon trajectories are overlaid in black and the smoothed IMU
trajectories are overlaid in green. This represents a sample reactive agility trial of
Subject B running to cone 1.

(0m,1.5m) in 3-9b. Comparisons between Vicon and IMU-based trajectories at these

points may be affected by saturation of the accelerometers of the IMUs during high

velocity footstrikes and stutter stepping during reactive agility trials. While the

curvatures at these footfalls may be different between methods, it’s possible that the

portion of the trajectories between the footfalls have similar curvatures. To investigate

this further, comparisons between smoothed Vicon and IMU-based trajectories were

analyzed. An example of these smoothed trajectories is shown 3-12.

From these smoothed trajectories, integrated curvatures and the metric Dsmooth

were calculated. Using a paired t-test, Dsmooth was found to be less than zero (p <

0.0005), indicating that the integrated curvatures of the IMU-based trajectories were

greater than the Vicon trajectories since D = IntCurvV icon − IntCurvIMU . Further

analysis with ANOVA was utilized to investigate which factors had an effect on this

difference. The ANOVA model (Appendix D) fit for the dependent variable Dsmooth

supports a significant interaction effect between trial type, body location, and subject

(F (1, 118) = 24.85, p < 0.05). Tukey post hoc tests were completed for the significant

factors. For Subject A, Dsmooth on the right foot during reactive agility were greater
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Figure 3-13: Boxplot of Tukey post hoc pairwise comparisons for Dsmooth integrated
curvature (** indicates p < 0.001). Comparisons for groupings of subject, body
location and trail type.

than that on the left foot and greater than planned agility trials on the left foot (Fig.

3-13). Similar to the unsmoothed analysis, the reactive agility trajectories on the right

foot of Subject A seem to have larger differences than the rest of the distribution of

Dsmooth.

A histogram of the distribution of Dsmooth is shown in Fig. 3-14. Outlier cases were

also identified by calculating cases where Dsmooth was more than three scaled median

absolute deviations away from the median (isoutlier function in Matlab). Of the total

160 trials (1 for each foot), 7 cases were outliers. Four were for Subject A, three were

for subject B, and all but two occured for the right foot. Six edge cases were for

reactive agility trials and five involved a 90° turn. For one of the reactive agility trials

to cone 4 by Subject B, Dsmooth = −15082 1
m

for the right foot. The overall trajectory
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of this case is shown in Fig. 3-15b and the time varying instantaneous curvature

throughout the trajectory is shown in Fig. 3-15a. A large spike in curvature is seen

prior to the first footfall identified by the IMU algorithm before the 0.5 sec mark and

large spikes accompany each of the identified footfalls. Fig. 3-15c shows a zoomed

in view around the first, second, third, and fourth identified footfalls. While the

smoothed Vicon trajectory in black smooths out the kinks at the identified footfalls,

the smoothed IMU trajectory around the footfalls still have sharp peaks and even

loops. These footfalls occurred after the start cone and just before where the verbal

cue would have been given at (-1.33m, 0m). The high curvatures for the IMU based

trajectory may be affected by the parameters of the smoothing function not being

optimized for this case and quick stutter steps taken by the subject before the cue

was given. The fact that the mean of Dsmooth was less than zero while the mean of

Dunsmooth was not significantly different from zero suggests that the smoothing process

affected the Vicon trajectories more than the IMU trajectories. Some features of the

IMU trajectories, such as the small loop seen around (-1.25m, -0.1m) in Fig. 3-15c

would be difficult for the csaps function to smooth out. Whereas the portion of the

blue Vicon trajectory near that step (-0.8m, -0.1m) exhibits a small peak that is

smoothed out in black. Such loop features near the identified footfalls for the IMU-

based trajectories are present for multiple trials, albeit they are smaller than the ones

present in the outlier cases. Thus smoothing out the trajectories has a larger effect

on the Vicon-based trajectories than the IMU-based trajectories.

Other options could be investigated to optimize the parameters of the csaps func-

tion or use a different method like a low-pass filter. But first a standard would

need to be identified to ascertain when the smooth IMU-based trajectories have met-

rics similar enough to the Vicon-based trajectories. Such a standard could involve

smoothing enough so that Dsmooth is not significantly different from zero or it could be

a point where even though Dsmooth is different, similar integrated curvature compar-

isons emerge from solely IMU based trajectories and solely Vicon based trajectories.

Such optimization is difficult to determine at a general scale for the population of in-

terest since this pilot data set is drawn from just two male subjects with very similar
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athletic backgrounds. Three of the outlier cases (with slightly positive Dsmooth) also

come from the right foot of Subject A on reactive agility trials, a similar category to

the factors that were significantly different in the Dunsmooth analysis. While smoothing

the IMU-based trajectories affected the entire distribution of D, it did not necessarily

mitigate all the differences that were tied to specific factors. With the pilot data set,

it is difficult to determine if these differences are due solely to the differences between

the heel-based Vicon trajectory and the IMU-based trajectory, subject strategy based

on dominant foot, or just a small data set. Optimizing the smoothing technique also

would not be possible in situations where a Vicon-based doesn’t exist for comparison.

Consequently, instead trying to optimize the IMU-based trajectory to be as similar

as possible as the Vicon-based trajectory, it may be more feasible to investigate if

similar decision-making conclusions can be made with both measurement platforms

using the integrated curvature metric.

While Dsmooth was found to be less than zero, the ANOVA model fit for Dsmooth

supports that there are less main and interaction effects than when the trajectories

are unsmoothed. Even if Dsmooth is negative, if the differences based on trial type,

cone, and body location can be minimized, it’s possible that solely IMU-based metrics

could be utilized in a decision-making capacity similar to the Vicon metrics. While

the integrated curvature values may be different, the comparative conclusions based

on the metric could be parallel from Vicon- and IMU-based trajectories. Thus the

following section will investigate the degree to which solely IMU-based integrated

curvature estimates can replicate the Vicon-based estimate comparisons from Section

3.3.1.

IntCurvIMU Analysis

The results from Section 3.3.1 concluded that within planned agility trials, integrated

curvature was larger for the outer cones than the inner cones and that all reactive

agility trials had greater integrated curvature than all planned agility trials. An

ANOVA model was fit for the dependent variable IntCurvIMU for unsmoothed IMU-

based trajectory estimates to investigate if similar conclusions could be made. For
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Figure 3-14: Histogram of distribution of Dsmooth. The shape of the distribution
follows a normal distribution and normality was verified before the ANOVA model
was fit. The mean of Dsmooth appears to be negative (suggesting that IntCurvIMU is
greater than IntCurvIMU); however, there are still negative and positive outliers.
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Figure 3-15: Edge case of extreme negative difference (Dsmooth = −15082 1
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Vicon and IMU-based trajectories.
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Figure 3-16: Integrated Curvature (1/m) - Boxplots of Tukey post hoc pairwise com-
parisons for Unsmoothed IntCurvIMU (* indicates p < 0.01, ** indicates p < 0.0001).
Integrated curvature comparisons between planned and reactive agility groupings for
each cone.

unsmoothed IntCurvIMU , the ANOVA model (Appendix D) supports significant in-

teraction effects between trial type and cone (F (3, 122) = 9.53, p < 0.05) and between

trial type, cone, and body location (F (3, 122) = 30.67, p < 0.01). For all endpoints,

reactive agility trials had higher integrated curvatures (Fig. 3-16) than planned agility

trials. Within the planned agility trials, integrated curvatures were higher for cones

1 and 4 than cones 2 and 3 (Fig. 3-16). These conclusions on integrated curvature

are similar to those made using the Vicon-based metric.

A similar analysis was also completed for the smoothed IMU-based trajectories.
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For smoothed IntCurvIMU , the ANOVA model (Appendix D) did not support any

statistically significant main or interaction effects. However the interaction effect

between trial type and cone (F (3, 126) = 9.15, p = 0.0509) is trending towards sig-

nificance. Tukey post hoc comparisons on this effect showed that for only cone 2

(p < 0.005) and cone 3 (p < 0.05) did planned agility trials have less integrated cur-

vature than reactive agility trials. Within planned agility trials, the outer cones had

greater integrated curvature than the inner cones (p < 0.05). The effect size for the

smoothed IntCurvIMU was not as large as the unsmoothed IntCurvIMU data. This

may support that the metrics based on the unsmoothed trajectories are more appro-

priate for decision-making conclusions since they align more with the Vicon-based

results.

3.4 Limitations

The results shown are limited to the testing of two subjects with similar athletic

training. Most of the analysis is limited to within-subject factors. Fig. 3-8b suggests

that trial type may have an effect on path length, but the small subject set limits

generalization. In representing the foot for Vicon-based trajectories, the heel marker

was chosen because it had the least amount of marker dropout during data processing.

Initially the markers placed on the IMU marker plate were of interest, but these

markers often dropped out of camera view during the swing phase of running and

were not eligible for gap-filling techniques. Using the heel marker to represent the foot

may have affected results during trial portions when the subject is pivoting on their

foot, particularly when turning around the waypoint cone. During such portions,

the subject may be pivoting in place on the balls of their feet while their heels are

in motion. While the entire foot was not translating, a curved trajectory would

be recorded during these trial portions as the heel rotated around. This may have

resulted in increased integrated curvatures and path lengths for the pivoting foot.

Foot pivoting may have also resulted in the loop features exhibited in the IMU-based

trajectories, especially if the foot was pivoting and sliding. These loop features would
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also contribute to increased integrated curvatures and path lengths for the IMU-based

trajectories.

Setting a 0.85 meter boundary from the endpoint cone excluded the portions of

the run when the subject was leaning down to touch the endpoint cone, turning

and running back to the Start cones. Setting this boundary reduced high curvature

portions of the trajectories during the turning periods around the endpoint cones

that initially confounded the integrated curvature data and set a standard end point

for all trials. However, this also meant that these 180° turns were excluded from the

agility analysis.

The IMUs had been placed on top of the midfoot and thus the IMU-based trajecto-

ries represented a slightly different part of the foot when compared to the Vicon-based

trajectories (heel marker). Such differences may have contributed to some of the out-

lier D values, especially during pivoting sections about the waypoint cone and when

a subject stutter steps in anticipation of receiving a verbal cue to the endpoint cone.

For two of the trials, the subjects did not stand still for enough time before preparing

to run. The standing still period is needed by the foot trajectory algorithm [19] to es-

tablish a threshold for detecting the zero velocity point during a foot fall. Inadequate

still periods may have also contributed to inaccuracies in the IMU-based trajectories.

3.5 Conclusions

In this study, it was hypothesized that based on Vicon marker analysis (1) trial type

(planned vs. reactive) contributes significantly to task completion time, integrated

curvature and path length; and, (2) path lengths differ between the feet and sacrum of

a subject. It was also hypothesized that the curvature profile for IMU-based estimates

are not significantly different from the curvature profile of the Vicon-based estimates

(3).

Based on this pilot study, Vicon-marker analysis of subjects showed that trial type

(planned vs. reactive agility) contributes significantly to task completion time and

integrated curvature. Trial type did not have a significant effect on path length of
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the runs. Path lengths of the sacrum were found to be significantly less than that of

the feet for all trial types. Further analysis of cones that required 90° turns vs 60°

turns suggests that, for at least planned agility, knowledge of the location for a task

goal may affect subject strategy as the outer foot of the sharper turns demonstrated

larger path lengths. Path layout and the availability of a priori knowledge of task

goals may have a significant effect on how subjects strategize task completion for

an agility-based run. Analysis of the paired difference of integrated curvature be-

tween Vicon-based and IMU-based trajectories showed that while the overall paired

difference was not significantly different than zero, for certain factor scenarios, IMU-

based trajectories had significantly greater integrated curvatures than Vicon-based

trajectories. To investigate if these factor-based differences could be mitigated, the

trajectories were smoothed out and the paired differences between integrated cur-

vatures were analyzed. IMU-based integrated curvature measures were found to be

significantly greater than Vicon-based measures. Analysis of some edge cases where

these differences were extreme demonstrated that while the edge cases occurred for

both subjects and both feet, almost all involved reactive agility trials and almost

all occurred for trials involving 90°turns. Although the actual integrated curvature

values were different for some some factors, analysis of just the unsmoothed IMU-

based integrated curvature metric resulted in comparative conclusions similar to those

made of the Vicon-based integrated curvature. When the IMU-based trajectories were

smoothed, the analysis on the integrated curvature metric did not support significant

comparative differences, but effects were trending towards significance.

The results support hypothesis (1) for the completion time and integrated curva-

ture metrics and the results support hypothesis (2). Hypothesis (1) for path length

was not supported as trial type did not have a significant effect on path length. For

the unsmoothed trajectories, the results support hypothesis (3).

This chapter investigated how different metrics could be utilized on different mea-

surement platforms (Vicon motion capture and wearable IMUs) to characterize the

path trajectories of human subjects completing a running agility task. The analy-

sis demonstrated that the metric of integrated curvature could be utilized on both

65



measurement platforms to make similar comparative conclusions on how trajecto-

ries differ. Particularly, trajectories differed dependent on whether the task goal was

known a priori (planned vs. reactive agility) and the nature of the task definition

(turns towards inner or outer cones). However differences were still present in some of

the reactive agility trials, partly due to features caused by subjects stutter stepping.

If the IMUs were used to quantify human movement and performance in reduced

gravity environments, it’s possible that that some of the reactive agility dependent

differences could be mitigated. As modelled in Chapter 2, in reduced gravity condi-

tions optimal trajectories would involve lower velocities and higher curvatures about

turning regions, which could reduce the amount of stutter stepping. While there may

be a bias in the magnitude of the IMU-based metrics, the trends across conditions are

still detectable and consistent. Utilizing the integrated curvature with IMUs could

offer an opportunity to better characterize experimental trajectories in varied gravity

conditions in naturalistic operational environments.
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Chapter 4

Accessibility of the Microgravity

Research Ecosystem

Measurement of the agility-based human performance metrics relies upon access to

systems and environments that afford measurement techniques. For measuring human

performance terrestrially, motion capture systems are the gold standard for measuring

kinematics, but are costly and limited to laboratory settings. Wearable technology

like IMUs offer the opportunity to move beyond laboratory settings to naturalistic

field conditions on the ground, but work is still ongoing to develop metrics for different

aspects of human performance for the general population.

The spaces in which we measure human performance are not limited to just the

ground, but include outer space as well. Through the history of human spaceflight,

understanding how humans pilot spacecraft, operate technical systems, and live in

microgravity environments has been a prime focus for civil space agencies engaged

in human spaceflight. But in recent years this ecosystem has become more compli-

cated and is evolving to include marketplaces for microgravity research and devel-

opment as well. The following chapters investigate accessibility of the microgravity

research ecosystem, with a particular focus on access for non-traditional spaceflight

user groups. Beyond the technical operations, understanding how humans interact

with these research platforms from a policy perspective is important for future acces-

sibility to “spaces” in outer space.
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4.1 Motivations

For decades, the International Space Station (ISS) has operated as a bastion of inter-

national cooperation and a unique testbed for microgravity research. Beyond enabling

insights into human physiology in space, the ISS has served as a microgravity platform

for numerous science experiments, technology demonstration projects, and outreach

programs [153]. But just how “international” is the ISS? How accessible is it to

different types of user groups around the world? The ISS is one of the largest and

most expensive construction projects in human history. The development of the ISS

took decades and is characterized by evolving priorities and socio-technical issues.

Today it is an immensely complex conglomeration of technical systems, public and

commercial modules, and public-private partnerships. And yet it works, maintaining

operations coordinated across the globe for the past twenty years. Because of the ISS

and the efforts to develop it, humans have lived in space continuously since the year

2000 [153].

In recent years, a combination of decreasing flight costs and the emergence of

new models that invite participation of non-traditional actors have contributed to

reducing the barriers of access to the ISS platform. As these non-traditional groups

– such as startups, non-NASA and early career academics, emerging space nations,

and education outreach groups – seek to participate in microgravity research, we

begin to push at the edges of asking just how “international” the ISS actually is.

How accessible is it to different types of user groups around world? Additionally,

the ISS in its current form cannot be sustained forever and current hardware will

eventually reach the end of its lifetime. As NASA looks towards commercialization

of the low Earth orbit (LEO) space, concrete plans for shifting the public private

relationship of the ISS and development of a commercial economy in LEO are unclear.

With possible increases in demand for microgravity research – from governments and

private industry – understanding the socio-technical and policy issues that affect the

marketplace for future microgravity platforms is essential to maintaining an accessible

and sustainable space economy.
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4.2 Literature Review

The ISS, as the primary platform for current microgravity research, is a complex

socio-technical system. It’s performance depends upon complex interactions between

institutions with evolving policy objectives and technical constraints to maintain its

operation in LEO [29]. Complex technological systems can both create particular

social orders depending on how the technology is arranged and enforce particular

power systems based on technology requirements or compatability [30]. A common

example is architectural exclusion [31]. Before the Americans with Disabilities Act

was enacted, persons with disabilities were physically excluded from public spaces,

simply by technical design of the buildings [30]. While in many cases this was due

to long-standing neglect, in some cases such design has enforced discrimination, such

as with low-pass bridge design in the Jim Crow era to physically exclude black and

low-income communities from taking buses into public beaches (there are debates

as to the degree of intention behind the design) [30, 31]. Apollo spacecraft were

designed under the expectation that they would be piloted by military test pilots,

limiting the early astronaut corps to only men. Even today, the continued use of ill-

fitting suits, due to design and institutional funding issues, impacts the performance

of smaller astronauts, who predominantly end up being female [32–35]. Wood and

Weigel demonstrate that countries that participate more in space activities tend to

have space-based infrastructure or launch capability [36]. Today that consists of the

space agencies within the European Space Agency (ESA), NASA, Japan Aerospace

Exploration Agency (JAXA), Indian Space Research Organization (ISRO), Russia,

and China (although some other countries may be working on experimental launch

capabilities). There is also evidence of many countries - some that could be char-

acterized as developing nations, but not all - that do not have their own launch

capability still investing in space participation particularly via satellite and science

programs [36].

