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Executive Summary

The “Variable Vector Countermeasure Suit (V2Suit) for Space Habitation and Exploration” is a
visionary system concept that will revolutionize space missions by providing a platform for
integrating sensors and actuators with daily astronaut intravehicular activities to improve human
health and performance. The V2Suit uses control moment gyroscopes (CMGs) within a
miniaturized module placed on body segments to provide a “viscous resistance” during
movements — a countermeasure to the sensorimotor and musculoskeletal adaptation performance
decrements that manifest themselves while living and working in microgravity and during
gravitational transitions during long-duration spaceflight, including post-flight recovery and
rehabilitation. Through an integrated design, system initialization, and control systems approach
the V2Suit is capable of generating this “viscous resistance” along an arbitrarily specified
direction of “down.” When movements are made, for example, parallel to that “down” direction
a resistance is applied, and when the movement is perpendicular to that direction no resistance is
applied. The V2Suit proposes to be a countermeasure to this spaceflight-related adaptation and
de-conditioning and the unique sensorimotor characteristics associated with living and working
in 0-G, which are critical for future long-duration space missions.

This NIAC Phase 1l project leveraged the study results from Phase | and focused on detailing
several aspects of the VV2Suit concept, including a wearable CMG architecture, control steering
laws, human-system integration evaluations, developing a brassboard prototype unit as a proof-
of-concept, as well as evaluating the concept in the context of future space exploration missions.
A human mission to Mars, such as that outlined in the Mars Design Reference Architecture 5.0,
provides a framework for determining the concept of operations and requirements for the V2Suit
system. Mars DRA 5.0 includes approximately 180 day 0-G transits to- and from- Mars, as well
as a 500 day stay on the surface (~3/8-G) (Figure 3). Accordingly, there are four gravitational
transitions associated with this mission: 1-G to 0-G (Earth launch), 0-G to 3/8-G (Mars landing),
3/8-G to 0-G (Mars launch), and 0-G to 1-G (Earth landing). This reference mission provided
the basis for developing high-level operational requirements to guide the subsequent study and
design of the key V2Suit components.

A detailed simulation architecture was developed to conduct a trade study for inertial
measurement unit selection and to demonstrate the performance of the “down” tracking
algorithm — a key enabler for the successful implementation of the V2Suit. Throughout the
development of the “down” tracking algorithm, two modes of operation were identified — an
initialization phase where the direction of “down” is specified by the user, and then stored for the
operations phase where the VV2Suit system tracks the motion and orientation of each module with
respect to that “down” direction. The simulation architecture was also used to conduct a detailed
IMU trade study, and CMG trade study with the selected steering laws.  Several CMG
architectures were evaluate, including scissored pairs, 4- and 5-CMG pyramid configurations,
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variable speed CMGs, and reaction wheel assemblies. Key CMG parameters such as flywheel
spin rate, gimbal rate, and flywheel inertia were varied within the architecture. A 4-CMG
pyramid was selected to generate the required torque — at least 0.1 N-m — in any direction during
normal movements.

Initial design of a 4-CMG array was conducted and fabricated using commercial off-the-shelf
components, and custom machining when necessary. The goal of this brassboard prototype was
to demonstrate the V2Suit concept — closed loop control from “down” tracking to CMG
actuation — as well as determine the key engineering and technical challenges required to
overcome prior to an operational VV2Suit system. It is not the final form factor of the module.
Its development identified key =S
challenges and components to
further investigate in future
systems, including the
identification of custom
electronics (motors and motor
controllers), power consumption
and sources, and an initial
estimate of human-system
integration  options. The
components were controlled from
a desktop computer and powered
from a 12 VDC supply.
Qualitative and quantitative evaluations of the system demonstrated the ability to initialize and
track against a specified direction of “down,” command the 4 CMGs independently, and that
single module power consumption was approximately 8-10 Watts during operation.

The successful development, integration and operation of the V2Suit will be a be an enabler for
space exploration mission technologies, including human health and adaptation countermeasures,
autonomous health monitoring, human robotic interfaces, and adaptation and operations during
artificial gravity. An integrated and comprehensive countermeasure system has a measurable
impact in human performance following a space mission, and mass and volume savings in the
spacecraft itself. This type of countermeasure suit also has earth benefits, particularly in gait or
movement stabilization for the elderly, or rehabilitating individuals — the gyroscopes could be
programmed to provide a kinematic envelope of least resistance during walking. Therefore,
providing tactile feedback to the appropriate biomechanical coordination either to assist in gait
correction or facilitate recovery following spaceflight.
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1.0 Introduction, Motivation and Objectives

The “Variable Vector Countermeasure Suit (V2Suit) for Space Habitation and Exploration” is a
novel concept for integrating spaceflight adaptation countermeasures with daily intravehicular
activities, and testing the interactions between countermeasures to assure astronaut health,
performance and safe operations (Figure 1-1). The V2Suit integrates control moment
gyroscopes (CMGs) within a wearable module on the major segments of the body to provide a
“viscous resistance” during movements — a countermeasure to the sensorimotor and
musculoskeletal adaptation performance decrements that manifest themselves during
gravitational transitions associated with long-duration spaceflight. The V2Suit addresses the

“Human Health, Life Support and
Habitation Svstems” Technolo Variable Vector Countermeasure Suit (V2Suit) for Space
y gy Habitation and Exploration

Area (TAO06) within NASA’s “
Office of the Chief Technologist

L @
Space Technology Roadmaps, & ;
specifically the area  within &
“Human Factors and
Performance” (6.3.4). The

successful ~ development  and
integration of the VV2Suit will be a
be an enabler for space exploration
mission technologies, including

human health and adaptation Gt
countermeasures, autonomous

health monitoring, human robotic

interfaces, and adaptation and

operations during artificial gravity.

In addition to the measurable — Giicmererision tose

gyroscopic motion to provide a “viscous

i m pact an i nteg rated an d resistance” during body movements for a

perception of “down” in 0-G and facilitates

sensorimotor recovery and rehabilitation

comprehensive  cOUNtermeasure  flowingsraviationa transiions.
system has on human performance
following a space mission, it also |
has the potential to enable \ I]“Ap[“ A
significant mass and volume \ I.AaonA'ronv
savings of required Figure 1-1: Variable Vector Countermeasure Suit (V2Suit)
countermeasure equipment within

the spacecraft itself.

Exposure to the weightless environment of spaceflight is known to result in sensorimotor
adaptation and physiological de-conditioning that includes spatial disorientation, space motion
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sickness, reductions in muscle volume, muscle strength, and bone mineral density [3, 4]. Most
astronauts report that the effects related to sensorimotor adaptation are the most obvious and
prevalent (NSBRI Sensorimotor Research Team Annual Report, 2009). It has been noted that
these changes — postural instability, gait ataxia, eye-head-hand control — typically manifest
themselves during gravitational transitions and during post-flight activities [5-7]. Gravitational
transitions also often coincide with the time critical maneuvering phases of a mission, just when
physical and cognitive performance must be high to ensure mission safety and success. Launch,
rendezvous and docking with orbiting platforms or bodies, and return to a gravitational
environment requires precise, time-critical interactions with complex vehicle systems. In
addition, self-orientation perception in 0-G is dynamic since gravitational “down” cues are
absent, and visual cues may be ambiguous [1]. Teleoperation and docking tasks are three
dimensional and require integration of sensory information from multiple reference frames
(NSBRI Sensorimotor Research Team Annual Report, 2009), and performance may be affected
due to sensorimotor adaptation.

Anecdotally, one of the ISS Expedition 6 crewmembers was paraphrased following the off-
nominal return that they “[Clompleted about thirty minutes of work in six hours...since there
wasn’t any real rush” (Soyuz TMA-1 re-entry and descent was a ballistic trajectory landing
approximately 300 miles short of the planned area). However, given a long-duration space
mission to a solar system destination without ground-based support personnel the outcome of an
off-nominal scenario could be significantly different and even jeopardize mission safety.

The NASA Human Research Program has identified a “Risk of Impaired Control of Spacecraft,
Associated Systems and Immediate Vehicle Egress Due to Vestibular/Sensorimotor Alterations
Associated with Space Flight” which states that, “Given that there is an alteration in
vestibular/sensorimotor function during and immediately following gravitational transitions
manifested as changes in eye-head-hand
control, postural and/or locomotor ability,

gaze function, and perception, there is a - m
possibility that crew will experience L 4 L
impaired control of the spacecraft during 20 P

the edge of Earth's Influence

landing along with impaired ability to
immediately egress following a landing on a
planetary surface (Earth or other) after
long-duration spaceflight” [8]. Currently,
there are no in-flight countermeasures
directly targeting the physiologic changes
that affect the sensorimotor system, and the
V2Suit system offers a promising solution.