Opportunities for responsible innovation are presenting themselves within the evo-

lution of a marketplace in the microgravity research ecosystem. Van den Hoven
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describes responsible innovation as “an activity or process which may give rise to

previously unknown designs pertaining either to the physical world..., the conceptual

world..., the institutional world (social and legal institutions, procedures, and orga-

nization) or combinations of these, which – when implemented – expand the set of

relevant feasible options regarding solving a set of moral problems.” [37]. Valdivia

and Guston go a step further to extend responsible innovation in a policy context

as a project to reform the governance of innovation that “seeks to to imbue in the

actors of the innovation system a more robust sense of individual and collective re-

sponsibility.” [38]. Responsible innovation can refer to products themselves or interal

innovation practices to develop products. But it can also be applied to how we think

of new designs of institutions or reforming the procedures and operations of a cur-

rent one like the ISS. The European Commission discusses metrics of responsible

innovation for industry and research in terms of gender equality, education, pub-

lic engagement, ethics, open access, and governance. In the context of spaceflight

and space systems, discussions on open access typically center upon reducing costs

(launch and resource return) for commercial interests or maintaining redundancy for

national security needs [39–41]. Economic theory also typically focuses on accessi-

bility via terms like market penetration for sellers or willingness-to-pay for groups

on the demand side. However theoretical frameworks and empirical evidence demon-

strate that in some cases an emphasis on corporate social responsibility can both

serve stakeholder interests and support a business case [?, 42–45]. The proliferation

of emerging technologies also engenders a need to discuss ethics and responsibility

in science overall [46–48] and space exploration [49–51]. Within the emerging mar-

ketplace for microgravity research in LEO, there is an opportunity to further explore

the dimensions of accessibility for non-traditional user groups on the demand side

and examine how interactions between market economics and regulatory procedures

affect accessibility for these user groups.
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4.3 Theoretical Framework

The microgravity research ecosystem is a complex socio-technical system within which

the ISS exists. The technical development and use of platforms within the ecosystem

are strongly influenced by social considerations that equal, and sometimes surpass, the

technical concerns [52]. To analyze and interpret this ecosystem, system architecture

methodology will be used. As Crawley, Cameron, and Selva propose, system architec-

ture is “the embodiment of concept, the allocation of physical/informational function

to the elements of form, and the definition of relationships among the elements and

with the surrounding context” [53]. Key to this methodology are the principles of

form-function relationships and emergence. Different entities of the system take on

system forms to meet system functions aimed towards meeting stakeholder objectives.

Functions can be met via several different forms; depending on intentional design or

unintentional evolution. Stakeholders are the people, groups, and organizations that

impact a system or are impacted by a system [?]. Understanding stakeholder needs

and inputs to the systems depends on whether they are classified as primary and

secondary stakeholders, whose decisions and outputs shape the system, or tertiary

stakeholders (beneficiaries) whose needs are met by the outputs of the system [53].

The principle of emergence incorporates the idea that the functionality of these system

entities and their relationships as a whole is greater than the sum of the individual

entities [52, 53]. Understanding the context within which the system operates is also

important, since context can be a source of uncertainty and risk. Context can be eval-

uated at different levels, such as international, national, and organizational, and can

evolve beyond the control of individual system entities. Interpreting context is also

useful for defining the boundaries of what the system is; such as, defining what falls

under the spectrum of microgravity research [53]. In a technology oriented complex

system, key areas of interpreting context include technology, policy, collaboration,

and economics [54].

Drawing from systems architecture methodology work from Maier, Crawley, Wood,

and Pfotenhauer [52–55], the microgravity ecosystem is analyzed using the six stages
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1. Understand 
System 
Context

2. Analyze 
System 

Stakeholders

3. Understand 
Desired 

Objectives & 
Needs

4. Identify 
System 

Functions

5. Assign 
Functions to 

Forms

6. Monitor & 
Evaluate 

System Forms

Context: environmental factors 
that influence a program by 

creating opportunities, imposing 
constraints or imposing 

uncertainty

Stakeholders are the people, 
groups and organizations that 

impact a system or that are 
impacted by a system

Needs: Stakeholder problem or 
gap in desired state; Objective: 
High level description of what 

program will do

System Functions: Actions taken 
to achieve system objectives; 
System Forms: Approaches to 

pursuing Functions

Figure 4-1: Systems Architecture Processes Utilized - Each stage of the cycle rep-
resents different questions that are asked to interpret and evaluate the microgravity
research ecosystem. Image credit: Danielle Wood

outlined in Fig. 4-1. In defining the boundaries of the system, this analysis scopes the

microgravity research ecosystem to research platforms within the LEO environment

and below. Military-oriented platforms are not considered, but some of the stake-

holder interests from this sector are briefly discussed. In order to evaluate the systems

architecture, stakeholders, forms, and functions of the ecosystem, case study research

methods are used to collect data. Publicly available information is reviewed about

different entities in the ecosystem, the context they operate within, and their inter-

and intra- relationships. Expert interviews were also conducted with organizational

representatives, subject matter experts, and industry experts. All data presented and

analyzed in the following chapters is current as of April 2019. The information and

discussion presented are non-exhaustive of the entirety of the microgravity research

ecosystem.

Understanding the system context requires understanding both the environmen-
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tal factors in which different microgravity platforms operate in and the socio-political

environment that influences different entities. As the discussion in Chapter 5 will

demonstrate, the stakeholders of interest for this analysis, non-traditional partners

and users of microgravity research, can be classified as secondary or tertiary stakehold-

ers and beneficiaries. Therefore, to understand the desired outcomes and objectives

of the system, the analysis seeks to evaluate the ecosystem in reference to the objec-

tives of the beneficiaries instead of the primary stakeholders. In terms of granularity

and scale to describe forms and functions, the analysis focuses not at an individual

entity-based level but at a more abstract level. A key contribution of this theoretical

analysis is describing the stakeholder models and using such models to help system

users understand future paths. The systems architecture analysis describes different

firms and entities in terms of models that they fit into, such as public space agencies

and multi-use commercial platforms. To monitor and evaluate the systems metrics

of accessibility are proposed and framework is utilized to evaluate current and future

models of microgravity research against these metrics. The accessibility metrics are

further described in Section 4.3.1.

4.3.1 Dimensions of Accessibility

Assessing levels of accessibility can be difficult if metrics do not capture the nuances

of a particular complex system and the needs of the end users in the system. Prior

work has analyzed the use of different cost- and distance-based accessibility metrics

for online web content, health care systems, transportation networks, and food mar-

kets [56–59]. Today’s microgravity research ecosystem has complexities that obscure

what the actual costs are to the end user. Flight costs comprise a large portion of

project costs, but sometimes these costs end up being covered by a public agency.

Other development costs include prototyping the proof-of-concept for a project on

the ground, developing the project to be flight ready and capable of withstanding

hyper- and hypo-gravity levels, compatibility with the platform’s power, communi-

cations, and data handling protocols, and coordination of how to manifest (install

and uninstall) the project in a timely manner. Some of these development costs are
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financial but others are temporal and procedure oriented. Other regulatory costs

could involve dealing with safety testing and certifications required by the platform

supplier. Different types of platforms also allow for varying amounts of microgravity

time and human-presence capabilities. For example current sub-orbital platforms do

not allow for a human presence with the project payload, thereby limiting the type of

projects to autonomous payloads and limiting the type of microgravity activity that

can occur. Users may also face barriers depending on their nationality, the size and

technical capabilities of their organization, and whether they are public, commercial,

or non-profit oriented. For microgravity research, and the LEO space economy in

general, there are no generally accepted and utilized metrics to evaluate accessibility

for end users.

To capture these different nuances to accessibility in the microgravity research

ecosystem, we propose metrics that can be used to rate current and future forms of

access and designate whether they foster increased or decreased accessibility to new

countries and organizations. This analysis proposes that accessibility can be assessed

along the two dimensions of economic openness and administrative openness. Eco-

nomic openness refers to the extent to which a future microgravity marketplace has

high costs of access. This includes the costs to design an experiment; engineer it to be

safe and functional; launching to space; accessing a facility that provides environmen-

tal control, data and power; operating the experiment; and possibly returning it to

Earth. Administrative openness refers to the type of gatekeeping that determines who

can participate, which may include access based on features such as nationality, type

of organization, or type of microgravity activity. For example citizens from countries

that are not ISS partners would need their own space agency to form a partnership

with an ISS partner country or work through an international program. Also certain

types of microgravity research platforms, like sub-orbital vehicles, do not currently

allow for microgravity experiments that need a human operator. Such projects have

to involve an autonomous experiment.
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4.4 Spectrum of Microgravity Research Platforms

A microgravity environment is an environment in which gravity related phenomenon

can be studied, assessed, and utilized. Microgravity research is not limited to just

the ISS. Different terrestrial, sub-orbital, and orbital platforms provide microgravity

environments to do research at different time scales. On the ground clinostats, drop

towers, and parabolic flights simulate microgravity environments. Clinostats are typ-

ically used to rotate a cell culture or plant sample at different speeds to simulate

microgravity along the axis (or axes) of rotation. However, rotation speed and incor-

porating multiple axes of rotation are difficult to optimize under the constraints of

centrifugal forces and mechanical stresses on different types of samples. Drop towers

consist of dropping samples vertically within the chamber of a tall tower or vertical

shaft. Drop towers exist around the world and usually offer less than 5 seconds of

microgravity time while an experiment is in free fall. Parabolic flights are typically

operated in modified aircraft flying series of parabolas. At the apex of the parabola,

the aircraft is in free fall, providing a microgravity environment for less than 30 sec-

onds. Sounding rockets carrying experiment and instrument payloads to sub-orbital

space, providing about 5-20 minutes of microgravity time before the payload re-enters

the atmosphere. Experiment time depends on the rocket size, design, and launch pro-

file. High-altitude balloons have also been used for microgravity research. A payload

dropped at high altitude experiences free fall that can simulate microgravity for 3-30

seconds [60–62]. Orbital platforms can provide microgravity time for day to years.

Platforms include research satellites, free-flying capsules, and space stations.
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Chapter 5

Current Microgravity Research

Ecosystem and Marketplace

5.1 Snapshot of the Current Ecosystem

This chapter presents an overview of the current stakeholders within the microgravity

research ecosystem for platforms used for civil and commercial purposes within LEO.

Data is collected using case study research methods [63]. Information presented is

drawn off of publicly available documentation, current as of April 2019, and field

interviews. Interviews were conducted with twenty individuals who were selected

based on their experience as organizational representatives and industry subject mat-

ter experts in microgravity research. A sample of interview questions are included in

Appendix D. All interviews were conducted with the approval of the Massachusetts

Institute of Technology Committee on the Use of Humans as Experimental Subjects.

A simplified Systems Architecture analysis of the stakeholders is demonstrated, high-

lighting what the stakeholders’ needs and objectives are and the different pathways

through which they interact with the microgravity ecosystem. Emphasis is placed on

the different access points for customers and user groups on the demand side.
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5.1.1 International Space Station

Since the arrival of Expedition One in 2000, the ISS has enabled continuous human

presence in outer space. The size of a football field, the ISS orbits the Earth about

every 90 minutes and offers opportunities for microgravity research, space exploration,

technology demonstration, and international engagement. The ISS consists of two

main sections - the Russian Orbital Segment (ROS) that is operated by Roscosmos

and the U.S. Orbital Segment (USOS) that is operated by NASA, the Canadian Space

Agency (CSA), ESA, and JAXA. Within the ROS, Roscosmos tends to maintain 2-3

cosmonauts and within the USOS, the partner agencies maintain 3-4 crew members

[153]. The ISS is supported by ground facilities for launch, operations, and payload

services in the United States, France, Netherlands, Germany, Russia, Kazakhstan,

and Japan. Visiting crew and cargo vehicles (governmental and commercial) hail

from Russia, Japan, and the United States [153]. In past years the ISS has played a

role in Earth observation, commercial space economic development, STEM education

and outreach, and research in human physiology, material science, and robotics [64].

Internal facilities and laboratories support long-term research in a microgravity

environment and external research platforms enable testing in the extreme conditions

of outer space. Research facility use and crew time allocations are dependent on the

partner agency that provided the physical facility and crew time allocation agree-

ments. According to Article 5 of the IGA, ”each partner shall retain jurisdiction and

control over the elements it registers and over personnel in or on the Space Station

who are its nationals.” [65]. The memorandums of understanding (MOUs) the U.S.

signed with each of the partner agencies allocate more complex utilization allocations

of USOS [66–68]. The allocation distributions for the ISS are shown in Figure 5-1.

RSOS is under 100% Russian ownership and utilization, with the exception of the U.S.

owned Zarya module. USOS is under mixed ownership and utilization [64, 66–68].

Partner agencies utilize their allocations for research in biology and biotechnology,

earth and space science, human research, physical science, and technology demon-

stration [69].
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2.3% 2.3% 2.3% 2.3%

All except Zarya (Russia) Columbus (ESA) Kibo (JAXA) Destiny (NASA) Crew Time, Utilization
Resources, Common

Systems Operating Costs

OWNERSHIP AND UTILIZATION ALLOCATIONS OF ISS

Russia NASA ESA JAXA CSA

Figure 5-1: Ownership and utilization allocations of the ISS. With the exception
of the U.S.-owned Zarya module, ROS is owned and utilized by Russia. Columbus
was provided by ESA, Kibo was provided by JAXA, and Destiny was provided by
NASA. The utilization allocations for these USOS modules are shown with NASA in
orange, ESA in gray, JAXA in yellow and CSA in green. The allocations for logistical
resources and costs are shown on the far right.
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In 2005, the U.S. segment of the ISS was designated a National Laboratory to

increase utilization of the lab by other federal entities and foster commercial in-

terest in conducting ISS research. In 2010, the NASA Authorization Act directed

NASA to work with a nonprofit organization to manage 50% of the Agency’s avail-

able research resources on the ISS via a cooperative agreement notice [70]. In August

2011, NASA signed a cooperative agreement with the Center for the Advancement

of Science in Space, Inc. (CASIS), and dedicated $15 million annually to manage all

non-NASA research on the ISS [71–73]. The organization also refers to itself as the

ISS U.S. National Laboratory (we will continue to refer to it as ISS National Lab

in this document). Since 2011, the ISS National Lab has selected more than 200

non-NASA research projects from government, academic, non-profit, and commer-

cial users. The projects range from the disciplines of life sciences, physical sciences,

technology demonstration, remote sensing, and education [74]. For users from the

startup community, the organization operates an investor network portal to connect

investors with entrepreneurs involved with the ISS National Lab. In some situations,

the ISS National Lab also operates as a funding entity. For science oriented project

proposals, the principal investigator covers the costs for ground based prototyping.

The ISS National Lab connects them with the implementation partners who quote the

costs of integration services. Depending on the financial resources of the investigator

team, the ISS National Lab may be able to cover some to all of the implementation

partner costs [75]. Education projects are run through the Space Station Explorers,

a consortium of educators, young learners, and education oriented partner organiza-

tions [76]. For projects that involve direct engagement with ISS experiments, some

seed funding could be provided. Solicited proposals are evaluated based on the in-

tellectual depth of the engagement and the number of learners reached. Emphasis

is placed on projects that involve a more community-based approach where impacts

can extend beyond just one cohort of students [77].

Beyond direct partner agency research and grants from the ISS National Lab,

research on the ISS has also been facilitated by commercial partners. There are 14

commercially operated facilities on the ISS National Laboratory, managed by 8 com-
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mercial companies, and 45 implementation partners who provide commercial services

to ISS National Laboratory users [78]. Some commercial firms have also entered into

Space Act Agreements with NASA. These firms include Axiom Space, NanoRacks,

Space Tango, Space Technology and Advanced Research Systems (STaARS), and

TechShot [79].

For example, in 2009 NanoRacks signed a Space Act Agreement to self-fund their

own research hardware and facilities as part of the U.S. National Lab and to market

those facilities commercially [80,81]. The firm operates as an implementation partner

with the ISS National Lab and also facilitates projects with its own users. The firm’s

products current include internal ISS payload platforms, satellite deployment from

the ISS and Cygnus cargo vehicle, and the NanoRacks External Platform (NREP)

mounted on the Japanese Experiment Module Exposed Facility. The firm also has a

sister company, DreamUp, which operates as a public benefit corporation that offers

space-based education programs to students and educators. Offerings include flying

experiments up to the ISS and sub-oribtal space for primary to post-doctorate level

students from different countries [82].

Space Tango operates automated research and manufacturing systems on Tango-

Labs installed on the ISS since 2016. They offer end to end payload integration and

data management services and focus on customer markets in the life sciences, physical

sciences, flow chemistry, biomedical, and materials manufacturing [83]. Space Tango

also has an agreement with the Quest Institute for Quality Education to host their

engineering module upon which which students can learn to code experiments [84].

Through a partnership with ESA, the Belgian company Space Applications Ser-

vices also offers the “plug-and-play” ICECubes experiment platform on the ISS Colum-

bus module since 2018 [85–87]. The standard service supports experiment design, test,

launch, and on-orbit operations. The firm has worked to launch payloads from the In-

ternational Space University and European students via ESA’s “Orbit Your Thesis!”

program.

Projects from non-ISS partner agencies currently have limited options for direct

access to ISS research. In this context, partner agencies essentially act as gatekeepers.
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For organizations from countries that are not ISS partners, access to the ISS must

be facilitated by a partner agency and the organization must work within the legal

and logistical conditions set by the partner agency. For example, the ISS National

Lab’s portfolio of users is almost entirely U.S.-based. Organizations like the United

Nations Office for Outer Space Affairs (UNOOSA) have facilitated agreements to

broker access for non-spacefaring countries to conduct ISS research. The KiboCUBE

program with JAXA aims to provide institutions from developing UN member state

countries the opportunity to develop, manufacture, and deploy cube satellites from

the ISS Kibo [88].

5.1.2 Other Microgravity Platforms

Beyond the ISS, other platforms currently available for microgravity research become

more ground-based. Drop towers can be utilized to simulate extremely brief (less than

5 seconds) sessions of microgravity. UNOOSA is running its sixth cycle of partnership

with the Center of Applied Space Technology and Microgravity (ZARM) in Bremen,

Germany to offer student research teams from UN member states the opportunity to

conduct experiments in the ZARM drop tower [89,90].

Parabolic flight offers slightly longer microgravity sessions, the ability to simulate

different gravity levels, and the capability of deploying a human-tended experiment

without having to go to space. There are many military planes capable of flying

parabolic maneuvers around the globe, but civil and commercial opportunities remain

limited worldwide. In the U.S., Zero Gravity Corporation (ZERO-G) is the only

commercial parabolic flight operator. The firm utilizes a modified Boeing 727 aircraft

to offer parabolic flights for entertainment and research purposes to customers foreign

and domestic. In Europe, Novespace - a subsidiary of the French space agency CNES

- manages scientific flights on an Airbus A310 aircraft for space agencies, research

groups, and occasionally entertainment customers [91]. In Russia, microgravity flights

have been offered for entertainment purposes out of Star City in a Ilyushin 76 MDK

jet that has been used for cosmonaut training [92].