Figure 1-2: Potential destinations for the U.S. human
spaceflight program |[2]
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Missions to future solar system destinations — the moon, asteroids and near earth objects,
Lagrange points, and Mars and its moons (Figure 1-2) [2] — will all have varying mission
durations, gravitational transitions during entry, descent, and landing or rendezvous maneuvers,
and operational requirements upon arrival. These missions will likely include exercise protocols
to mitigate the physiologic adaptation and enable operational performance immediately upon
arrival. The V2Suit aims to target the sensorimotor system adaptation that results in postural
instability, gait ataxia, and eye-head-hand coordination. However, the V2Suit system and
wearable sensors are designed to enable the integration of countermeasures against bone and
muscle loss, provide radiation protection using novel active and passive materials, and
continuously monitor astronaut health and status — all required for deep-space exploration
missions.  Integrating these countermeasures with daily activities and operations without
requiring specialized equipment, may eliminate as much as 2.5 hours per day in allocated
exercise time [3, 9] and would significantly reduce the required mass and volume for exercise
equipment. Mars missions may utilize artificial gravity via centrifugation, and the V2Suit’s
sensorimotor adaptation capabilities may be used to counter Coriolis accelerations, and therefore
eliminate the need for biomechanical adaptation or compensation within a rotating environment
[10].

The V2Suit is an integrated platform for spaceflight-related physiological adaptation and de-
conditioning countermeasures and training through the use of wearable control moment
gyroscopes to produce a torque that results from the change in direction of the angular
momentum vector of the flywheels.  This Phase | project investigated the human-system
integration challenges of interfacing the wearable modules with human to transmit the
gyroscopic torque, as well as developed a system architecture for initializing the modules,
tracking their movement, and commanding the flywheels to generate the required gyroscopic
torque. The properties of the control moment gyroscopes and module packaging were
investigated through modeling and simulation, and the results are documented. Collectively, this
analysis has led to the identification of key enabling technologies, the challenges associated with
each, and the identification of alternate uses and Earth benefits.

2.0 Mission Definition and Operational Requirements

2.1 Mission Definition — Mars DRA 5.0

It is envisioned that a fully-operational VV2Suit will facilitate sensorimotor adaptation in advance
of gravitational transitions and potentially counter the musculoskeletal de-conditioning that
accompanies long-duration spaceflight.  This could include living and working on the
International Space Station (ISS), a mission to asteroids or near-earth objects, or a human
mission to Mars and/or its moons. A human mission to mars, such as that outlined in the Mars
Design Reference Architecture 5.0 [11], provides a framework for determining the concept of
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operations and requirements for the V2Suit system. Mars DRA 5.0 includes approximately 180
day 0-G transits to- and from- Mars, as well as a 500 day stay on the surface (~3/8-G) (Figure
2-1). Accordingly, there are four gravitational transitions associated with this mission: 1-G to 0-
G (Earth launch), 0-G to 3/8-G (Mars landing), 3/8-G to 0-G (Mars launch), and 0-G to 1-G
(Earth landing).

ISRU / propellant
production for MAV

AC// EDL of MDAV / Cargo Lander (@)

189 MAV ascent to orbit

Crew: Jettison DM &

Habitat Lander AC consumables prior to TEI

into Mars Orbit on F -t~ s i SESECN

Crew: Use Orion/SM to
transfer to Hab Lander; then
EDL on Mars

Crew: Jettison drop
tank after TMI; ~180
days out to Mars

0 Crew: ~180 days
back to Earth

“Currenthuman health and support
data indicate that it may take the crew
afewweeksto acclimate to the partial
gravity of Mars afterlanding.” (p. 4)

° Ares-l Crew Launch

4 Ares ViGargo o 3 Ares-V Cargo Launches

Launches

~30
months

> 0 Orion direct

Earth return

_m

Figure 2-2. Mars Design Reference Architecture 5.0 mission sequence summary (NTR reference).

July 2009
NASA-SP-2009-566

Human Exploration of Mars
Design Reference Architecture S.0

Figure 2-1: Mars Design Reference Architecture 5.0 (figure modified from [11])

Even though the Mars mission provides the framework for a long-term operational scenario for
the V2Suit, many lessons learned and operational experience can be gained from use on the ISS.
The Mars DRA 5.0 report states that “The ISS is currently serving as a vital test facility for
research that demands long exposures to the reduced-gravity loading conditions in spacecraft and
on planetary surfaces. That research will establish the baseline for the 6-month transit from Earth
to Mars, and is forming the foundation of the extrapolations and inferences that are necessary for
near-term planning for the 18-month Mars surface habitation and the 6-month return transit to
Earth.” (pp. 64-65) [11]. It was also stated in the report that “Current human health and support
data indicate that it may take the crew a few weeks to acclimate to the partial gravity of Mars
after landing (p. 4).” This is particularly important given the potential need to support
emergency or contingency operations immediately following landing. It has been previously
assumed that 50% of the Mars crewmembers will be ambulatory immediately following landing,
and in the first 1-3 days activities will be limited to those inside the landing vehicle [12]. Having
effective countermeasures to both counter the physiologic adaptation and pre-adapt to the
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upcoming gravitational environment onboard a Mars transit vehicle will enable operations in
these contingency/emergency situations and facilitate the exiting exploration tasks that await
these space explorers safely and quickly following touchdown.

2.2 Key Operational Requirements

The V2Suit, based on the expected torque that can be produced from miniature, wearable CMGs,
is aimed at countering the sensorimotor adaptation issues that arise during the gravitational
transitions associated with spaceflight. An initial set of operational requirements were specified
to capture a high-level list of the required functionality, comfort, and performance parameters for
the V2Suit (Table 2-1). These requirements were generated based on a candidate long-duration
space mission (e.g., ISS Expedition, human Mars mission), as well as expert input based on
operational lessons learned from previous technology developments. This requirements list is
mapped against the V2Suit concept of operations to determine the Key Enabling Technologies.

Table 2-1 — V2Suit Operational Requirements

ID Operational Requirement Key Enabling Technology

The V2Suit shall provide a countermeasure to the + Miniature control moment gyroscopes (CMGs)
CR-1 [ sensorimotor adaptation effects that manifest during | = CMG steering laws

spaceflight-related gravitational transitions. + Motion tracking technology and algorithms

The V2Suit system shall be capable of being worn
CR-2 | for at least 8 hours (TBR), be comfortable, and be
unobtrusive during all nominal activities.

* Miniature CMGs
» Human-System Integration

The V2Suit shall take less than 5 minutes (TBR) to
CR-3 [ don/doff in all gravitational (e.g., 0-G, 1-G, 1/6-G) * Human-System Integration
environments.

The V2Suit shall have an operational time of at least | * High-density, miniature batteries

CR-4 .
1 hour (TBR). * Wireless power
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3.0 Background

3.1 Spaceflight-related Physiologic Adaptation and De-conditioning

All future long-duration space missions will result in physiologic adaptation and deconditioning,
that include, but are not limited to, bone loss, muscle atrophy, cardiovascular alterations,
sensorimotor adaptation [4], and the recent identification of potential changes to the visual
system [13]. Each system adapts with a qualitatively different time course. Some have been
quantified during space flights up to 6-months in duration, whereas others have no known “0-G
Set Point.” Each system also recovers to their “1-G Set Point” after returning to Earth at a
different pace, ranging from days (sensorimotor) to years (bone). Crewmembers on the
International Space Station (ISS) spend approximately 2.5 hours per day exercising in an attempt
to prevent this physiological de-conditioning, but have not been completely successful [3, 9].

The muscular system, used for locomotion, postural control, and balance is affected by
spaceflight due to the gravitational unloading, the lack of a need for balance, and changes in
locomotor strategies in a weightless environment [14]. The major effect of microgravity is
muscle atrophy with an accompanying loss of peak force and power [14]. At the whole-muscle
level, the maximum power of the lower limbs was reduced to 67% of the preflight levels in
astronauts after 31 days in space, and to 45% after 180 days [15]. Head-down bed rest studies, a
spaceflight analog, have reported strength losses between 0.4% and 0.6% per day in the arms and
lower extremities [16]. Another complication occurs because muscle contractions are also a
major source of bone loading. Loss of muscle strength could exacerbate bone loss, so it is
necessary to develop countermeasures that address musculoskeletal de-conditioning.

Bone mineral density reductions following spaceflight have been reported as high as 1-2% per
month in the lower spine and hip, with smaller losses in the upper body [3, 17, 18]. Studies of
Russian Mir cosmonauts found bone losses of up to 1.7% per month in weight bearing areas such
as the spine, pelvis, and proximal femur, but no loss in the upper extremities [17]. Similar
studies performed on ISS astronauts revealed reductions of 1% per month in the spine, and up to
1.5% a month in the hip. While astronauts lose bone at a rapid rate, they are slow to recover it
when they return to earth, and it is unknown whether they ever fully recover. A follow up study
on Skylab astronauts showed that not all bone lost during the mission had been recovered even
five years after flight [19]. These results are similar to those seen on earth due to immobilization
or spinal cord injury [3], which suggests that research into physiological de-conditioning seen in
space could have earth benefits.