Suborbital space also offers the capability of short-term microgravity research.
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Blue Origin currently offers commercial, research, and education payloads slots on

suborbital test flights of the New Shephard rocket. The project is currently under

development for crew integration to extend capabilities for entertainment and human-

tended experimentation [93]. Virgin Galactic also offers payload slots on suborbital

test flights of it’s piloted SpaceShipTwo system with in-house end-to-end payload

integration [94]. High altitude balloons have also been used for short-term experi-

ments, but the free fall state for payloads is difficult to control. Sounding rockets also

offer the opportunity to fly payloads in extended, but not permanent, microgravity

environments.

Microgravity research satellites have been developed to varying degrees around the

world. China has launched research satellites with return sample capabilities and has

collaborated with ESA in developing payloads [95, 96]. The Indian Space Research

Organization (ISRO) has launched and recovered microgravity research satellites [97].

Commercial companies like SpacePharma also offer CubeSat platforms and integra-

tion services for automated pharmaceutical and medical device research [98].

The Chinese Tiangong program produced the Tiangong-1 and Tiangong-2 space

stations which were utilized for crewed visits, microgravity research, and technology

demonstration [99]. These stations were not permanently human-tended, but their

construction enabled testing of docking procedures for future spacecraft planning. In

April 2018, it was confirmed that Tiangong-1 re-entered Earth’s atmosphere in an

uncontrolled descent and the Chinese space agency has confirmed that Tiangong-2

will have a controlled de-orbit in July 2019 [100,101].

5.2 Systems Architecture Analysis

5.2.1 System Context

As described in Section 4.3, the system context involves understanding the environ-

mental factors that influence a program by creating opportunities, imposing con-

straints, or imposing uncertainty. Understanding the context also aids in defining the
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boundaries of the system to be analyzed. In this analysis, the microgravity research

ecosystem is defined to include microgravity research platforms operating in LEO

(less than 1000km in altitude) and below for non-military purposes. Launch services

and small satellites are briefly considered as stakeholders and contextual influences.

For example, recent increasing competitiveness in the launch industry, decreases in

launch costs, and rideshare opportunities have reduced some of the costs and in-

creased opportunities for transportation to orbit. The proliferation of small satellite

technology and applications has resulted in a growing non-traditional user base of

space technology, due to lower build costs and modularity of components.

For year, the ISS has operated as a unique orbital platform for microgravity re-

search and a symbol for international cooperation. In recent years, private industry

has also been affiliating with NASA and international partners to offer transporta-

tion, logistics management and payload demands. However, the ISS in its current

operational form cannot be sustained forever. NASA has proposed ending direct fed-

eral funding of the ISS in 2025 and redirecting the the $3-$4 billion it yearly spends

on ISS operations towards deep space exploration efforts [64]. As NASA looks to-

wards commercialization of the low Earth orbit (LEO) space and the development

of a cislunar station, concrete plans for shifting the public-private relationship of the

ISS are unclear.

From different entities, there are many future proposals for public, public/private

partnered, and private platforms on which microgravity research (which are described

further in Section 6.1). Coupled with a possible increase from the demand side of

microgravity research, a marketplace for microgravity seems to be emerging, which

provides opportunities to reduce costs of access through competitive innovation [102].

However, the complexity and relationships between different public and private enti-

ties in the ecosystem also results in uncertainty as to what pathways non-traditional

end users should pursue for access to microgravity research platforms.
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5.2.2 System Stakeholder Analysis

Stakeholders to the microgravity research ecosystem can be classified as primary,

secondary, and tertiary (beneficiaries) stakeholders. Primary stakeholders make deci-

sions that can shape the ecosystem. Secondary stakeholders both make decisions to

shape the ecosystem and influence the decisions of the primary stakeholders. Tertiary

stakeholders, or beneficiaries, are impacted from functions and emergent properties

of the ecosystem. In general, the impact to tertiary stakeholders may be positive

or negative. The goal of the analysis is to identify functions that positively impact

beneficiaries. Following analysis of public documentation and interview data, firms

within the microgravity research ecosystem were identified into categories. These

categories were then further classifed as primary, secondary, or tertiary stakeholders.

The stakeholder categorizations are shown in Fig. 5-2. Stakeholders will continue to

be referred to at the level of these categories instead of the firm-based level. While not

always explicitly listed, it should be noted that some firms exhibit characteristics and

functions of multiple stakeholder categories. A full analysis of stakeholder objectives,

needs, and functions can be found in Appendix F. Following is a brief summarization

of the stakeholders and their functions.

For the current microgravity ecosystem, primary stakeholders include critical sup-

pliers of research platforms because their actions have physical and policy implications

on whether and how microgravity research is possible. Critical suppliers of research

platforms include the public space agencies that own the ISS, private parabolic and

sub-orbital flight operators, and private facilities on-board the ISS. The ISS public

space agencies maintain utilization of the ISS to achieve inter-governmental agree-

ments and domestic agendas. Doing so requires clear priorities, public support, fund-

ing, and a competent workforce. Along each sector of the microgravity research

spectrum, such as parabolic and sub-orbital space, the operators of flights to that

altitude are also primary stakeholders. Through agreements with ISS space agencies,

operators of private on-ISS facilities operate external and internal platforms on the

ISS for customers. Some of these operators also work with public interfaces or take
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Private on-ISS facilities
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(Energia, JAXA)
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Regulatory Body
(FCC, ITU, FAA, FDA, 

State Dept.)

Commercial End
Users Product R&D Life Sciences Remote Sensing Entertainment/Promotion

Public End
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Space oriented agencies
(DoD, NASA SLPSRA, HRP, AES, STMD)

Non-space oriented agencies
(NIH, FDA, NSF)
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Services Domain Specific End-to-End 
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data/comms/power handling)

Funding 
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(ISS Space Agencies, NASA Flight 

Opps, NASA SBIR, ISSNL)
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(ZARM, NASA, JAXA)
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Sub-orbital Flight
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Startups Technology Demonstration R&D Remote sensing
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Figure 5-2: Stakeholder Categorization - Primary stakeholders are shown in red,
secondary stakeholders in blue, and tertiary stakeholders in green.
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on integration services roles as well.

Secondary stakeholders include transport vehicles, public policy makers, commer-

cial end users, public end users, integration services, funding entities, and non-orbital

platforms who all influence the decisions and operations of the primary stakeholders.

Transport vehicles can be commercial or governmental vehicles (excluding the rocket

upon which they are launched on). The capacity, re-entry capabilities, and environ-

mental control systems of these vehicles influence the quantity and type of payloads

that can be transported to orbital platforms. Public policy makers affect the ecosys-

tem by appropriating funding of the ISS space agencies, setting domestic strategies,

and regulating launch licenses and communications spectrum allocations. Examples

include members of a congress or parliament (some individuals may hold more influ-

ence than others) or an executive body like the U.S. National Space Council (who

are considering developing a National Microgravity Strategy) [103,104]. Public policy

makers can also influence leglislation and enforcement of export control regulations

(like ITAR restrictions on the type of projects or nationality of project personnel for

the U.S.). Public interfaces are governmental or non-commercial entities that connect

end-users with public, public-private, or completely private platforms. The process

of connecting users could involve a solicitation call for projects, brokerage with tech-

nical experts at the interface firm or platform firm, upmass/down mass allocations,

and occasionally some level of funding. Examples of public interfaces include the

ISS National Lab, NASA Flight Opportunities Program, Translation Research Insti-

tute for Space Health (TRISH), UN Office for Outer Space Affairs (UNOOSA), and

the Asia-Pacific Regional Space Agency Forum (APRSAF). Commercial end users

execute projects and payloads on research platforms for product R & D and demon-

stration, life and physical sciences (including pharmaceuticals), remote sensing, and

entertainment/promotion purposes. They work either directly with a platform sup-

plier or through a public interface to execute projects on a platform. Public end

users include space oriented agencies (including the ISS space agencies), non-space

oriented agencies, and higher academic research. Different offices and divisions within

NASA, such as the Division of Space Life and Physical Sciences Research and Ap-
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plications (SLPSRA), the Human Research Program (HRP), Advanced Exploration

Systems (AES), and the Space Technology Mission Directorate [64,105] drive the re-

search equipment needs and schedule of operations on the ISS. NASA also purchases

parabolic flights from ZERO-G (during such flights, the ZERO-G aircraft is consid-

ered a government aircraft; for all other flights the aircraft is considered commercial)

and payload space on sub-orbital Blue Origin flights. Non-space oriented agencies

also execute projects and fund research teams to do microgravity research that aligns

with their own missions, such as cancer or regenerative medicine research. Research

at the graduate level and above tends to be publicly disseminated and sometimes

funded by one of the other public agencies. Integration services are stakeholders that

provide services such as experiment preparation, regulatory affairs assistance, certi-

fication tests, payload manifestation and return logistics, and data, communications,

and power handling during flight. Some stakeholders provide domain specific services,

such as for the biological sciences. Others provide end-to-end services that may be

geared more towards end users who have never taken on a microgravity project before.

Funding entities can be governmental or involve private financing. Depending on the

stakeholder or which governmental funding source is used, different levels of intel-

lectual property protections exist. Some public interfaces, integration services, and

research platform suppliers also take on the functions of a funding entity. Non-orbital

platforms providers such as drop tower, parabolic, and sub-orbital flight operators

and are also secondary stakeholders in that they are often used as proving grounds

to test the capabilities of orbital payloads.

In other systems, secondary stakeholders such as the public and commercial end

users would typically be classifed as tertiary stakeholders since they benefit from the

functions of the system. However, analysis of the microgravity research ecosystem

demonstrates that such end users are also aptly classified as secondary stakeholders

because they actively influence the suppliers that make up the primary stakeholders.

Primary suppliers and other secondary stakeholders change their protocols and op-

erations (now and in the past) to better meet the needs for public and commercial

end users. This is particularly pertinent for early end users, or adopters, that are the
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first to go through the primary suppliers’ processes. For some primary stakeholders,

these end users help set the demand and value proposition for the suppliers to exist.

Tertiary stakeholders, or beneficiaries, include the public and commercial end users

along with non-traditional users of microgravity research. For the current ecosystem

such non-traditional beneficiaries include emerging space nations, education groups

(K-12, undergraduates), non-NASA and early career academics, startup firms, and

public outreach groups.

General Observations and Findings of Current Ecosystem

Analysis of the stakeholders’ objectives and functions within the current micrograv-

ity research ecosystem yielded some general findings that could potentially relate to

accessibility.

• Emerging commercial marketplace

– Investigating the existing private platforms and public-private partner-

ships demonstrates that there is an emerging commercial marketplace for

microgravity research in LEO. In the past years there has been a growth

in the number of private platform operators and private firms offering in-

tegration services. While some of these exchanges are dependent on pub-

lic upmass/dowmass and resource allocations, such allocations could be

viewed as utilization of public infrastructure that has already been paid

for by taxpayers. Such public infrastructure involvement is not too differ-

ent from how public road maintenance enables the safe transport of goods

and services.

• Graduated approach to microgravity research

– Comments from multiple interviewees and public documentation referred

to a graduated approach to doing microgravity research, particularly for

projects destined to an orbital platform. Whether the terminology called

this raising Technology Readiness Levels (a common NASA term) or sim-
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ply testing out the compatibility of different technical subsystems, end

users often tested projects aspects on parabolic and suborbital flights be-

fore manifesting it on an orbital platform. The availability of a continuum

of platforms along the microgravity research spectrum can affect the de-

velopment timelines of projects aimed towards orbital platforms.

• Regulatory burden

– Regulations and and certification processes make up a significant por-

tion of the activities required to execute a microgravity project. Regula-

tions could involve launch licenses, communications spectrum allocations,

ITAR/export control restrictions, and airspace clearances. Certifications

involve multiple safety and compatibility tests specific to the type of plat-

form. Public documentation and comments from platform operator inter-

viewees support that firms are making regulatory affairs a priority in terms

of legislative affairs, staffing, and operations procedures.

• Value of entertainment sector

– Most private platform operators emphasize the importance of the space

tourism and entertainment focused end users. While not included in as

a stakeholder in terms of the microgravity research ecosystem, such end

users could help make the business case for private platform operators and

contribute to making overall prices low.

• Value of public interfaces

– A majority of interviewees, from platform operators to end users, refer-

enced the value of a public interface to gain access to a platform. The

most commonly referenced interfaces were the ISS National Lab and the

NASA Flight Opportunities Program. Some private platform operators

expressed a desire to move beyond needing public interfaces to a more

commercial interchange. However, currently public interfaces and the in-

tegration services they coordinate, are widely used.
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• Barriers to founding and successfully operating a private platform

– While high priority end users help set the demand and value proposition

for private platforms to exist, the operator firms procure financial capi-

tal and take on the technical endeavor to develop the technology to build

and operate their platforms. Many private platform firms were founded

by entrepreneurs with enough personal funding to maintain early business

viability. On some levels of the microgravity research spectrum, private

firms also face market competition from a public or public-private part-

nered platform with different pricing mechanisms.

• Dependency on a competent workforce

– Analysis of the needs for different stakeholders (Appendix F) demonstrated

that many stakeholders need a competent workforce (in STEM and non-

STEM fields) to develop and operate their platforms or services and main-

tain safe standards for passengers and research projects. Investment in

STEM education and outreach programs (whether through a public or

private mechanism) can also be viewed as an investment in a firm’s future

workforce.

• The ISS was built as a research platform

– As reflected in the history of the ISS development (Appendix E), the ISS

was planned, developed, and built as a research platform, not a platform

to spur commercial utilization in LEO. For example, the equipment on the

ISS is not currently purposed towards scaled manufacturing. However, cur-

rent missions of public interfaces and statements from public policy-makers

emphasize the importance of encouraging utilization from non-public end

users and non-space oriented end users. While ISS equipment and dock-

ing ports have been adapted to better facilitate commercial utilization,

this was not the original purpose of the ISS. The discussion in the next
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chapter regarding proposals within the future ecosystem will highlight the

importance of aligning platform purpose with utilization.

5.2.3 Forms of Accessibility

Systems forms are organizations, people, physical or virtual objects, programs and

processes that execute functions [52,53]. Forms can also be transformed by functions.

In systems architecture analysis, stakeholders allocate forms that execute functions to

meet their own objectives. In analysis of accessibility within the microgravity research

ecosystem, we focus particularly on what forms end users and tertiary stakeholders

utilize to meet their objectives. These pathways, or forms of accessibility, are modelled

in Fig. 5-3.

Based on example scenarios from the data analysis, pathways are categorized

as purely governmental/public, mixed public/private, and fully private/commercial.

The pathways express the processes and stakeholders that end users work through

to place their research project on a microgravity research platform. From the end

user, projects start out at the conceptual proposal stage. Through work on their own,

or via a public interface and integration services, end users technically develop their

projects to become compatible and/or flight ready for a platform. Finally the project

is manifested (scheduled operation, allocated space and resources, and installed) on

the platform. Different funding sources are involved for the pathway categories and for

all pathways certain processes can be followed in reverse to return results or payloads

back to the end users. All the pathways involving orbital platforms require upmass,

downmass, and on-orbit resource allocations from a government, even the fully pri-

vate/commercial pathway. In this sense, the government is providing transportation

and logistics infrastructure for research and commerce to be conducted.

A purely governmental/public pathway utilizes public funding throughout the

entire process. Public end users, particularly if they are from a division within an ISS

space agency, have the option to directly manifest projects on a public platform due to

technical familiarity of internal systems and processes. End users may also interact

with a public interface program to coordinate with a public or privately operated
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Figure 5-3: Forms of Accessibility - Pathways end users and beneficiaries utilize to
meet their objectives in microgravity research. Forms can be categorized at Purely
Governmental/Public, Mixed Public/Private, and Fully Private/Commercial. Along
the pathway a project will move from the end user to the platform through a develop-
ment chain. Along this chain, projects progress from the conceptual stage to technical
development to manifestation on a platform. Almost all end users will seek results
to be returned to the ground in some form. The rate of return can vary between
pathway types.
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platform. Depending on the technical familiarity of the end user, integration services

may be utilized before a payload can be manifested on a platform. Since government

funding is utilized throughout the pathway, there are limited intellectual property

protections for the end user. Projects are also subject to governmental timelines and

manifestation priorities. To receive funding, end user projects often must also be

aligned with the needs of the governmental funding source.

Along a mixed public/private pathway, public and private funding sources are

utilized at various stages, depending on the capabilities and needs of the stakeholder

end user. For example, a mid-size commercial user may utilize public funding from

a public interface for some integration services and rack space on a private platform,

but also raise a portion of project funds privately to prototype on the ground. As

shown in Fig. 5-4, if the private platform the commercial user chooses has in-house

integration services, the user does not need to go through a separate integration

services provider and may get access to the payload more quickly after flight. Or an

education group may receive a combination of public funding to seed a project and a

lower cost from a private platform due to their educational status and simpler project

goals [85, 87]. End users go through a process similar to the that within the purely

governmental/public pathway, with the exception of direct access to a public platform.

Regarding intellectual property, protections can be dependent on the funding source

and at what stage the funding is given. The project purpose doesn’t necessarily have

to be aligned with a government need, such as addressing a milestone in a strategy

roadmap, but is more commonly aligned with a public interface objective, such as a

biotechnology project or capacity building for an emerging space nation.

A fully private/commercial pathway utilizes private funding throughout all pro-

cesses. An end user would raise their own funds, utilize funding from a private

competition, or rely on philanthropy. Typically end users directly communicate and

coordinate with the private platform operator, although depending on technical capa-

bility integration services may be utilized if they aren’t already provided by the private

platform operator. Some private platform operators may have their own agreements

for on-ISS platforms and don’t require coordination with a public interface. Other
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Figure 5-4: Mixed Public/Private Pathway Option - Detailed example of how a mixed
public/private pathway may be utilized by a mid-size commercial end user who re-
quires public funding for some amount of integration services and manifesting the
project, but can prototype and do some of the technical development privately. The
end user receives return of results via the integration services or directly from the
private platform provider. If a public platform had been used instead, the end user
would have wait for the government to do payload unloading.

end users may choose to utilize a public interface for coordination, but do not need

public funding, or may choose a privately operated platform that requires coordina-

tion with a public interface. The fully private/commercial pathway provides a higher

level of intellectual property protections due to being privately funded. End users

projects don’t necessarily have to align with a government mission or strategy, but

they do need to comply with domestic regulations. In some instances for on-ISS pri-

vate platforms, end user projects may need to demonstrate some type of relationship

to benefiting humanity (ISS public space agency mission) or an education component.

5.2.4 Evaluate System Forms

To evaluate the levels of accessibility for these different pathways, or forms of ac-

cess, we utilize the metrics of accessibility discussed in Section 4.3, specifically the

dimensions of economic and administrative openness. By evaluating the pathways,

we seek to investigate whether the pathways utilize responsible innovation in terms

of governance processes and accessibility. Fig. 5-5 presents a framework upon which

forms can be evaluated along the accessibility metrics. Forms can be mapped onto
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Figure 5-5: Evaluation of Current Forms of Access

different quadrants, depending on whether their characteristics and functions foster

high or low economic and administrative openness. The different forms also have

tails extending out along the axes. These tails visualize that there is a spectrum of

openness within the forms themselves. Dependent on the end user, project purpose

alignment, and type of final platform there is variability in levels of openness as well.

The purely governmental pathway has relatively moderate administrative and

economic openness. This form of access is one of the primary modes of access end

users currently utilize to gain access to a microgravity research platform. For example,

the ISS is a multi-partner and multi-use facility. The ISS is a large scale, multi-

purpose infrastructure that provides capabilities for a variety of activities. Some of

these uses were anticipated during the early stages of developing the ISS, however,

new opportunities and applications have been identified since ISS construction was

completed. The modularity of the ISS and later standardization of its docking ports

facilitates the introduction of new hardware and activities that were not envisioned

in the original design. However it’s level of administrative openness is variable and

dependent on the nationality of the user. Users of the nationality of a public platform
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can receive public funding (which increases economic openness). Governments are

incentivized to fund access for their own citizens; for those citizens there is a high level

of economic openness. Through the purely governmental pathway, public funding also

entails project alignment with strategic goals of the domestic government. In some

cases, this could also limit the type of activity end users take on and thus also limit

administrative openness.

The mixed public/private pathway has relatively high economic and administra-

tive openness. The private platforms increase administrative openness if they allow

participants from all nations; and the public/private partnerships provide a minimum

level of economic openness if they do not charge high costs for participants from their

nations. Administrative openness could be decreased if the public interface utilized

has restrictions on the type of project or nationality of the end user. Economic open-

ness could also be decreased dependent on the resources and technical capabilities of

the end user and whether funding sources are available for integration services.

The fully private pathway currently provides relatively high administrative open-

ness and relatively lower economic openness. Currently this pathway is smaller, or

there are less methods and platforms to utilize this pathway by, relative to the other

forms of access. On the administrative dimension, this pathway has high adminis-

trative openness because access is much less restrictive on the basis of nationality.

However, this also means that without public funding, access is limited to those who

can afford it or privately obtain funding, thus limiting economic openness. Economic

openness can increase dependent on an end user’s ability to obtain private funding or

if they have the internal capacity to utilize less integration services. Administrative

openness can decrease if the private platform is single purpose, limiting the type of

project that can be manifest, or dependent on other domestic regulations.

5.2.5 Monitoring System Forms

Through systems architecture analysis methods, the current microgravity research

ecosystem was categorized into the different stakeholder categories and forms of ac-

cessibility were identified and evaluated along the proposed metrics of accessibility.
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Utilizing the systems architecture methods enables abstraction of the the complex

socio-technical system presented in Section 5.1 and evaluation of the system func-

tions that affect accessibility for end users. To continue to monitor accessibility of

the ecosystem, in the next chapter we look towards how such methods and evaluation

metrics can be applied towards the future microgravity research ecosystem.
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Chapter 6

Future Microgravity Research

Ecosystem and Accessibility

This chapter extends the prior discussion by analyzing what the future microgravity

research ecosystem may look like. Based on information collected from interviews

and public documentation, conferences, and meetings, we present a non-exhaustive

snapshot of what the future ecosystem may look like. The systems architecture

analysis is updated to reflect new stakeholder categorizations and changes in the

forms of accessibility. These new pathways are again evaluated along the metrics of

accessibility to measure how they might foster participation in microgravity research

from non-traditional user groups.

6.1 Snapshot of the Future Ecosystem

6.1.1 ISS Operations

In the past decade, the operational life and U.S. directed funding for the ISS has

been repeatedly extended. Currently NASA spends about $3 - $4 billion annually

to maintain and support ISS operations [64]. The 2018 U.S. President’s Budget

Request proposed ending direct federal support of the ISS in 2025 with the goal of

turning operations over to commercial entities and increasing growth in a commercial
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Low Earth Orbit (LEO) economy [64, 106]. While the 2020 Budget Request for

NASA no longer proposes an end date for federal funding, it does envision commercial

capabilities on the ISS and new orbital commercial facilities in LEO [107]. The

budget also requests $150 million to stimulate the commercial LEO economy and

develop “a policy that outlines the specifics on commercial ISS usage and pricing

and ensures that NASA or ISS National Laboratory activities do not compete with

capabilities and services provided by commercial LEO destinations” [107]. Feasibility

studies analyzing what such a commercial LEO economy would look like are currently

underway, but it is likely to still involve government involvement as a customer to

meet research needs [108–110]. The ISS hardware is currently certified until 2028, but

it will eventually reach the end of its lifetime, and crew time will become increasingly

allocated towards space station repairs and maintenance [64]. Beyond the technical

issues involved, there are the social and logistical issues involved around ownership.

While the U.S. does maintain a majority of the operations and resource utilization

allocations for USOS, it does not own all the modules. ESA maintains ownership

over the Columbus module and JAXA maintains ownership of the Kibo module, to

which NanoRacks’s NERP is attached. Additionally, CSA owns Canadarm 2, which

has been essential for station construction, maintenance, and EVAs. Logistically, the

IGA and MOUs the U.S. signed with partner agencies in 1998, have become more

intricate as each partner agency has brought in agreements with their own partners via

multilateral organizations like UNOOSA and commercial entities. In terms of overall

strategy in LEO, within the U.S., NASA and the Departments of State and Commerce

support human spaceflight goals of a continuous American presence in LEO, by NASA

astronauts and private citizens, and expanding commercial opportunities through

international engagement [111].

Symbolically, the ISS has been utilized as an emblem of international cooperation

and human ingenuity by not just ISS partner agencies, but communities all around

the world. The image of the ISS disintegrating towards Earth in de-orbit, controlled

or otherwise, may not only symbolize a break in continuous human presence in space

but also affect the sentiment of international cooperation. Embedding international
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cooperation at the beginning of the planning and life of the ISS offered it a layer of

insulation from U.S. congressional cuts in the 1990s. Given recent statements from

U.S. leadership about the motivation to maintain America’s leadership in space, it’s

possible that international prestige may again play a role in determining the fate

of U.S. involvement in the ISS. International engagement beyond just ISS partners

could not only expand the marketplace for global space commerce, but also help

ensure long term sustainability in LEO since more stakeholders will have a vested

interest in keeping that commons space available for utilization.

6.1.2 Other Proposed Platforms

In the midst of this uncertainty among ISS partner agencies, non-ISS partners and

commercial entities have begun to propose their own space stations. Some proposals

depend on the ISS as a starting point, either through technology demonstration or as

a docking point to begin construction of a new station. Bigelow Aerospace currently

has its Bigelow Expandable Activity Modules (BEAM) attached to the space station

as an expandable habitat technology demonstration for reducing transport volume for

future space missions [112]. Based off of this technology, the firm has also proposed

standalone space stations called B330s and announced a spinoff company to run its

space station operations [113]. It envisions the B330s as fully autonomous space

station capable of housing six crew members, docking with the ISS, and operating as

a free flying commercial platform.

Russia has proposed the Orbital Piloted Assembly and Experiment Complex

(OPSEK) as a third-generation modular space station in LEO. Since the ROS is still

awaiting delivery of more Russian modules, including the Nauka laboratory, OPSEK

could utilize these modules instead. Although OPSEK was initially proposed to be

built off of current ROS elements once ISS retires, extensions of the ISS’s opera-

tional lifetime have spurred discussions that OPSEK will be an entirely new station

launched to a higher latitude that will enable Earth observation of Russia [114,115].

Commentary by the Roscosmos head in 2017 also suggests that currently there are

no plans to separate the ROS segments of the ISS and instead plans for future LEO
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stations should consider different management and investment structures to make it

more efficient [116].

NanoRacks has proposed operating space station outposts by utilizing spent upper

stages of rockets like ULA’s Vulcan Centaur or the Space Launch System. The firm is

part of NASA’s NextSTEP effort to conduct a feasibility study and has proposed that

its outposts could either attach to the ISS or be free-flying, using robotic technology to

outfit the upper stages. NanoRacks currently has a customer base from its payload

integration products and was recently awarded a grant from NASA to study the

future of human spaceflight in LEO [117]. The firm also has a Space Act Agreement

to develop and install Bishop commercial airlock, scheduled to launch in late 2019.

The airlock has been privately financed, aims to increase deployment capacity, and

will be launched by NASA [118,119].

Axiom Space, led by veterans of NASA’s ISS program, has proposed a space

station made up of nodes and modules initially docked with the ISS. Modules in-

clude a habitation module, research and manufacturing module, and window obser-

vatory [120]. Launch of the system has been dependent on whether NASA awards

the firm a dock to begin construction, after which funding rounds may continue [121].

However, recent public comments demonstrate the firm’s plans to have private astro-

nauts on the ISS in late 2020 and the Axiom segment operation by 2023 [122]. Ad-

ditionally, frequent crew and cargo missions will maintain continuous human-tended

operations to support the research themes of human research for exploration, life

and physical sciences, space and earth sciences, commercial R & D, and STEAM

education outreach [122].

In the late 2020s Space Tango also plans to launch the ST-42 as an uncrewed

autonomous orbital platform [123, 124]. A free-flying platform (not docked with an

existing platform), ST-42 will not require docking with the ISS or human-rated envi-

ronmental controls, which may allow for freedom from NASA launch schedules and

reduced overhead and time before customers can access their payloads [123, 125].

Following with some of the research focuses of the TangoLabs currently on the ISS,

ST-42 seems to focus on manufacturing and biomedical applications, emphasizing
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compliance with FDA standards [124,125].

Sierra Nevada Corporation (SNC) is developing the autonomous Dream Chaser

craft for crew and cargo missions to LEO. SNC has an ISS cargo resupply contract

for the Dream Chaser, with flights planned to start in 2021, but the vehicle is being

designed to have an open architecture to allow for free-flying missions and compati-

bility with other future orbital platforms [126, 127]. The Dream Chaser is designed

to launch from a rocket and complete a low-G runway re-entry. SNC emphasizes

the craft’s mission flexibility, data communications capabilities, and quick access to

payloads upon different runways [126,127].

For sub-orbital flights, both Blue Origin and Virgin Galactic plan on developing

capabilities for human-tended payloads. While autonomous payload slots for these

flights have been offered through the NASA Flight Opportunities Program, the reg-

ulatory landscape for NASA-sponsored human-tended research payloads is currently

unclear and may involve input from the FAA’s Commercial Space Transportation

Office [128–131].

Airbus is also planning on installing its Bartolomeo platform external to the

Columbus module through a partnership with ESA. With an unobstructed nadir view

from the ISS, the firm plans to host larger payloads for applications like remote sens-

ing, robotics, and physical sciences from public and private end users [132]. Airbus

offers end-to-end integration services and has partnered with the ISS National Lab

to operate as an implementation partner and offer platform usage [75,133]. The firm

has also partnered with UNOOSA to accommodate a payload from a UN member

state, preferably a developing country [134].

The China Manned Space Agency (CMSA) plans to complete construction of

its China Space Station by 2022 as a long-term habitable space station with multi-

purpose science research facilities [88, 135, 136]. CMSA has also partnered with UN-

OOSA to solicit applications to fly experiments on-board the planned China Space

Station. Any UN member state may apply and the program has already received

42 applications from public and private entities in 27 countries, including the United

States [137]. Designs for the China Space Station may have derived lessons learned
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from the Tiangong program and documentation from the UNOOSA solicitation detail

station structure, experimental hardware, and proposals for basic configuration as-

sembly by 2022 [135]. Additionally, UNOOSA has partnered with the Sierra Nevada

Corporation (SNC) to fly experiment payloads oriented towards the Sustainable De-

velopment Goals on SNC’s developing Dream Chaser space vehicle [138].

6.2 Systems Architecture Analysis

6.2.1 System Context

For the future microgravity research ecosystem, the boundaries of the system remain

the same as the previous analysis to include microgravity research platforms operating

in LEO and below for non-military purposes. With all the new proposals for platforms

and changing operations, this results in the system growing, particularly in quantity

of orbital platforms. However, there also changes in the socio-political and economic

contexts for the future ecosystem.

The United States, ISS partner countries, and China have shown increasing in-

terest in fostering a commercial LEO economy for strategic reasons. Economically

it is beneficial for these countries to foster new marketplaces and economic growth.

If a commercial provider can effective meet the public end user needs, the public

agencies can re-direct funds from operating their own platforms to other efforts. A

global commercial LEO marketplace could also expand the customer base and in-

crease international cooperation engagements. The private sector is also interested

in developing a commercial LEO economy, particularly on the supply of microgravity

platforms. However, some of the main uncertainties for public agencies and private

entities are whether there’s enough demand from non-public end users and whether

a future LEO economy can support the number of platform suppliers that have been

proposed. On the demand side for microgravity research, one of the main concerns

from all end user types is the rate of return on payloads and experiments. Rate of

return is affected by the policies and procedures of the platform provider, any pub-
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lic interface or integration services utilized, and compatibility with different launch

service providers to meet launch frequency needs.

Governmental focus on fostering accessibility seems to be focused on commercial

end users, including startups, but not very oriented towards other non-traditional

partners. In fact when prompted with research goals of evaluating accessibility for

non-traditional partners, most interviewees initially took this to mean startup com-

panies or the just the non-space oriented commercial sector. When further prompted

that in this analysis non-traditional partners include education outreach groups and

emerging space nations, some interviewees pointed out that if a commercial LEO

economy is allowed to grow on both the supply and demand side, overall prices could

be reduced which may decrease some of the cost barriers for non-traditional partners.

While this may or may not result in the future, most of the intentional public policies

and private platforms are being developed to serve the demands of the commercial

sector and not all non-traditional partners.

While national security based platforms are not considered in the system, na-

tional security concerns do affect the political context of the microgravity research

ecosystem. During the development of the ISS, national security concerns influenced

how international partners were brought onto the project and the motivations behind

bringing Russia on as a partner. Today the United States has experienced increasing

political tension with China and NASA is legislatively barred from federally funding

any bilateral projects with China. Meanwhile, China has cooperated with almost

every major public space agency, except NASA, on projects [137]. Increasing the

number of overall international partnerships could not only increase security through

alliance building, but also help ensure sustainability in LEO as more countries will

have a stake in keeping it open and operable for a marketplace and research ecosystem.

6.2.2 System Stakeholder Analysis

The stakeholders are again identified and categorized into primary, secondary, and

tertiary stakeholders, which are shown in Fig. 6-1. Most of the stakeholder cat-

egorizations remain the same. The current stakeholders are still present since none
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have publicly announced or authorized plans to completely withdraw from operations.

While several of the ISS public agencies have publicly discussed a desire to re-direct

funding efforts away from ISS and allow the private sector to provide more services,

they have yet to stop authorizing involvement with the ISS and still maintain multiple

public-private partnerships regarding launch services and private on-ISS facilities.

The biggest change is seen in the number of stakeholders operating as critical

suppliers of research platforms. Additional categories now include single government,

multi-partner, private ISS docked, and private orbital free flying. Single government

represents space station proposals where the current design is wholly owned by sin-

gle government like the China Space Station or Russian OPSEK. The multi-partner

categorization encompasses the current ISS public agencies (from Fig. 5-2). If one

of the single government platform designs evolved to include ownership of a module

by another country, the platform may be re-designated as multi-partner. Private ISS

docked refers to private orbital platforms for which the public designs currently rely

on docking with the ISS for initial construction. Private orbital free flying platforms

don’t necessarily need to dock with the ISS, but may have the capability of docking

with their own modules to become more complex or docking with another orbital

platform. Many of the private platform operators on the ISS or otherwise also aim

to provide integration services as part of their operations.

Similar to the current ecosystem, these end users are tertiary stakeholders because

they benefit as end users from being able to perform microgravity research on plat-

forms and secondary stakeholders because they influence how some of the platform

suppliers design policies and procedures. For the future ecosystem, commercial and

public end users (particularly early adopters) strongly influence the primary stake-

holders as many of the future platform proposals are specifically designed to meet

those end user needs. For example Space Tango’s ST-42 proposal is oriented towards

mission specific research and materials manufacturing goals. The firm is already

taking into account FDA regulations on production processes to meet the needs of

possible pharmaceutical customers [124, 125]. At least from public documentation

and commentary, Axiom’s space station designs seem to have evolved from hotel and

106



Multi-partner
(NASA, ESA, JAXA, 
Roscosmos, CSA)

Critical suppliers 
of research 
platforms

Single 
Government
(CMSA, Russia)

Parabolic Flight
(ZERO-G, Novespace, 

JAXA, Russia, etc)

Sub-orbital Flight
(Blue Origin, Virgin 

Galactic)

Private on-ISS facilities
(BioServe, Made in Space, NanoRacks, 

Space Tango, STaARS, TechShot, Teledyne 
Brown, ICECubes, Airbus, etc.)

Transport 
vehicles

Commercial Transport
(SpaceX, Northrup Grumman)

Public Transport
(Energia, JAXA)

Public Policy 
Makers

Legislative Body
(Congressional committees, 

parliamentary bodies)

Executive Body
(National Space 

Council, etc)

Regulatory Body
(FCC, ITU, FAA, FDA, 

State Dept.)