Changes to the sensorimotor system typically manifest themselves during gravitational
transitions and during post-flight activities, which can be observed in terms of postural instability
[5] and gait ataxia [6, 7]. The balance system relies on information from the otoliths, semi-
circular canals, vision, proprioception, as well as local reflex arcs [20]. Results from spaceflight
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suggest that when astronauts enter weightlessness, arm movements are altered and may be
inappropriate and inaccurate [21-24] with increased movement variability, reaction time, and
duration [25]. Changes in neuromuscular function (e.g., muscle fiber changes, activation
potential changes), muscle atrophy, and orthostatic intolerance may also contribute to post-flight
posture and stability. The sensorimotor system, however, does recover rapidly. The initial rapid
re-adaptation has a time constant on the order of 2.7 hours, whereas the slower, secondary, re-
adaptation phase shows a time constant of approximately 100 hours (4 days) [5]. Even though
the sensorimotor system appears to re-adapt rather quickly, many critical tasks must occur during
the gravitational transition (e.g., piloting tasks) or immediately following it (e.g., landing, vehicle
egress).

Vision plays a critical role in maintaining spatial orientation in weightlessness [1]. On Earth we
experience no orientation illusions because our sensory systems all agree on the same
interpretation of our orientation with respect to the surrounding environment [1]. In space the
semi-circular canals and vision continue to provide accurate information, but the otoliths no
longer have a tonic input signaling gravity or body
tilt, and the feet are rarely in contact with a
surface. Cumulatively, this results in a conflict
between the senses. During flights, one of the
perceptions that can change dramatically is “one’s
perception of static orientation with respect to the
cabin and the environment beyond” (see Figure
3-1) [1], which manifest themselves in the form of
0-G inversion illusions [26, 27] and visual
reorientation illusions [26]. There are no
countermeasures  to  these illusions in
weightlessness. Providing an external cue to the
direction of down may alleviate them, which
could have operational benefits for
navigation/emergency egress as well as mental
rotations and reference frame coordination during Figure 3-1: A human visual orientation model for
teleoperation, docking or berthing operations. working with a canted rack in a spacecraft [1].

3.2 Existing Countermeasures

Sensorimotor— EXxisting countermeasures for sensorimotor adaptation include pre-flight training
procedures which may allow astronauts to more easily adapt their sensorimotor systems to
altered vestibular sensory inputs [28-30]. Some of this training includes using virtual reality to
expose astronauts to disorientation in order to help the sensorimotor system adapt more quickly
to potentially disorienting environments and situations they may encounter [31, 32]. The results

NEXT 15



NIAC Phase 11 Final Report

% Variable Vector Countermeasure Suit (V2Suit)
September 4, 2014

of pre-flight sensorimotor testing as well as ground based virtual reality studies can be used to
develop an appropriate training protocol for pre-adaptation to microgravity [33, 34]. It has been
shown that previous sensorimotor adaptation facilitates future sensorimotor adaptation;
essentially someone’s “ability to adapt” can be improved with practice [35].

Musculoskeletal— A variety of countermeasures have been developed to attempt to maintain
bone density and muscle strength during space flight. These include exercise, pharmaceutical
supplements, a specialized diet, artificial gravity, and countermeasure suits such MIT’s Gravity
Loading Countermeasure Suit and the Russian Penguin Suit [36, 37]. None of these
countermeasures can be shown to be 100% effective at mitigating the effects of microgravity on
the musculoskeletal system. Due to differences in individual physiology and an inability to
ensure strict compliance to any prescribed countermeasure, it is difficult to evaluate the
effectiveness of any given device or practice. Current protocol requires that astronauts spend 2.5
hours per day exercising (with a combination of resistive and cardiovascular equipment) to
maintain their fitness while in microgravity, but deconditioning is still an issue [38, 39]. Ground-
based studies with simulated microgravity (bed rest) which combine exercise with either
centrifuge-induced artificial gravity or lower body negative pressure have been conducted and
shown to mitigate deconditioning [40, 41]. Pharmaceutical countermeasures have also been
proposed to reduce deconditioning, and the use of bisphosphonates in conjunction with the
exercise protocol has been shown to reduce bone loss during spaceflight [42]. Additionally,
research has shown that appropriate nutrition (energy intake to maintain body mass and vitamin
D) in addition to resistance exercise with the Advanced Resistive Exercise Device (ARED) will
help maintain bone mass [43].