Commercial End 
Users

Product R&D Life Sciences Remote Sensing Entertainment/Promotion

Public End 
Users

Space oriented agencies
(DoD, NASA SLPSRA, HRP, AES, STMD)

Non-space oriented agencies
(NIH, FDA, NSF)

Integration 
Services Domain Specific End-to-End 

Services
Partial Services

(Experiment prep, regulatory, 
data/comms/power handling)

Funding 
Entities

Governmental
(ISS Space Agencies, NASA Flight 

Opps, NASA SBIR, ISSNL)

Private
(VC, private equity)

Non-orbital 
Platforms

Drop towers
(ZARM, NASA, JAXA)

Parabolic Flight
(ZERO-G, Novespace, 
JAXA, Roscosmos, etc)

Sub-orbital Flight
(Blue Origin, Virgin Galactic)

Academic K-12 Undergraduate

Space Academic Research 
(graduate and above)

Startups Technology Demonstration R&D Remote sensing

Outreach Public outreach

International Non-ISS Space Agencies Emerging Space Nations

Legend

Tertiary
Secondary
Primary

Public 
Interfaces

Domestic
(ISS NL, NASA Flight Opps, NASA 
Sounding Rocket Program, TRISH)

International
(UNOOSA, APRSAF)

Non-space and early 
career academic

Commercial End 
Users Product R&D Life Sciences Remote Sensing Entertainment/Promotion

Public End 
Users

Space oriented agencies
(DoD, NASA SLPSRA, HRP, AES, STMD)

Non-space oriented agencies
(NIH, FDA, NSF)

Space Academic Research 
(graduate and above)

Private ISS Docked
(Bigelow, Axiom,)

Private Orbital Free Flying
(NanoRacks, Space Tango, SNC)
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entertainment services to also having modules purposed towards research and man-

ufacturing and extending the overall capacity of the ISS [120, 122]. Looking at a

broader scale in analysis, public comments from space agency officials and intervie-

wees reflect that the demand for microgravity research from these types of end users

is one of the biggest uncertainties and barriers to having a sustainable commercial

marketplace in LEO with minimal government involvement [109,139].

6.2.3 Forms of Accessibility

The forms of accessibility discussed in the last chapter (Fig. 5-3) largely remain

the same and are repeated in Fig. 6-2 below for clarity. As the future micro-

gravity research ecosystem currently stands, forms of access, or pathways, can still

be categorized as purely governmental/public, mixed public/private, and fully pri-

vate/commercial. Funding-wise, there may be a larger number of private funding

entities with interest in financing microgravity research projects for the private sec-

tor [140]. While there is projected to be an increase in the number of orbital platforms,

this does not necessarily change the pathways end users will utilize to develop their

project. What may change is whether end users have to utilize distinct public inter-

faces or integration services within the pathway, since more platform providers are

proposing to offer in-house integration services. The speed by which an end user can

progress through the pathways may also increase due to increased launch frequency

and the freedom free flying platforms have from ISS schedules. The relative size of

the mixed public/private and fully private/commercial pathways is also projected to

increase due to an increase in the number of private platform operators and the re-

liance of some on public-private partnerships. It’s possible that mixed public/private

and fully private/commercial pathways will involve reduced costs for end users, but

this is largely dependent on the amount of future demand.
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Figure 6-2: Forms of Accessibility - Pathways end users and beneficiaries utilize to
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pathway types.
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6.2.4 Evaluate System Forms

The metrics of accessibility are again utilized to evaluate the future forms of access.

Fig. 6-3 presents the different pathways evaluated for economic and administrative

openness. The pathways are mapped onto the quadrants that align with how that

pathway fosters openness. Tails extend out from the pathway circles to capture the

variability and nuance within the pathways. The size of the circles represent the gross

amount of methods for end users to utilize that pathway relative to each other.

In contrast to the previous analysis, the purely governmental pathway is split into

single government and multi-partner governmental to distinguish the differences in

administrative openness between the two types of platform providers that could be

involved. A multi-partner governmental pathway (2) mostly closely resembles the

purely governmental pathway in the previous analysis. This pathway has relatively

high economic openness, but only by working through one of the governmental path-

ways or being a citizen of one of those governments. Administrative openness can

also decrease depending on internal government funding mechanisms, processes, and

schedules. A single governmental pathway resembles the pathway that would be taken

to use a public platform like the China Space Station or Russian OPSEK. Adminis-

trative openness is further decreased in this pathway since just one government acts

as a gatekeeper for access. For a platform like the China Space Station which has a

partnership with UNOOSA and has desires to cooperate with other space agencies,

administrative openness could increase.

The mixed public/private pathways has relatively high economic and adminis-

trative openness. This pathways has characteristics similar to that in the previous

analysis. Administrative openness is increased relative to the governmental pathways

since there would be more flexibility on the nationality of an end user developing

the project and end users would not be restricted to as strict government schedules

and procedures. Additionally for future sub-orbital and orbital platforms, it is as-

sumed that the platforms will have increased capabilities for a human presence. If

a private platform is involved, there could be less restrictions on the nationality of
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the private astronaut by avoiding government ITAR and export control restrictions.

However depending on the nature of the public-private partnerships made, admin-

istrative openness could also decrease dependent on the portion of public funding

used and if the public platform is utilized. Economic openness could also decrease

depending on the capabilities of the end user, previous experience with microgravity

research, and fund raising opportunities from public and private entities. The most

significant change from the previous analysis is the size of this pathway. A majority

of the proposals for future platforms either currently utilize a public-private partner-

ship or rely on docking with the ISS. For the proposals that have current operations,

many of their science and education related payloads utilize some level of funding

and coordination from a public interface. Relative to the other pathways, the mixed

public-private pathway may be more likely to be utilized by end users in the future.

Also similarly to the previous analysis, the fully private/commercial pathway has

relatively high administrative openness and low economic openness. This pathway

would have more administrative openness than the mixed public/private pathway

since it would not be bound by any governmental schedules or procedures and possibly

less export control. However, this pathway could also vary to low economic openness

if the private platforms only served specific types of payload projects. While this

pathway could be open to any type of end user, it is also only open to any type of

end user that can afford it. But in contrast to the previous analysis, the fully private

pathway could also vary to have high economic openness. If there is enough demand

present to foster a competitive marketplace, it’s possible that prices could decrease

for all types of end users, thereby increasing economic openness.

6.3 Conclusions

To assess accessibility in the microgravity research ecosystem for non-traditional part-

ners (startups, non-NASA and early career academics, emerging space nations, and

education outreach groups), metrics of economic and administrative openness were

proposed. Systems architecture methods were utilized to analyze the stakeholders,
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Figure 6-3: Evaluation of Future Forms of Access

functions, and forms that emerge in the ecosystem to meet different stakeholder ob-

jectives. From this analysis, general findings about the research ecosystem were

observed and different forms of access, or pathways were identified. Using the ac-

cessibility metrics these pathways were evaluated for whether their characteristics

engender openness. The evaluation found that different public, public/private, and

private pathways exist for different types of end users to gain access to micrograv-

ity research platforms. For now and the near future, mixed public/private pathways

seem to foster relatively high economic and administrative openness. There exists

future opportunities for private pathways to reach this same level of accessibility,

but as proposals stand now, this is could be dependent on whether private fund-

ing opportunities, such as philanthropic programs, exist for non-traditional users to

use for funding. Otherwise, some level of public funding is needed to interface with

non-traditional partners, provide them the resources to use some level of integration

services, and manifest their projects. Both primary stakeholders and public interfaces

can also increase awareness of the pathways that do currently exist. Often, public

documentation of successful projects from non-traditional partners failed to simply

list the public interfaces, funding mechanisms, and partnerships involved to make the
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project successful. Better dissemination of such information about the different entry

points end users can use to enter a pathway can lead to more utilization.

Even though many interviewees took the phrase “non-traditional partners” to

only refer to commercial end users or non-space oriented public agencies, almost all

recognized the importance of maintaining pathways for STEM education and out-

reach groups. Whether it be to meet a public agency mission, grow a future STEM

workforce, or simply demonstrate corporate social responsibility, there appears to be

some level of commitment among stakeholders to maintain and foster pathways for

these user groups. For emerging space nations many economic barriers to access still

exist; however, public interfaces and public-private partnerships offer opportunities

to foster administrative openness.

The metrics of economic and administrative openness were proposed to capture

different aspects of accessibility in the microgravity research marketplace. Using

systems architecture methods, the metrics were used to analyze forms of access, but

the metrics can also be utilized to evaluate the systems at a lower or higher scale. For

example, previous work utilized the metrics to analyze research platform suppliers

themselves and the overall marketplace [141]. However the metrics don’t necessarily

reflect some of the more nuanced and temporal based changes in pathways from the

current to future ecosystem. Future opportunities exist to either refine the forms

of access identified or add more dimensions to the accessibility metrics. Such other

dimensions could include the amount of time it takes for an end user to execute a

project or the level of technical openness for an inexperienced end user.

The ISS and other current microgravity platforms provide a variety of research

opportunities for user bases across the world. In the midst of discussions about how

this ecosystem might change in the future, there have been a variety of proposals from

commercial and governmental organizations for future microgravity platforms. As this

complex ecosystem continues to evolve, assessing whether the emergent pathways of

access actually align with the needs and objectives of end user groups is critical to

optimizing the research ecosystem. Primary stakeholders and public policy makers

can utilize the stakeholder categories, forms of access, and accessibility metrics as
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a common reference to analyze and evaluate microgravity research. Analyzing the

current and future accessibility of the microgravity research ecosystem is not only

ethically important, but also critical to inspiring and educating future generations.

Furthermore, accessibility to communities across the globe can engender international

cooperation for a global marketplace and for future space endeavors that no one

country could accomplish on its own. The “spaces in space” that we operate in are

evolving dramatically. Thinking about accessibility now is important to help ensure

it for the future of all humankind.
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Chapter 7

Conclusion

7.1 Research Summary

This thesis investigated the utilization of new metrics for studying human-machine

interfaces and systems at a micro and macro scale. At the micro scale, we investigated

how humans may strategize to move their bodies in order to complete a agility-based

running tasks. For a slalom course, an optimal control model was formulated to ana-

lyze the characteristics of an optimal path trajectory to complete the task as quickly

as possible. Opportunities to improve the model were informed by the utilization of a

“micro” system - wearable IMU devices. While the path trajectories estimated from

these devices have limitations, IMUs offer opportunities to measure human movement

in natural operation environments, instead of a controlled laboratory setting. In the

context of space exploration, such natural environments could also include planetary

surfaces with reduced gravity. To evaluate how locomotion might change in such

conditions, the optimal control model was used to investigate how an optimal path

trajectory would change while completing the slalom task in reduced gravity. The

results demonstrated that as gravity decreased, it would take a human more time

to complete the task and the curvature about turning regions would decrease (wider

turns). The results and limitations of the model in nominal and reduced gravity con-

ditions demonstrated the strong influences gravity and ground reaction forces have

on the path trajectories humans can execute.
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Investigating some of the limitations of the optimal models depended on having

experimental trajectories estimated from the IMUs as a platform of measurement.

But the positional trajectory estimates from the IMUs are also limited due to drift

error. Reflecting on how the curvature of the path trajectories decreased as gravity

decreased, the metric of integrated curvature was proposed for analyzing the path

trajectories of humans completing an agility task. The feasibility of using this metric

was analyzed via a pilot study of another agility-based running task. Along with other

common metrics of characterizing agility and path trajectories (task completion time

and path length), the integrated curvature metric was evaluated using both optical

motion capture and wearable IMU measurement platforms. The pilot study results

demonstrated that subject performance in terms of completion time, path length,

and integrated curvature could depend on whether a subject had a priori knowledge

of the task goal and the structure of the task. While there may be some differences

between the magnitude of the motion capture-based and IMU-based integrated cur-

vature, these differences could be dependent on how the trajectories are smoothed

and how subjects stutter step right before being cued to their task goal. Furthermore,

the results demonstrate that there are opportunities to leverage the integrated cur-

vature metric via the wearable IMU measurement platform to make decision-making

conclusions.

Wearable IMUs offer a measurement platform that could be utilized in natural

field settings, including reduced gravity planetary environments. But in order to

test out and improve metrics for IMUs in these conditions, we require access to

reduced gravity research platforms. Accessibility to microgravity platforms is complex

and dependent on a variety of factors beyond just financial costs. And just as it is

important to use human performance measurement platforms and metrics that can

be leveraged in different operational environments for generalized user populations,

it also important that access to microgravity research platforms is available for non-

traditional partners. Non-traditional partners include users like startups, non-NASA

and early career academics, emerging space nations, and education outreach groups.

In order to capture the complexities and nuances behind accessibility for end users
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in the microgravity research ecosystem, new metrics of economic openness and ad-

ministrative openness were proposed. The current and future microgravity research

ecosystems were surveyed using case study research methods. Systems architecture

methods were utilized to analyze the stakeholders and forms of access (pathways)

present in the ecosystem. The pathways were then evaluated using the new accessi-

bility metrics. Analysis demonstrated that mixed public/private pathways can foster

relatively high economic and administrative openness, but these levels of openness

can decrease dependent on the capabilities and type of the end user and the type of

funding sources used at different stages of the pathway. Opportunities exist to refine

the accessibility metrics and add new dimensions of analysis. Whether it be for a

technology at the micro-scale, like wearable devices, or at the macro-scale for a large

complex ecosystem, like microgravity research, by refining metrics and examining

platforms now, we can help ensure accessibility to these systems for any type of user

in the future.
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Appendix A

State Dynamics and Derivation of

Ground Reaction Force Constraint

The following derivation is included in prior work [142] and is utilized in formulating

the optimal control model in Chapter 2. The ground reaction force constraint was

derived with assistance from Dr. Noel Perkins (co-author on [142]).

The state dynamics of the agility run optimal control problem extended from the

method used by Flash and Hogan [5] are defined as follows:

x′(t) = vx(t)

y′(t) = vy(t)

v′x(t) = ax(t)

v′y(t) = ay(t)

a′x(t) = jx(t)

a′y(t) = jy(t)

(A.1)

In evaluating how a subject running an agility run task minimizes time, one hypothe-

sis would be that they can minimize time if they can maximize the horizontal ground

reactions on their feet. That is, they can reach the finish line faster if they can gener-
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ate greater accelerations (both on the turns as well as the straightaways). However,

there is also an upper limit to those ground reactions as determined by the available

traction between the ground and their shoes.

Here the subject is simply modelled as a particle (say mass m) subject to horizon-

tal ground reactions both tangential and normal to the particle path. Newton’s law is

~F = Ftêt + Fnên = m
(dv
dt
êt +

v2

ρ
ên

)
(A.2)

where (Ft, Fn) are the components of the horizontal ground reactions tangential and

normal to the path defined by the unit vectors (êt, ên), v is the instantaneous speed,

and ρ is the instantaneous radius of curvature of the path. If we further assume that

the resulting horizontal ground reaction is bounded by the friction limit, then

√
F 2
t , F

2
n = m

√[dv
dt

]2
+
[v(t)2

ρ

]2
≤ µmg (A.3)

where µ denotes some effective coefficient of friction.

By simplifying Equation A.2, the ground reaction force constraint reduces to

[dv
dt

]2
+
[v(t)2

ρ

]2
≤ (µg)2 (A.4)

where

v(t) =
√
x′(t)2 + y′(t)2 (A.5)

and

ρ =
[x′(t)2 + y′(t)2]

3
2

x′(t)y′′(t)− y′(t)x′′(t)
(A.6)
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For nominal conditions

g = 9.8
m

s2

µ = 0.45

(A.7)

For martian gravity

g = 3.71
m

s2
(A.8)

For lunar gravity

g = 1.622
m

s2
(A.9)
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Appendix B

IMU Device Characteristics

B.1 Device Specifications

Figure B-1: Sensor Characteristics of IMUs. Devices are APDM Opal wearable de-
vices, version 2.

B.2 Vicon Marker Plate Design
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Figure B-2: Vicon marker plate design for foot IMU. Reflective markers were affixed
to the top of the trapezoid and at the bottom left and right corners.
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Figure B-3: Vicon marker plate design for sacrum IMU. Reflective markers were
affixed at each corner of the triangle.
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Appendix C

Pilot Study ANOVA Models

  Source     Sum Sq.   d.f.   Mean Sq.     F      Prob>F
--------------------------------------------------------
  X1         0.5897      1    0.5897     358.19   0.0336
  X2         0.11515     3    0.03838     11.72   0.0365
  X3         0.00935     1    0.00935      2.97   0.2823
  X1*X2      0.02114     3    0.00705      3.99   0.1429
  X1*X3      0.00165     1    0.00165      0.93   0.4057
  X2*X3      0.00982     3    0.00327      1.85   0.3127
  X1*X2*X3   0.0053      3    0.00177      1.03   0.3833
  Error      0.10935    64    0.00171                   
  Total      0.86145    79                              

Analysis of Variance

Constrained (Type III) sums of squares.

Figure C-1: ANOVA table of completion time metric. X1 refers to the factor of trial
type, X2 refers to cone, and X3 refers to subject.
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  Source        Sum Sq.   d.f.   Mean Sq.     F     Prob>F
----------------------------------------------------------
  X1            0.03509     1    0.03509     1.92   0.3978
  X2            0.4999      3    0.16663    44.41   0.0055
  X3            3.4393      2    1.71965     6.3    0.1369
  X4            0.0492      1    0.0492      0.17   0.716 
  X1*X2         0.00774     3    0.00258     0.7    0.6131
  X1*X3         0.01574     2    0.00787    12.51   0.074 
  X1*X4         0.01825     1    0.01825    26.14   0.7748
  X2*X3         0.24531     6    0.04089     7.02   0.0159
  X2*X4         0.01126     3    0.00375     0.64   0.6423
  X3*X4         0.5457      2    0.27285    97.31   0.0741
  X1*X2*X3      0.05303     6    0.00884     2.43   0.1523
  X1*X2*X4      0.0111      3    0.0037      1.02   0.4476
  X1*X3*X4      0.00126     2    0.00063     0.17   0.8449
  X2*X3*X4      0.03494     6    0.00582     1.6    0.2912
  X1*X2*X3*X4   0.02184     6    0.00364     2.78   0.0129
  Error         0.24585   188    0.00131                  
  Total         5.33009   235                             

Analysis of Variance

Constrained (Type III) sums of squares.

Figure C-2: ANOVA table of analysis for path length comparisons using Vicon-based
estimates. X1 refers to the factor of trial type, X2 refers to cone, X3 refers to body
location, and X4 refers to subject. Four samples were excluded from analysis due to
dropout of the Vicon markers on the left heel beyond the 0.85m boundary mark.
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  Source     Sum Sq.   d.f.   Mean Sq.     F      Prob>F
--------------------------------------------------------
  X1          781.9      1    781.897    190.67   0.046 
  X2          192.73     3     64.243    148.65   0.0009
  X3           11.52     1     11.52       7.24   0.7107
  X1*X2        29.83     3      9.944      3.38   0.172 
  X1*X3         4.1      1      4.101      1.39   0.3228
  X2*X3         1.3      3      0.432      0.15   0.9252
  X1*X2*X3      8.83     3      2.942      1.28   0.2892
  Error       147.25    64      2.301                   
  Total      1177.45    79                              

Analysis of Variance

Constrained (Type III) sums of squares.

Figure C-3: ANOVA table of analysis for sacrum integrated comparisons using Vicon-
based estimates. X1 refers to the factor of trial type, X2 refers to cone, and X3 refers
to subject.

  Source           Sum Sq.      d.f.     Mean Sq.        F      Prob>F
----------------------------------------------------------------------
  X1             504658692.09     1    504658692.09      0.98   0.5034
  X2              78204875.33     3     26068291.78      4.32   0.1301
  X3             428208199.75     1    428208199.75    256.72   0.0397
  X4             603334031.4      1    603334031.4       1.22   0.4809
  X1*X2          113464003        3     37821334.33      1.7    0.3362
  X1*X3          227376338.49     1    227376338.49   8815.79   0.0068
  X1*X4          515532112.42     1    515532112.42     30.13   0.0427
  X2*X3           91318899.72     3     30439633.24      2.45   0.2403
  X2*X4           18082506.99     3      6027502.33      0.2    0.8894
  X3*X4            1667997.06     1      1667997.06      0.22   0.7216
  X1*X2*X3       189677184.79     3     63225728.26     12.83   0.0323
  X1*X2*X4        66610491.97     3     22203497.32      4.51   0.124 
  X1*X3*X4           25791.95     1        25791.95      0.01   0.9472
  X2*X3*X4        37238133.73     3     12412711.24      2.52   0.2339
  X1*X2*X3*X4     14779045.59     3      4926348.53      0.33   0.8024
  Error         1752260723      118     14849667.14                   
  Total         4859934189.19   149                                   

Analysis of Variance

Constrained (Type III) sums of squares.

Figure C-4: ANOVA table of analysis for Dunsmooth. X1 refers to the factor of trial
type, X2 refers to cone, X3 refers to body location, and X4 refers to subject. Four
samples were excluded from analysis due to dropout of the Vicon markers on the left
heel beyond the 0.85m boundary mark. Six samples were excluded from analysis due
to issues with calculating IMU-based integrated curvature.
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  Source          Sum Sq.      d.f.    Mean Sq.      F     Prob>F
-----------------------------------------------------------------
  X1              57232970.9     1    57232970.9    0.62   0.5751
  X2              97372764.6     3    32457588.2    1.38   0.3997
  X3              44455700.9     1    44455700.9    0.86   0.5233
  X4              91430883       1    91430883      1.26   0.6546
  X1*X2           35761857.7     3    11920619.2    2.02   0.2887
  X1*X3              83395.9     1       83395.9    0      0.9785
  X1*X4           92131169.7     1    92131169.7    1.21   0.4586
  X2*X3           29783079.9     3     9927693.3    0.54   0.6873
  X2*X4           70781041.1     3    23593680.4    1.1    0.4534
  X3*X4           51480641.6     1    51480641.6    0.58   0.5509
  X1*X2*X3        15758306.7     3     5252768.9    1.81   0.3187
  X1*X2*X4        17675768       3     5891922.7    2.03   0.2874
  X1*X3*X4        73051217.5     1    73051217.5   24.85   0.0139
  X2*X3*X4        55159023.6     3    18386341.2    6.34   0.0817
  X1*X2*X3*X4      8694506.3     3     2898168.8    0.39   0.7589
  Error          901826339.3   122     7392019.2                 
  Total         1691683052.2   153                               

Analysis of Variance

Constrained (Type III) sums of squares.

Figure C-5: ANOVA table of analysis for Dsmooth. X1 refers to the factor of trial
type, X2 refers to cone, X3 refers to body location, and X4 refers to subject. Four
samples were excluded from analysis due to dropout of the Vicon markers on the left
heel beyond the 0.85m boundary mark. Two samples were excluded from analysis
due to issues with calculating IMU-based integrated curvature.
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  Source        Sum Sq.    d.f.   Mean Sq.     F     Prob>F
-----------------------------------------------------------
  X1             40596.8     1    40596.8    11.5    0.1825
  X2              2536.7     3      845.6     1.17   0.4503
  X3             11729.7     1    11729.7     5.88   0.2491
  X4              4465.7     1     4465.7     0.79   0.4715
  X1*X2           3578.9     3     1193       9.53   0.0483
  X1*X3            115.3     1      115.3     0.43   0.6302
  X1*X4           3529.4     1     3529.4    10.41   0.1233
  X2*X3           1539.7     3      513.2     1.8    0.32  
  X2*X4           2169.2     3      723.1     2.03   0.2574
  X3*X4           1996.3     1     1996.3     4.01   0.1574
  X1*X2*X3        4947.9     3     1649.3    30.67   0.0094
  X1*X2*X4         375.6     3      125.2     2.33   0.2529
  X1*X3*X4         267.6     1      267.6     4.96   0.1114
  X2*X3*X4         853.6     3      284.5     5.29   0.1023
  X1*X2*X3*X4      161.3     3       53.8     0.25   0.8593
  Error          25971.3   122      212.9                  
  Total         105716.3   153                             

Analysis of Variance

Constrained (Type III) sums of squares.

Figure C-6: ANOVA table of integrated curvature analysis based on unsmoothed
IMU estimates. X1 refers to the factor of trial type, X2 refers to cone, X3 refers to
body location, and X4 refers to subject. Six samples were excluded from analysis due
to issues with calculating IMU-based integrated curvature.
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  Source        Sum Sq.   d.f.   Mean Sq.     F     Prob>F
----------------------------------------------------------
  X1            0.5295      1    0.5295     57.84   0.0832
  X2            0.43082     3    0.14361     2.01   0.29  
  X3            0.02436     1    0.02436     0.22   0.7205
  X4            0.00461     1    0.00461     0.03   0.8807
  X1*X2         0.31534     3    0.10511     9.15   0.0509
  X1*X3         0.03939     1    0.03939     6.8    0.2331
  X1*X4         0.00915     1    0.00915     0.7    0.4888
  X2*X3         0.16102     3    0.05367     1.88   0.3085
  X2*X4         0.21394     3    0.07131     1.99   0.2579
  X3*X4         0.11051     1    0.11051     3.67   0.1539
  X1*X2*X3      0.01071     3    0.00357     0.85   0.5526
  X1*X2*X4      0.03445     3    0.01148     2.73   0.2161
  X1*X3*X4      0.00579     1    0.00579     1.37   0.3257
  X2*X3*X4      0.08563     3    0.02854     6.77   0.0752
  X1*X2*X3*X4   0.01264     3    0.00421     0.25   0.862 
  Error         2.13243   126    0.01692                  
  Total         4.14505   157                             

Analysis of Variance

Constrained (Type III) sums of squares.

Figure C-7: ANOVA table of integrated curvature analysis based on smoothed IMU
estimates. X1 refers to the factor of trial type, X2 refers to cone, X3 refers to body
location, and X4 refers to subject. Two samples were excluded from analysis due to
issues with calculating IMU-based integrated curvature.
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Appendix D

Sample Field Interview Questions
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Outline of Potential Interview Questions Regarding Microgravity Related Projects  
Christine Joseph 

Space Enabled Research Group, Massachusetts Institute of Technology  
 

• Please describe broadly the current work within your organization  
• Please describe the organizational structure of your organization  
• What is the educational background of the people in the organization  
• What is your educational background and professional experience before joining this 

organization  
• What is your current role and responsibilities in your organization?  
• What other organizations or groups does your organization typically work closely with?  
• Does your organization work on microgravity-related projects? If so, please describe.  
• When did this project begin and what is the timeline?  
• What are the roles and responsibilities within your organization related to microgravity-

related projects? 
• What are the roles and responsibilities of partner organizations related to microgravity-

related projects? 
• How does this project compare with previous organizational experiences? In what ways 

was it similar or different?  
• What are the objectives of the microgravity-related project(s)?  
• What primary needs does your organization seek to address by executing the 

microgravity-related project(s)? What benefits do you see it providing for your 
organization and to the market?  

• In what ways is the microgravity-related project risky – financially, technically, etc?  
• What aspects of the microgravity-related project are less risky?  
• How would you describe the overall culture of your organization?  
• How would you describe the culture within parts of your organization working on 

microgravity-related projects?  
• How do microgravity-related projects fit within the strategic plan and mission of your 

organization?  
• What capacity-building successes and challenges have you encountered for 

microgravity-related projects? Are these unique to microgravity-related projects and 
how so?  

• What future capacity-building successes and challenges do you anticipate?    
• Who do you see as your peers within the market? 
• How do you view your organization’s place within the microgravity research ecosystem?  
• Do you anticipate a shift in the microgravity ecosystem and if so what? What are your 

organization’s plans to respond to this?  
• Is there anything else you want to tell us about the microgravity-related project?  

Figure D-1: Copy of the sample field interview questions distributed to interviewees.
Some emergent or topic specific questions were additionally asked based on an inter-
viewees particular experience or the course of the conversation.
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Appendix E

Socio-technical Milestones in ISS

Development

The ISS is the single largest and most expensive human construction project. An

international endeavor, the ISS has been continuously occupied by humans since 2000.

International partners include the USA, Russia, Canada, Japan, and the European

Space Agency (ESA) member countries and as of June 2018, individuals from 18

different countries have visited the station [143]. Although main construction of the

ISS ran from 1998 to 2011, the origins of its development can be traced to the founding

charter of NASA.

The National Aeronautics and Space Act of 1958, which formally established

NASA, stated that one of the objectives of the newly created agency was ”Cooper-

ation by the United States with other nations and groups of nations in work done

pursuant to this Act and in the peaceful application of the results, thereof;” (Sec

102 (c)(7)) [144]. In the post-Apollo era, such cooperation engagements evolved

from ”data exchange, working together on scientific projects and providing launch

services for the scientific satellites of other countries” to directly involving foreign

partners in providing critical human spaceflight hardware [145]. In late 1969, NASA

asked Canada, Europe, and Japan to consider options of participating in post-Apollo

human spaceflight. Ultimately, Canada agreed to develop and provide the Remote

Manipulator System (Canadarm 1) for the space shuttle and Europe agreed to the
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option of providing a Research and Applications Module (later called SpaceLab) for

the shuttle. Setbacks in projected usage of the shuttle and development delays meant

that ESA – established in 1975 – never recouped the development costs of SpaceLab

and resulted in some tensions between NASA and ESA [145]. Nevertheless, these

post-Apollo cooperation agreements proved that Canada and Europe could manage

and build human spaceflight-rated hardware projects. Beyond the experience gained

in systems engineering, management and technical knowledge, both these regions

and the U.S. gained more confidence in their respective spaceflight capabilities. Such

hardware successes contributed to Canada and Europe’s ability to approach later

cooperative discussions on a more equitable footing.

In 1981, President Reagan nominated James Beggs as NASA administrator and

Hans Mark as deputy administrator. At their confirmation hearing, Beggs and Mark

announced intent for a permanent, human-tended space station as the next major and

logical goal in space [145, 146]. Different NASA field centers had conducted studies

on possible space station missions and configurations, but an official program had

yet to receive approval. In November 1981, a NASA-wide workshop was held on

space station planning, in which international participation and cooperation figured

significantly in the discussions [145]. A Space Station Task Force, headed by John

Hodge, was formally created in May 1982 and possible international partners were

encouraged to run their own requirements studies. In August 1982, NASA awarded

contracts to U.S. aerospace firms to conduct independent and parallel requirements

analysis studies for a space station. The firms received some pushback from the

Department of Defense, however, when they began exploring options for cooperating

with foreign firms due to arms control and technology transfer issues. Following

such pushback, NASA international affairs officials (Kenneth Pederson and Margaret

Finarelli) continued to move forward with the task force, but tactfully chose not to

emphasize international involvement in external advocacy discussions in order to avoid

resistance from other agencies [145]. In 1982, NASA unsuccessfully sought President

Reagan’s approval to embark on a space station project. Reagan’s July 1982 space

policy address transferred space policy leadership from the Office of Science and
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Technology Policy to the National Security Council (NSC). Fortunately for space

station proponents the space policy representative in the NSC, Air Force Colonel

Gil Rye, had participated in the NASA space station workshop in 1981 and believed

that building a space station was critical for U.S. national security in the Cold War

era [145,147].

From 1982 to 1984, NASA officials again sought presidential endorsement of a

space station, through prescribed working groups and direct discussions with the

president and his advisors that were facilitated by Rye [145, 147, 148]. Eventually

officials were successful in gaining Reagan’s approval. In his 1984 State of the Union

address, Reagan not only announced the decision to build the space station, but also

invited international participants. Discussions by top national security, NASA, and

State department officials right before the address facilitated the inclusion of inter-

national cooperation in the speech and bypassed the bureaucracy of policy papers,

assessments, and inter-agency meetings that would typically accompany such an an-

nouncement [145]. By incorporating the international element into Reagan’s speech,

officials helped insulate the project from future critics as an attack on the project

would come to be seen as an attack on American international prestige [148].

Even after gaining a presidential endorsement, the space station project faced

an uphill battle of congressional appropriations, competing field center plans, and

difficulty in defining the purpose of the project itself. A development budget for

the station was approved piecemeal each year in the late 1980s and estimated total

costs of the project began to rise over $10 billion. Winter of 1985 began with NASA

leadership changes and sadly ended with the Challenger explosion. The subsequent

findings of the Rogers Commission and Augustine Commission, along with Hubble

difficulties highlighted management issues within NASA and drove a desire to scale

back or even cancel the space station program within Congress [149,150]. In 1991 and

1993, the space station project, now called ”Freedom”, narrowly won congressional

votes for continued funding. Although individual representatives may have opposed

the project, lobbying from aerospace firms, interests of constituent states with NASA

centers, and a stake in international prestige helped save the project. In the late
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1980s, MOUs had been signed with Canada, Europe and Japan for engagement in

the project and by the early 1990s, these partner countries had already spent $1.6

billion between them on Freedom. Canceling the project would not only be viewed as

an affront to these international partnerships but also a waste of NASA dollars that

had already been spent [148].

In the midst of these troubles for the space station in the U.S., political winds

were shifting on the other side of the globe. The year 1991 marked the dissolution of

the Soviet Union and the beginning of financial, logistical and technical troubles for

the newly formed Russian Space Agency (RSA). The RSA was dealing with a sudden

loss of funding, revolts at their remote launch site in Kazakhstan, old Mir hardware,

and conflicts over the construction of Soyuz hardware. In June 1992, NASA chief

Dan Goldin and RSA head Yuri Koptev met and discussed possible solutions for

each other’s problems - NASA needed increased momentum and funding to keep the

space station project going and Russia still maintained most of its spaceflight supply

capacity [148]. In 1993, station redesign recommendations by the Vest Committee

contained proposals to include Russia in the planning and building of the station. In

September that year, Vice President Al Gore, Russian Prime Minister Victor Cher-

nomyrdin, and the respective space chiefs signed a deal for Russia to be involved in

the space station, renaming the project International Space Station Alpha [151–153].

Building off of previous collaboration from the Apollo-Soyuz Test Project, Phase One

of the program involved Shuttle-Mir collaborations that helped define and establish

the technical logistics of the two programs working together [154]. The deal not only

helped keep the space station program alive, but was beneficial for foreign policy

interests to stabilize relations with Russia as a whole.

In 1995, Boeing signed a $5.6 billion deal for the prime ISS contract and Johnson

Space Center (JSC) was designated as leader of the project. Following NASA suc-

cesses with fixing the Hubble Space Telescope and public support after the release of

the feature film Apollo 13, NASA chief Goldin sought and won a multi-year authoriza-

tion of the space station program [148]. Doing so assured long-term funding for the

proposed station construction years and satisfied international pressure to continue
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the project. Following approval of the multi-year authorization in the U.S., ESA also

voted to continue support of the ISS. In January of 1998, the ISS Intergovernmen-

tal Agreement (IGA) was signed between the U.S., Canada, member states of ESA,

the government of Japan, and the Russian Federation on the cooperation of the civil

International Space Station [65].

In November 1998, the Zarya module was launched by Russia as the first segment

of the ISS [155]. Financed by the U.S. and built by Russia, the control module had

been plagued by delays. Two weeks later, the U.S. built Unity node was launched

from a space shuttle (STS-88) and docked with Zarya. Following another two-year

delay, the Russian developed Zvezda Service Module was launched and docked with

Zarya-Unity. The service module provided a central hub to the ISS with engines,

docking ports, life support, and living quarters [155]. Its addition enabled the station

to be permanently inhabited by a crew. In October 2000, Expedition One crew

entered the ISS, marking the beginning of continued human habitation in space.

The following years saw continued crew residencies and module additions of labo-

ratories, nodes, Canadarm 2, trusses, and solar arrays. However, the Columbia shuttle

disaster resulted in a two-year stand down of ISS construction and downsizing of the

final station plans. After shuttle launches restarted in 2005, additional modules from

the partner countries and support structures were added until the main ISS construc-

tion was completed in 2011 [69, 155, 156]. The ISS program has been an enterprise

over 30 years in the making. Bringing the program to fruition depended not only on

the technical expertise and capability to design and build spaceflight hardware, but

also the leadership of driven individuals, international commitment, and the nature

of funding governmental space programs. The leadership and focus of individuals like

Beggs, Mark, Hodge, Pedersen, Finarelli, and Rye secured presidential endorsement

at the onset of the program while also tactfully addressing national security concerns.

The efforts of subsequent NASA leaders, particularly Dan Goldin, played a significant

role in maintaining funding for the project as it advanced from a development project

to NASA’s next major project in human spaceflight. The inclusion of international

cooperation at the very beginning of space station planning enabled the program to
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utilize foreign funding and capabilities in development and also provide a layer of

programmatic protection in the form of preserving America’s reputation at the inter-

national stage. By taking advantage of early endorsement from top policy officials and

fostering relationships biased towards continued cooperation among technical experts

across borders, the ISS program leveraged international engagement for its continued

development [145]. Although the funding mechanisms within NASA and among ESA

member states often put the ISS program at the peril of Congress, such mechanisms

paradoxically also ensured the space station’s continued development, lest the eco-

nomic throughput of certain states and the international standing of America to lead

in human spaceflight be put at stake. These socio-technical influences drove the com-

pletion of the International Space Station and continue to influence the ecosystem in

which the ISS operates as the major microgravity research platform.
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Full Stakeholder Analysis
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Usain Bolt in the 100 m sprint,” European Journal of Physics, vol. 34, no. 5,
pp. 1227–1233, sep 2013.