The exercise equipment is costly in terms of size and mass (the ARED weighs about 700 Ibs.),
and the prescribed regime is costly in terms of the large time requirement placed on astronauts
[44]. Additionally, use of the current exercise equipment, in particular the ARED, has been
hypothesized to lead to other physiological problems such as visual impairment due to
intracranial pressure (VIIP syndrome), and there is risk of musculoskeletal injury associated with
resistance exercise [45, 46]. Developing additional countermeasures that can be used
concurrently with existing countermeasures or other daily activities may enable the crew to
spend less time exercising, while also reducing the risk of additional impairment.

3.3 Countermeasure Suits

A number of countermeasures have been developed and used in an attempt to prevent muscle
and strength loss during spaceflight. In addition to treadmills, cycle ergometers, and resistive
exercise devices, the Russian Cosmonauts have used passive stretch garments (Russian “Penguin
Suit”) and electrical stimulation. The “Penguin Suit” has “rubber bands woven into the fabric,
extending from the shoulders to the waist and from the waist to the lower extremities, to produce
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tension on antigravity muscles [16]” (Figure 3-2, Left). More recently, a Gravity Loading
Countermeasure Skinsuit (GLCS) was prototyped and evaluated in parabolic flight [36] (Figure
3-2, Right). This type of suit, as well as the “Penguin Suit,” is an example platform for
integrating with the sensorimotor aspects of the V2Suit. Despite these types of intravehicular
suits having been developed, and to a limited extent used operationally, none have proposed to
integrate multiple countermeasures (e.g., sensorimotor, bone, muscle, or radiation). These
devices also have been completely passive — not containing or requiring any electrically powered
components to achieve their intended purpose. The integration and use of intermittent powered
components within the V2Suit stands to improve countermeasure systems being developed as
well as in-flight training systems for sensorimotor adaptation.

f
[\ S
l:'_"-’ \
|

J
http://www.globaleffects.com/C_pages/Rental/Wardrobe/SpaceSuits/
Historical/Russian/Penguin755_hi.jpg gravity.space.suit/index.html

Figure 3-2: Left: Russian “Penguin Suit”, Right: MIT Gravity Loading Countermeasure SKinsuit

http://www.cnn.com/2010/TECH/innovation/11/05/

3.4 Wearable Kinematic Measurement Systems

Wearable inertial sensors have previously been used in a variety of kinematic tracking
applications. IMUs placed on body segments can measure the angular velocity of the segments,
and this data can be integrated to determine the joint angles; IMU drift can be continuously
corrected for using inclination estimations from the accelerometers. Inertial sensor network
results have been compared to optical tracking systems and found to be accurate with a RMS
error of less than 8° [47-49].
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There have been a variety of cases of using inertial sensor networks to evaluate athlete
performance. Lapinski et al. used 6 DOF IMUs mounted on baseball players’ hands and arms to
calculate the g-forces at the hand during pitching and batting as well as to estimate bat speed at
impact [50]. Brodie et al. used a fusion motion capture system with alpine skiers that combined
IMU data with GPS data in order to track both the local orientation and acceleration of the limbs
(IMUs) and the global trajectory (GPS) of the athlete [51]. Lai et al. used a network of 4 inertial
sensors on the lead arm and trunk of experienced and novice golfers to attempt to find a
correlation between swing kinematics and hit accuracy [52].

Inertial sensors have also been used for gait analysis, a concept that has also been extended to
navigation. Hung et al. analyzed walking gaits using data from IMUs placed on each shoe
combined with a system of a shoe mounted camera and infrared LEDs to measure the attitude
between shoes [53]. Li et al. incorporated a similar shoe-mounted IMU system for the Lunar
Astronaut Spatial Orientation and Information System (LASOIS), a lunar astronaut navigation
system that also incorporated step sensors, suit-mounted cameras, and orbital sensors in order to
localize astronauts and analyze their motion on the lunar surface [54]. Space suits in the future
will likely include wearable IMUs, cameras, and other sensors and displays to improve astronaut
spatial orientation and navigation as well as wearable biological sensors for monitoring astronaut
health [55].

Accurately tracking the motion of the V2Suit user is important in determining when and in
which direction to apply the resistance. Incorporating the tracking system into the VV2Suit using
an inertial sensor mechanism similar to those described above would enable the suit to be used
anywhere regardless of the existence of external hardware (such as cameras) for motion tracking.
The microgravity environment which would be the main use scenario for the V2Suit presents a
unique challenge; the gravity vector cannot be used as a reference input to the system as it is in
some of the systems described above.

3.5 Control Moment Gyroscopes

Control moment gyroscopes, or CMGs, are momentum actuators that consist of a spinning mass
gimbaled about one or more axes. The gimbaling of the mass changes the angular momentum
vector of the spinning mass and generates an internal torque. There are a variety of types of
CMGs including single gimbal, dual-gimbal, and variable speed CMGs. Traditional single
gimbal CMGs have only one gimbal axis and can produce a high output torque vector in a 2-
dimensional plane. Dual-gimbal CMGs have two gimbal axes and have a larger momentum
envelope but worse power performance than single gimbal CMGs. They also require a more
complicated mechanical structure to allow for dual gimbaling. Both single gimbal and dual-
gimbal CMGs utilize constant spin rate flywheels. While variable speed CMGs allow for both
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gimbaling and changing the flywheel spin rate simultaneously to generate torque, they are power
inefficient and generally considered to be of academic interest only. [56]

Arrays of CMGs are controlled with steering laws that command appropriate gimbal rates and/or
spin rates (variable speed only) based on the geometric configuration of the CMGs as well as the
current gimbal angles in the CMG. Singularities, or orientations in which the CMG array cannot
generate torque in a particular direction, may occur and should be taken into account in
developing steering laws for the CMG array [56]. There are a variety of steering laws for
singularity avoidance and escape being developed, and this is an ongoing area of research as a
single steering law is not applicable for every CMG use case [57-59].

Control moment gyroscope arrays are commonly used for spacecraft attitude control. The V2Suit
aims to miniaturize a CMG array for use inside modules that have a small enough form factor to
be wearable on the individual body segments, and use the gyroscopic torque to affect the
wearer’s biomechanics. Flanders et al. found that gyroscopic torque can perturb arm motion. The
magnitude of the torque required was “about 10% of the maximum joint torque in shoulder
elevation and elbow flexion and about 1% of the maximum joint torque in shoulder yaw and
humeral rotation” or approximately 0.1 Nm (see Figure 3-3) [60]. This result informed the
desired torque output for each VV2Suit module.
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Figure 3-3: Joint torques during reaching motions while holding a spinning flywheel; the gyroscopic torque
magnitude was approximately 0.1 Nm [60].

Other considerations when choosing an appropriate array for the V2Suit include the total number
of CMGs and actuators for the array, as well as any additional hardware that would be required.
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Size is a significant constraint, so minimizing the amount of hardware required inside each
module is a key to the success of the design. When considering how to control the CMG array
for the V2Suit, significant consideration should be placed on the effect of body motions on the
torque output of the system. The movement of the object on which a CMG array is mounted also
generates a torque, referred to as a base rate torque [56]. In this case, the CMGs will be mounted
on a person’s limbs, the motion of which may significantly impact the output torque from the
CMG array.

4.0 Key V2Suit Research Areas

Five key V2Suit research areas were investigated as part of the NIAC Phase Il Study. These
included the development of an integrated simulation architecture; the development of the
“down” tracking algorithm for determining the direction to command the CMG torque vector;
the design, simulation, and analysis of wearable CMGs; evaluation of human-system integration
alternatives; and brassboard prototyping of a unit to demonstrate the VV2Suit capabilities. Each
of these key research areas will be described in the following sections.

4.1 Integrated Simulation Architecture

An integrated simulation architecture was developed in MATLAB/Simulink for the V2Suit.
This integrated architecture enabled several early-stage prototyping efforts as well as a number
of trade studies for the CMG architecture and component selections. The architecture, at a high-
level, is comprised of two major elements: Central Processing and the VV2Suit module (Figure 4-
1). Central Processing includes all of the computational elements required for sensing the
module state and motion and issuing commands to the CMG for applying a torque in the
appropriate direction during movement. In addition, the Central Processing is responsible for
system moding and the initialization of parameters. During the initialization phase, maintaining
the state record of the local inertial reference frame is the responsibility of Central Processing.

Within each V2Suit module, a model of the onboard IMU is used to determine the module
orientation (during the Initialization Mode) and inputs to the “down” tracking algorithm, which
is employed during the Operations Mode. Calculation of the “down” vector is accomplished in
Central Processing. Commands are received from Central Processing to steer each CMG so that
the torque vector is in the appropriate direction with the appropriate magnitude. The CMG
controller in each module is responsible for actuating the local hardware. In addition, each
V2Suit module model includes a model of the CMG architecture and parameters. Nominally, the
simulation flows from the Initialization Mode to Operations Mode.
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Figure 4-1: High-Level Simulation Architecture

Figure 4-2 provides an overview of the integrated simulation architecture, as implemented in
MATLAB/Simulink. Specifically, data files of representative arm motions were created and
used to initialize “down” tracking, and then used to track the orientation of the module with
respect to that “down” direction during Operations. The CMG model was parameterized for a
detailed trade study for wearable architectures.