[22] N. P. Linthorne and J. E. Cooper, “Effect of the coefficient of friction of a
running surface on sprint time in a sled-towing exercise,” Sports Biomechanics,
vol. 12, no. 2, pp. 175–185, 2013.

[23] J. K. De Witt and L. L. Ploutz-Snyder, “Ground reaction forces during treadmill
running in microgravity,” Journal of Biomechanics, vol. 47, pp. 2339–2347,
2014.

[24] T. Spiteri, R. U. Newton, and S. Nimphius, “Neuromuscular strategies con-
tributing to faster multidirectional agility performance,” Journal of Electromyo-
graphy and Kinesiology, vol. 25, no. 4, pp. 629–636, aug 2015.

[25] D. Sekulic, A. Krolo, M. Spasic, O. Uljevic, and M. Peric, “The Development of
a New Stop-n-go Reactive-Agility Test,” Journal of Strength and Conditioning
Research, vol. 28, no. 11, pp. 3306–3312, 2014.

[26] E. W. Weissteein, “Curvature.” [Online]. Available: http://mathworld.
wolfram.com/Curvature.html

[27] T. MathWorks, Curve Fitting Toolbox: User’s Guide (r2018a), 2018. [Online].
Available: https://www.mathworks.com/help/curvefit/csaps.html

[28] L. Stirling, C. Eke, and S. M. Cain, “Examination of the perceived agility and
balance during a reactive agility task,” PLoS ONE, vol. 13, no. 6, pp. 1–14,
2018.

[29] E. L. Trist and K. W. Bamforth, “Some Social and Psychological Consequences
of the Longwall Method of Coal-Getting,” Human Relations, vol. 4, no. 1, pp.
3–38, feb 1951.

[30] L. Winner, “Do Artifacts Have Politics?” Daedalus, vol. 109, no. 1, pp.
121–136, 1980. [Online]. Available: http://www.jstor.org/stable/20024652

[31] S. Schindler, “Architectural exclusion: Discrimination and segregation through
physical design of the built environment,” Yale Law Journal, vol. 124, no. 6,
pp. 1934–2024, 2015.

[32] A. Gintzler, “For Women, NASA Space Suit Fit Issues Go Back Decades,”
apr 2019. [Online]. Available: https://www.outsideonline.com/2393334/nasa-
astronaut-spacesuit-women

[33] E. Benson and S. Rajulu, “Complexity of Sizing for Space Suit Applications
BT - Digital Human Modeling,” in International Conference on Digital Human
Modeling, V. G. Duffy, Ed. Berlin, Heidelberg: Springer Berlin Heidelberg,
2009, pp. 599–607.

155

http://mathworld.wolfram.com/Curvature.html
http://mathworld.wolfram.com/Curvature.html
https://www.mathworks.com/help/curvefit/csaps.html
http://www.jstor.org/stable/20024652
https://www.outsideonline.com/2393334/nasa-astronaut-spacesuit-women
https://www.outsideonline.com/2393334/nasa-astronaut-spacesuit-women


[34] M. Koren, “NASA Space Suits Were Never Designed to Fit Everyone,” The
Atlantic, mar 2019. [Online]. Available: https://www.theatlantic.com/science/
archive/2019/03/nasa-spacesuit-women-spacewalk/585805/

[35] NASA Office of Inspector General, “NASA’s Management and Development
of Spacesuits,” NASA Office of Audits, Tech. Rep., 2017. [Online]. Available:
https://oig.nasa.gov/aboutAll.html.

[36] D. Wood and A. Weigel, “A framework for evaluating national space activity,”
Acta Astronautica, vol. 73, pp. 221–236, apr 2012.

[37] J. van den Hoven, “Value Sensitive Design and Responsible Innovation,” in
Responsible Innovation. Chichester, UK: John Wiley & Sons, Ltd, apr 2013,
vol. 91, no. 2, pp. 75–83.

[38] W. D. Valdivia and D. H. Guston, “Responsible innovation: A primer for poli-
cymakers,” The Brookings Institute, no. May, pp. 1–20, 2015.

[39] A. D. Ketsdever, M. P. Young, J. B. Mossman, and A. P. Pancotti, “Overview
of Advanced Concepts for Space Access,” Journal of Spacecraft and Rockets,
vol. 47, no. 2, pp. 238–250, mar 2010.

[40] Y.-W. Chang, “The first decade of commercial space tourism,” Acta Astronau-
tica, vol. 108, pp. 79–91, mar 2015.

[41] Workgroup of the Strategy and Int, “Europe’s major challenge for the 21st
century: Access to space,” Space Policy, vol. 25, no. 2, pp. 99–108, may 2009.

[42] A. J. Hillman and G. D. Keim, “Shareholder value, stakeholder management,
and social issues: what’s the bottom line?” Strategic Management Journal,
vol. 22, no. 2, pp. 125–139, feb 2001.

[43] D. P. Baron, “Private Politics, Corporate Social Responsibility, and Integrated
Strategy,” Journal of Economics and Management Strategy, vol. 10, no. 1, pp.
7–45, 2001.

[44] T. Donaldson and L. E. Preston, “The Stakeholder Theory of the Corpora-
tion: Concepts, Evidence, and Implications,” Academy of Management Review,
vol. 20, no. 1, pp. 65–91, jan 1995.

[45] A. McWilliams, D. S. Siegel, and P. M. Wright, “Corporate Social Responsibil-
ity: Strategic Implications*,” Journal of Management Studies, vol. 43, no. 1,
pp. 1–18, jan 2006.

[46] P.-P. Verbeek, “Materializing Morality: Design Ethics and Technological Me-
diation,” Science, Technology & Human Values, vol. 31, no. 3, pp. 361–380,
2006.

156

https://www.theatlantic.com/science/archive/2019/03/nasa-spacesuit-women-spacewalk/585805/
https://www.theatlantic.com/science/archive/2019/03/nasa-spacesuit-women-spacewalk/585805/
https://oig.nasa.gov/aboutAll.html.


[47] R. D. Brunner and W. Ascher, “Science and social responsibility,” Policy Sci-
ences, vol. 25, no. 9, pp. 295–331, 1992.

[48] J. H. Moor, “Why We Need Better Ethics for Emerging Technologies,” Ethics
and Information Technology, vol. 7, no. 3, pp. 111–119, sep 2005.

[49] C. S. Greene and P. Miesing, “Public Policy, Technology, and Ethics: Marketing
Decisions for NASA’s Space Shuttle,” Journal of Marketing, vol. 48, no. 3, pp.
56–67, jun 1984.

[50] M. Williamson, “Space ethics and protection of the space environment,” Space
Policy, vol. 19, no. 1, pp. 47–52, 2003.

[51] P. Ehrenfreund, M. Race, and D. Labdon, “Responsible Space Exploration and
Use: Balancing Stakeholder Interests,” New Space, vol. 1, no. 2, pp. 60–72, jun
2013.

[52] M. W. Maier and E. Rechtin, The Art of Systems Architecting, 2nd ed. CRC
Press LLC, 2000.

[53] E. Crawley, B. Cameron, and D. Selva, System architecture: strategy and prod-
uct development for complex systems. Prentice Hall Press, 2015.

[54] D. Wood, J. Polanksy, and M. Cho, “University Partnerships as a Model for
Capability Building in Emerging Space Nations,” in International Astronautical
Congress, Jerusalem, Israel, 2015.

[55] S. M. Pfotenhauer, D. Wood, D. Roos, and D. Newman, “Architecting complex
international science, technology and innovation partnerships (CISTIPs): A
study of four global MIT collaborations,” Technological Forecasting and Social
Change, vol. 104, pp. 38–56, 2016.

[56] B. Parmanto and X. Zeng, “Metric for Web accessibility evaluation,”
Journal of the American Society for Information Science and Technology,
vol. 56, no. 13, pp. 1394–1404, nov 2005. [Online]. Available: http:
//doi.wiley.com/10.1002/asi.20233

[57] P. L. Delamater, “Spatial accessibility in suboptimally configured health care
systems: A modified two-step floating catchment area (M2SFCA) metric,”
Health & Place, vol. 24, pp. 30–43, nov 2013.

[58] H. J. Miller, “Measuring Space-Time Accessibility Benefits within Transporta-
tion Networks: Basic Theory and Computational Procedures,” Geographical
Analysis, vol. 31, no. 1, pp. 187–212, jan 1999.

[59] C. Nelson and M. Stroink, “Accessibility and Viability: A Complex Adaptive
Systems Approach to a Wicked Problem for the Local Food Movement,” Journal
of Agriculture, Food Systems, and Community Development, vol. 4, no. 4, pp.
1–16, sep 2014.

157

http://doi.wiley.com/10.1002/asi.20233
http://doi.wiley.com/10.1002/asi.20233


[60] M. Namiki, S. Ohta, T. Yamagami, Y. Koma, H. Akiyama, H. Hirosawa, and
J. Nishimura, “Microgravity experiment system utilizing a balloon,” Advances
in Space Research, vol. 5, no. 1, pp. 83–86, jan 1985.

[61] European Astrotech, “High Altitude Balloon Services Offered by Space Balloons
by EAL,” 2017. [Online]. Available: http://spaceballoons.co.uk/services.php

[62] M. Kikuchi, T. Ishikawa, S. Yamamoto, S. Sawai, Y. Maru, S. Sakai, N. Bando,
S. Shimizu, H. Kobayashi, T. Yoshimitsu, Y. Kan, T. Mizushima, S. Fukuyama,
J. Okada, S. Yoda, H. Fuke, Y. Kakehashi, and T. Hashimoto, “Results of Mi-
crogravity Experiments Using the Balloon Operated Vehicle with a New Drag-
Free Control Method,” Int. J. Microgravity Sci. Appl, vol. 32, no. 2, 2015.

[63] R. K. Yin, Case study research : design and methods., ser. Applied social re-
search methods series: 5. Los Angeles, Calif. : Sage Publications, c2009.,
2009.

[64] NASA Office of Inspector General, “NASA’s Management and Utilization of the
International Space Station,” NASA, Washington D.C., Tech. Rep., jul 2018.

[65] U.S. Department of State, “Space Station Agreement Between the United
States and Other Governments,” Washington D.C., 1998. [Online]. Available:
https://www.state.gov/documents/organization/107683.pdf

[66] National Aeronautics and Space Administration, “Memorandum of Under-
standing between the National Aeronautics and Space Administration of the
United States of America and the European Space Agency Concerning Coop-
eration on the Civil International Space Station,” jan 1998.

[67] ——, “Memorandum of Understanding between the National Aeronautics and
Space Administration of the United States of America and the Government
of Japan Concerning Cooperation on the Civil International Space Station,”
Washington D.C., feb 1998.

[68] ——, “Memorandum of Understanding between the National Aeronautics and
Space Administration of the United States of America and the Canadian Space
Agency Concerning Cooperation on the Civil International Space Station,”
Washington D.C., jan 1998.

[69] Johnson Space Center, “Reference Guide to the International Space Station:
Utilization Edition,” sep 2015.

[70] CASIS, “History and Timeline of the ISS,” 2018. [Online]. Available:
https://www.iss-casis.org/about/iss-timeline/

[71] “National Aeronautics and Space Administration Authorization Act of 2005,”
2005.

158

http://spaceballoons.co.uk/services.php
https://www.state.gov/documents/organization/107683.pdf
https://www.iss-casis.org/about/iss-timeline/


[72] “National Aeronautics and Space Administration Authorization Act of 2010,”
2010.

[73] NASA Office of Inspector General, “NASA’ Management of the Center for the
Advancement of Science in Space,” Tech. Rep., jul 2018.

[74] CASIS, “2017 CASIS Annual Report,” Center for the Advancement of Science
in Space, Tech. Rep., 2018. [Online]. Available: https://ar2017.iss-casis.org/

[75] C. Joseph, “ISS National Lab Interview,” apr 2019.

[76] Space Station Explorers, “About: Space Station Explorers,” 2019.
[Online]. Available: https://www.spacestationexplorers.org/about/space-
station-explorers/

[77] C. Joseph, “ISS National Lab Interview,” may 2019.

[78] Center for the Advancement for Science in Space, “The 2018 ISS National Lab
Annual Report.” [Online]. Available: https://ar2018.issnationallab.org/

[79] K. Rainey, “National Laboratory Space Act Agreements (SAAs) With
Private Commercial Firms,” 2018. [Online]. Available: https://www.nasa.gov/
mission{ }pages/station/research/nlab/commercial

[80] NanoRacks LLC, “Our History,” 2018. [Online]. Available: http://nanoracks.
com/about-us/our-history/

[81] NASA, “Nonreimbursable space act agreement between NanoRacks LLC and
NASA for operation of the NanoRacks system aboard the International Space
Station National Laboratory,” Tech. Rep., sep 2009. [Online]. Available: https:
//www.nasa.gov/pdf/387938main{ }SAA{ }SOMD{ }6355{ }Nanoracks{ }
ISS{ }National{ }Lab.pdf

[82] DreamUp, “Current Educational Space Research Programs by DreamUp,”
2018. [Online]. Available: https://www.dreamup.org/happening-now/

[83] Space Tango, “TangoLab,” 2019. [Online]. Available: https://spacetango.com/
tangolab/

[84] ——, “Space Tango Partners with Quest Institute,” jun 2018. [Online].
Available: https://spacetango.com/space-tango-partners-with-quest-institute/

[85] European Space Agency, “ICE Cubes space research service open for busi-
ness.” [Online]. Available: https://www.esa.int/Our{ }Activities/Human{ }
and{ }Robotic{ }Exploration/Research/ICE{ }Cubes{ }space{ }research{ }
service{ }open{ }for{ }business

159

https://ar2017.iss-casis.org/
https://www.spacestationexplorers.org/about/space-station-explorers/
https://www.spacestationexplorers.org/about/space-station-explorers/
https://ar2018.issnationallab.org/
https://www.nasa.gov/mission{_}pages/station/research/nlab/commercial
https://www.nasa.gov/mission{_}pages/station/research/nlab/commercial
http://nanoracks.com/about-us/our-history/
http://nanoracks.com/about-us/our-history/
https://www.nasa.gov/pdf/387938main{_}SAA{_}SOMD{_}6355{_}Nanoracks{_}ISS{_}National{_}Lab.pdf
https://www.nasa.gov/pdf/387938main{_}SAA{_}SOMD{_}6355{_}Nanoracks{_}ISS{_}National{_}Lab.pdf
https://www.nasa.gov/pdf/387938main{_}SAA{_}SOMD{_}6355{_}Nanoracks{_}ISS{_}National{_}Lab.pdf
https://www.dreamup.org/happening-now/
https://spacetango.com/tangolab/
https://spacetango.com/tangolab/
https://spacetango.com/space-tango-partners-with-quest-institute/
https://www.esa.int/Our{_}Activities/Human{_}and{_}Robotic{_}Exploration/Research/ICE{_}Cubes{_}space{_}research{_}service{_}open{_}for{_}business
https://www.esa.int/Our{_}Activities/Human{_}and{_}Robotic{_}Exploration/Research/ICE{_}Cubes{_}space{_}research{_}service{_}open{_}for{_}business
https://www.esa.int/Our{_}Activities/Human{_}and{_}Robotic{_}Exploration/Research/ICE{_}Cubes{_}space{_}research{_}service{_}open{_}for{_}business


[86] ——, “Access your space experiment anywhere with ICE Cubes,”
jul 2018. [Online]. Available: https://www.esa.int/Our{ }Activities/
Human{ }and{ }Robotic{ }Exploration/Research/Access{ }your{ }space{ }
experiment{ }anywhere{ }with{ }ICE{ }Cubes

[87] Space Applications Services, “International Commercial Experiments Service,”
p. 9. [Online]. Available: http://www.essc.esf.org/fileadmin/user{ }upload/
essc/00{ }ESSC{ }23-Nov{ }ICE{ }Cubes.pdf

[88] United Nations Office for Outer Space Affairs, “The United Nations/Japan
Cooperation Programme on CubeSat Deployment from the International
Space Station (ISS) Japanese Experiment Module (Kibo) ”KiboCUBE”,”
2018. [Online]. Available: http://www.unoosa.org/oosa/en/ourwork/psa/hsti/
kibocube.html

[89] Center of Applied Space Technology and Microgravity, “The Bremen Drop
Tower,” 2018. [Online]. Available: https://www.zarm.uni-bremen.de/en/drop-
tower/general-information.html

[90] United Nations Office for Outer Space Affairs, “Fellowship Programme for
”Drop Tower Experiment Series” (DropTES),” 2018. [Online]. Available: http:
//www.unoosa.org/oosa/en/ourwork/psa/hsti/capacity-building/droptes.html

[91] AirZeroG, “Who we are - Air Zero G,” 2018. [Online]. Available:
http://www.airzerog.com/fr/en-savoir-plus.html

[92] Space Affairs, “ZeroG-Flight with Russian Ilyushin 76 MDK,” 2018. [Online].
Available: https://www.space-affairs.com/index.php?wohin=zerog{ }d

[93] Blue Origin, “New Shepard,” 2018. [Online]. Available: https://www.
blueorigin.com/new-shepard

[94] Virgin Galactic, “Research Flights,” 2019. [Online]. Available: https:
//www.virgingalactic.com/research/

[95] D. Normile, “China takes microgravity work to new heights,” Science, apr
2016. [Online]. Available: http://www.sciencemag.org/news/2016/04/china-
takes-microgravity-work-new-heights

[96] H. G. Zhao, J. W. Qiu, B. C. Tang, Q. Kang, and W. R. Hu, “The SJ-10
Recoverable Microgravity Satellite of China,” Journal of Space Exploration,
vol. 5, no. 1.

[97] Department of Space - Indian Space Research Organization, “SRE-1,” 2007.
[Online]. Available: https://www.isro.gov.in/Spacecraft/sre-1-0

[98] SpacePharma, “Our Satellite.” [Online]. Available: http://space4p.com/{#}
/satellite

160

https://www.esa.int/Our{_}Activities/Human{_}and{_}Robotic{_}Exploration/Research/Access{_}your{_}space{_}experiment{_}anywhere{_}with{_}ICE{_}Cubes
https://www.esa.int/Our{_}Activities/Human{_}and{_}Robotic{_}Exploration/Research/Access{_}your{_}space{_}experiment{_}anywhere{_}with{_}ICE{_}Cubes
https://www.esa.int/Our{_}Activities/Human{_}and{_}Robotic{_}Exploration/Research/Access{_}your{_}space{_}experiment{_}anywhere{_}with{_}ICE{_}Cubes
http://www.essc.esf.org/fileadmin/user{_}upload/essc/00{_}ESSC{_}23-Nov{_}ICE{_}Cubes.pdf
http://www.essc.esf.org/fileadmin/user{_}upload/essc/00{_}ESSC{_}23-Nov{_}ICE{_}Cubes.pdf
http://www.unoosa.org/oosa/en/ourwork/psa/hsti/kibocube.html
http://www.unoosa.org/oosa/en/ourwork/psa/hsti/kibocube.html
https://www.zarm.uni-bremen.de/en/drop-tower/general-information.html
https://www.zarm.uni-bremen.de/en/drop-tower/general-information.html
http://www.unoosa.org/oosa/en/ourwork/psa/hsti/capacity-building/droptes.html
http://www.unoosa.org/oosa/en/ourwork/psa/hsti/capacity-building/droptes.html
http://www.airzerog.com/fr/en-savoir-plus.html
https://www.space-affairs.com/index.php?wohin=zerog{_}d
https://www.blueorigin.com/new-shepard
https://www.blueorigin.com/new-shepard
https://www.virgingalactic.com/research/
https://www.virgingalactic.com/research/
http://www.sciencemag.org/news/2016/04/china-takes-microgravity-work-new-heights
http://www.sciencemag.org/news/2016/04/china-takes-microgravity-work-new-heights
https://www.isro.gov.in/Spacecraft/sre-1-0
http://space4p.com/{#}/satellite
http://space4p.com/{#}/satellite


[99] L. David, “China Details Ambitious Space Station Goals,” mar 2011.

[100] Permanent Mission of China, “Note verbale dated 4 May 2017 from
the Permanent Mission of China to the United Nations (Vienna)
addressed to the Secretary-General,” may 2017. [Online]. Available:
http://www.unoosa.org/res/oosadoc/data/documents/2017/aac{ }105/aac{ }
1051150{ }0{ }html/AC105{ }1150E.pdf

[101] B. Westcott, “China’s Tiangong-2 space lab will fall to Earth in 2019,” sep
2018.

[102] C. Joseph, “Industry Expert Interview (Anonymous),” apr 2019.

[103] D. Werner, “National Space Council to develop a microgravity strategy,”
jul 2018. [Online]. Available: https://spacenews.com/national-space-council-
microgravity-strategy/

[104] C. Joseph, “Anonymous Subject Matter Expert,” mar 2019.

[105] K. Rainey, “Space Station Research & Technology,” 2019. [Online]. Available:
https://www.nasa.gov/mission{ }pages/station/research/tdemo

[106] Office of Management and Budget, “An American Budget – President’s Budget
FY 2019,” feb 2018.

[107] NASA, “FY 2020 Budget Request Fact Sheet,” NASA, Tech. Rep., 2019.
[Online]. Available: https://www.nasa.gov/sites/default/files/atoms/files/
fy2020{ }mission{ }fact{ }sheets.pdf

[108] ——, “Forecasting Future NASA Demand in Low Earth Orbit,” NASA, Wash-
ington D.C., Tech. Rep., oct 2018.

[109] ——, “ISS Commercialization Panel,” Big Sky, MT, mar 2019.

[110] C. Joseph, “Anonymous Government Expert Interview,” mar 2019.

[111] M. Powers and K. Northon, “National Space Council Gets Report on Human
Spaceflight,” nov 2018. [Online]. Available: https://www.nasa.gov/press-
release/national-space-council-gets-report-on-human-spaceflight-in-low-earth-
orbit

[112] Bigelow Aerospace, “B330,” 2018. [Online]. Available: http://bigelowaerospace.
com/pages/b330/

[113] L. Dormehl, “Bigelow Aerospace Announces Plans to Sell its Own
Space Stations,” Digital Trends, feb 2018. [Online]. Available: https:
//www.digitaltrends.com/cool-tech/bigelow-aerospace-space-station/

[114] A. Zak, “Orbital Piloted Assembly and Experiment Complex, OPSEK,” 2017.
[Online]. Available: http://www.russianspaceweb.com/opsek.html

161

http://www.unoosa.org/res/oosadoc/data/documents/2017/aac{_}105/aac{_}1051150{_}0{_}html/AC105{_}1150E.pdf
http://www.unoosa.org/res/oosadoc/data/documents/2017/aac{_}105/aac{_}1051150{_}0{_}html/AC105{_}1150E.pdf
https://spacenews.com/national-space-council-microgravity-strategy/
https://spacenews.com/national-space-council-microgravity-strategy/
https://www.nasa.gov/mission{_}pages/station/research/tdemo
https://www.nasa.gov/sites/default/files/atoms/files/fy2020{_}mission{_}fact{_}sheets.pdf
https://www.nasa.gov/sites/default/files/atoms/files/fy2020{_}mission{_}fact{_}sheets.pdf
https://www.nasa.gov/press-release/national-space-council-gets-report-on-human-spaceflight-in-low-earth-orbit
https://www.nasa.gov/press-release/national-space-council-gets-report-on-human-spaceflight-in-low-earth-orbit
https://www.nasa.gov/press-release/national-space-council-gets-report-on-human-spaceflight-in-low-earth-orbit
http://bigelowaerospace.com/pages/b330/
http://bigelowaerospace.com/pages/b330/
https://www.digitaltrends.com/cool-tech/bigelow-aerospace-space-station/
https://www.digitaltrends.com/cool-tech/bigelow-aerospace-space-station/
http://www.russianspaceweb.com/opsek.html


[115] G. Federico, “OPSEK: After ISS - the Next Mir?” Space Safety Magazine,
2014. [Online]. Available: http://www.spacesafetymagazine.com/space-
exploration/international-space-station/iss-mir/

[116] J. Foust, “International partners in no rush regarding future of ISS,” sep
2017. [Online]. Available: spacenews.com/international-partners-in-no-rush-
regarding-future-of-iss/

[117] S. Schierholz, D. Huot, and K. Northon, “NASA Invests in Concepts for a
Vibrant Future Commercial Space Economy,” aug 2018.

[118] B. Howe, “Bishop: The NanoRacks Airlock Module - Your Commercial
Gateway to Space,” NanoRacks LLC, Tech. Rep., may 2018. [Online].
Available: http://nanoracks.com/wp-content/uploads/NanoRacks-Airlock-
Presentation.pdf

[119] NanoRacks Airlock Team, “NanoRacks’ Bishop Airlock - Commercial Gateway
on the Space Station,” 2019. [Online]. Available: http://nanoracks.com/
products/airlock/

[120] Axiom Space, “Axiom Station,” 2019. [Online]. Available: https://axiomspace.
com/axiom-station/

[121] S. Marikar, “The Rich Are Planning to Leave This Wretched Planet,” jun 2018.

[122] C. Maender, “Panel: Commercial Providers of Research Platforms and Capa-
bilities,” Washington D.C., mar 2019.

[123] D. Werner, “Space Tango plans in-orbit manufacturing,” nov 2018.

[124] Space Tango, “Space Tango Unveils ST-42 for Scalable Manufacturing
in Space for Earth-Based Applications,” nov 2018. [Online]. Available:
https://spacetango.com/space-tango-unveils-st-42-for-scalable-manufacturing-
in-space-for-earth-based-applications/

[125] J. Stoudemire, “Panel: Commercial Providers of Research Platforms and Ca-
pabilities,” mar 2019.

[126] Sierra Nevada Corporation, “Dream Chaser Space Vehicle,” 2019. [Online].
Available: https://www.sncorp.com/what-we-do/dream-chaser-space-vehicle/

[127] J. Koroshetz, “Panel: Commercial Providers of Research Platforms and Capa-
bilities,” Washington D.C., mar 2019.

[128] C. Joseph, “Anonymous Industry Expert,” mar 2019.

[129] ——, “Anonymous Industry Expert,” Washington D.C., mar 2019.

[130] ——, “Anonymous Government Expert,” Washington D.C., mar 2019.

162

http://www.spacesafetymagazine.com/space-exploration/international-space-station/iss-mir/
http://www.spacesafetymagazine.com/space-exploration/international-space-station/iss-mir/
spacenews.com/international-partners-in-no-rush-regarding-future-of-iss/
spacenews.com/international-partners-in-no-rush-regarding-future-of-iss/
http://nanoracks.com/wp-content/uploads/NanoRacks-Airlock-Presentation.pdf
http://nanoracks.com/wp-content/uploads/NanoRacks-Airlock-Presentation.pdf
http://nanoracks.com/products/airlock/
http://nanoracks.com/products/airlock/
https://axiomspace.com/axiom-station/
https://axiomspace.com/axiom-station/
https://spacetango.com/space-tango-unveils-st-42-for-scalable-manufacturing-in-space-for-earth-based-applications/
https://spacetango.com/space-tango-unveils-st-42-for-scalable-manufacturing-in-space-for-earth-based-applications/
https://www.sncorp.com/what-we-do/dream-chaser-space-vehicle/


[131] NASA, “Flight Opportunities Fact Sheet,” Armstrong Flight Research Center,
Edwards, California, Tech. Rep., apr 2019. [Online]. Available: www.nasa.gov

[132] Airbus Defense and Space, “Bartolomeo Data Sheet,” Airbus Defense and
Space, Tech. Rep., 2018. [Online]. Available: https://www.airbus.com/space/
space-infrastructures/bartolomeo.html

[133] Airbus, “Airbus and CASIS Sign User Agreement for Bartolomeo Platform,”
Airbus DS Space Systems, Inc, Webster, TX, Tech. Rep., 2018. [Online].
Available: www.airbusdshouston.com

[134] UNOOSA, “Accessing Space with the ISS Bartolomeo Platform,” 2019.
[Online]. Available: http://www.unoosa.org/oosa/en/ourwork/psa/hsti/
orbitalmission/bartolomeo/index.html

[135] UN Office for Outer Space Affairs and China Manned Space Agency, “Hand-
book: China Space Station and its Resources for International Cooperation,”
Tech. Rep., may 2018. [Online]. Available: http://www.unoosa.org/documents/
doc/psa/hsti/CSS{ }1stAO/CSS{ }1stAO{ }Handbook{ }2018.pdf

[136] Xinhua News, “China preparing for space station missions,” apr 2019.

[137] China Manned Space Agency, “Fly with China Space Station, For Human Com-
mon Benefits,” UNOOSA, Vienna, Tech. Rep., dec 2018. [Online]. Available:
http://www.unoosa.org/documents/doc/psa/activities/2018/hsti{ }expert{ }
meeting{ }vienna/Presentations/Session1{ }2{ }Yuanzhen{ }Wang.pdf

[138] United Nations Office for Outer Space Affairs, “UNOOSA and SNC issue
Call for Interest for Dream Chaser mission,” 2017. [Online]. Available:
http://www.unoosa.org/oosa/en/informationfor/media/2017-unis-os-485.html

[139] Committee on Biological and Physical Sciences in Space, “Spring 2019 Meeting
of the Committee on Biological and Physical Sciences in Space,” Washington
D.C., mar 2019.

[140] Space Angels, “Space Investment Quarterly: Q1 2019,” Space Angels Holdings,
Tech. Rep., apr 2019.

[141] C. Joseph and D. Wood, “Understanding Socio-Technical Issues Affecting the
Current Microgravity Research Marketplace,” in 2019 IEEE Aerospace Confer-
ence, Big Sky, MT, 2019.

[142] C. Joseph, A. Zaferiou, L. Ojeda, N. Perkins, and L. Stirling, “An optimal
control model for assessing human agility trajectories,” in 2018 IEEE Aerospace
Conference, 2018, pp. 1–10.

[143] M. Garcia, “Visitors to the Station by Country,” jun 2018. [Online]. Available:
https://www.nasa.gov/feature/visitors-to-the-station-by-country

163

www.nasa.gov
https://www.airbus.com/space/space-infrastructures/bartolomeo.html
https://www.airbus.com/space/space-infrastructures/bartolomeo.html
www.airbusdshouston.com
http://www.unoosa.org/oosa/en/ourwork/psa/hsti/orbitalmission/bartolomeo/index.html
http://www.unoosa.org/oosa/en/ourwork/psa/hsti/orbitalmission/bartolomeo/index.html
http://www.unoosa.org/documents/doc/psa/hsti/CSS{_}1stAO/CSS{_}1stAO{_}Handbook{_}2018.pdf
http://www.unoosa.org/documents/doc/psa/hsti/CSS{_}1stAO/CSS{_}1stAO{_}Handbook{_}2018.pdf
http://www.unoosa.org/documents/doc/psa/activities/2018/hsti{_}expert{_}meeting{_}vienna/Presentations/Session1{_}2{_}Yuanzhen{_}Wang.pdf
http://www.unoosa.org/documents/doc/psa/activities/2018/hsti{_}expert{_}meeting{_}vienna/Presentations/Session1{_}2{_}Yuanzhen{_}Wang.pdf
http://www.unoosa.org/oosa/en/informationfor/media/2017-unis-os-485.html
https://www.nasa.gov/feature/visitors-to-the-station-by-country


[144] “National Aeronautics and Space Act of 1958,” 1958. [Online]. Available:
http://history.nasa.gov/spaceact.html

[145] J. M. Logsdon, “Together in Orbit: The Origins of International Participation
in the Space Station,” Monographs in Aerospace History, vol. 11, 1998.
[Online]. Available: https://history.nasa.gov/monograph11.pdf

[146] U.S. Senate, “Nominations–NASA : hearing before the Committee on Com-
merce, Science, and Transportation, United States Senate, Ninety-seventh
Congress, first session, on James Montgomery Beggs, to be administrator, and
Hans Michael Mark, to be deputy administrator, Nat,” jun 1981.

[147] H. E. McCurdy, The Space Station Decision : Incremental Politics and Tech-
nological Choice., ser. New series in NASA history. Baltimore : Johns Hopkins
University Press, c1990., 1990.

[148] P. Bizony, Island in the Sky: Building the International Space Station. Aurum
Press, 1996.

[149] Presidential Commission on the Space Shuttle Challenger Accident, “Report
of the Presidential Commission on the Space Shuttle Challenger Accident,”
Washington D.C., Tech. Rep., 1986.

[150] A. C. o. t. F. o. t. U. S. Program, “Summary and Principal Recommendations
of the Advisory Committee on the Future of the U.S. Space Program:
Advance Copy,” Washington, DC, Tech. Rep., 1990. [Online]. Available: https:
//www.nap.edu/catalog/12328/summary-and-principal-recommendations-of-
the-advisory-committee-on-the-future-of-the-us-space-program

[151] M. Smith, “NASA’s Space Station Program: Evolution of Its Rationale
and Expected Uses,” 2005. [Online]. Available: http://history.nasa.gov/
isstestimonysmith.pdf

[152] S. A. Holmes, “U.S. and Russians Join in New Plan for Space Station,”
sep 1993. [Online]. Available: www.nytimes.com/1993/09/03/world/us-and-
russians-join-in-new-plan-for-space-station.html

[153] Johnson Space Center, The International Space Station: Operating an
Outpost in the New Frontier, R. Dempsey, Ed. National Aeronautics and
Space Administration, 2017. [Online]. Available: https://www.nasa.gov/sites/
default/files/atoms/files/iss-operating{ }an{ }outpost-tagged.pdf

[154] G. C. Nield and P. M. Vorobiev, “Phase 1 Program Joint Report,” Tech. Rep.,
1999. [Online]. Available: http://www.sti.nasa.gov

[155] P. Bond, The Continuing Story of The International Space Station, ser. Space
Exploration. Springer, 2002.

164

http://history.nasa.gov/spaceact.html
https://history.nasa.gov/monograph11.pdf
https://www.nap.edu/catalog/12328/summary-and-principal-recommendations-of-the-advisory-committee-on-the-future-of-the-us-space-program
https://www.nap.edu/catalog/12328/summary-and-principal-recommendations-of-the-advisory-committee-on-the-future-of-the-us-space-program
https://www.nap.edu/catalog/12328/summary-and-principal-recommendations-of-the-advisory-committee-on-the-future-of-the-us-space-program
http://history.nasa.gov/isstestimonysmith.pdf
http://history.nasa.gov/isstestimonysmith.pdf
www.nytimes.com/1993/09/03/world/us-and-russians-join-in-new-plan-for-space-station.html
www.nytimes.com/1993/09/03/world/us-and-russians-join-in-new-plan-for-space-station.html
https://www.nasa.gov/sites/default/files/atoms/files/iss-operating{_}an{_}outpost-tagged.pdf
https://www.nasa.gov/sites/default/files/atoms/files/iss-operating{_}an{_}outpost-tagged.pdf
http://www.sti.nasa.gov


[156] J. Catchpole, The International Space Station: Building for the Future., ser.
Springer-Praxis books in space exploration. Berlin ; New York : Springer ;
Chichester, UK : In association with Praxis, c2008., 2008.

165


	Introduction
	An Optimal Control Model for Assessing Human Agility Trajectories
	Introduction
	Methodology
	Participants and Experimental Protocol
	Optimal Control Formulation
	Data Analysis

	Results
	Optimal Models

	Discussion
	Conclusion

	Comparison of Measurement Platforms for Agility-based Motion Path Trajectories Analysis
	Background
	Hypothesis

	Methodology
	Participants
	Experimental Protocol
	Metrics
	Data Processing
	Statistical Analysis 

	Results and Discussion
	Evaluation of Hypotheses (1) and (2)
	Comparison of Vicon and IMU Estimates of Integrated Curvature - Hypothesis (3)

	Limitations
	Conclusions

	Accessibility of the Microgravity Research Ecosystem
	Motivations
	Literature Review
	Theoretical Framework
	Dimensions of Accessibility 

	Spectrum of Microgravity Research Platforms

	Current Microgravity Research Ecosystem and Marketplace
	Snapshot of the Current Ecosystem
	International Space Station
	Other Microgravity Platforms

	Systems Architecture Analysis
	System Context
	System Stakeholder Analysis
	Forms of Accessibility
	Evaluate System Forms
	Monitoring System Forms


	Future Microgravity Research Ecosystem and Accessibility
	Snapshot of the Future Ecosystem
	ISS Operations
	Other Proposed Platforms

	Systems Architecture Analysis
	System Context
	System Stakeholder Analysis
	Forms of Accessibility
	Evaluate System Forms

	Conclusions

	Conclusion
	Research Summary

	State Dynamics and Derivation of Ground Reaction Force Constraint
	IMU Device Characteristics
	Device Specifications
	Vicon Marker Plate Design

	Pilot Study ANOVA Models
	Sample Field Interview Questions
	Socio-technical Milestones in ISS Development
	Full Stakeholder Analysis