This integrated simulation architecture proved to be useful in many areas including: validating
the “down” tracking algorithm (see Section 4.2), recognizing early potential implementation
issues (such as the need for a “down” tracking sampling rate filter), a wearable CMG architecture
trade study (see Section 4.3), and selecting an inertial measurement unit (IMU) that would meet
the performance requirements of the V2Suit. This final point will be decribed below.

One of the key operational requirements is to operate continuously for at least 1 hour (CR-4, see
Table 2-1). Over time, the IMU measurements will drift and result in the algorithm’s calculation
of ‘down’ to deviate from its true direction. In order to bound the operational time of the V2Suit
before a re-initialization is required, it is necessary to quantify the performance of the IMU
inside the V2Suit module to determine how long the system can run before a significant drift
from truth is observed.
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Figure 4-2: Overview of MATLAB/Simulink Integrated Simulation Architecture

Figure 4-3 shows a potential drift instance. The percent of a calculated ‘down’ that will align in
the direction of true ‘down’ is the cosine of the angle between the two unit vectors, i.e. it is the
projection of the calculated solution onto the vector representing the truth. For example, at a 10-
degree offset 98% of the calculated ‘down’ is the correct direction, at 30 degrees this is reduced
to 87%, and at a 41-degree offset it is further reduced to 75%. This percent will end up being the
fraction of the generated torque that will be correctly pointed. For this reason, the ideal would be
to keep the deviation of ‘down’ to 10-degrees or less.
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As shown, the calculated ‘down’ has moved away

The integrated simulation was used to simulate and test three candidate commercial IMUs. The
parameters for the simulated IMUs—specifically noise density, bias stability, g-sensitivity, and

dynamic range— were obtained from spec sheets or, in the case of IMU #3,

from empirically-

obtained data. Assumptions made were that a) parameters not listed are set to zero, b) there is a
zero gyro bias due to bias removal during initialization, and c) there is a 1 Hz low pass filter at
the entrance to down-tracking. For the simulation, the IMUs were set to collect zero-rate data
with down in the direction of gravity. The results of the simulation are shown in Figure 4-4.
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Figure 4-4: IMU performance simulation results. IMU #2 runs for 1 hour with around a 10 degree offset

from true down.
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Again, the desire was to stay within a 10-degree offset for as long as possible. IMU #2 ran for 1
hour in the simulation and never exceeded a 10 degree offset from true down. Thus it was
selected as the desired IMU for the V2Suit module.

The performance of the purchased IMU #2 was subsequently quantified. The IMU was placed in
a “rest” position (flat on the table) and the reported ‘down’ vector was recorded. Then it was
secured to a hand for one hour as normal activities were performed. The IMU was returned to the
rest position every 10 minutes and the down vector noted. The deviation from the original
reported ‘down’ was calculated at each rest interval (Figure 4-5). It is noted that the offset from
the original, true ‘down’ over the course of an hour does not exceed a degree. Thus, the actual
IMU performed better than the simulation predicted and provided confidence in the performance
of the IMU to support long-duration operation without requiring re-initialization.
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Figure 4-5: Actual IMU performance results. The comparison to true 'down' was taken every 10 minutes.

4.2  “Down” Tracking Algorithm

Two high-level phases of use have been identified for the V2Suit system: the initialization phase
and the operations phase (Figure 4-6). The initialization phase is used to set the desired direction
of “down” and define the inertial coordinate frame through a specified sequence of motions.
Each module’s initial orientation can then be determined. During the operations phase the user
moves freely and IMUs sense the angular velocity and linear acceleration of each wearable
module. This information, along with the orientation information from initialization, is used to
track the module position, orientation, and velocity over the course of the motion as well as the
direction of inertial “down” in each module’s local coordinate frame. This ensures that the
resistance that is felt from actuation of the CMGs will be applied in the correct direction.
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Figure 4-6: V2Suit high level system architecture divided into initialization and operations phases

4.2.1 Coordinate Frames

There are two coordinate frames that are relevant to the V2Suit — the inertial coordinate frame
(ICF) and the module coordinate frame (MCF). The ICF is defined by the individual user’s
“Initialization motions” during the initialization phase. It remains fixed in space and does not
change until the system is re-initialized. The ICF must be consistent across all V2Suit modules
within the same individual to ensure that the direction of the commanded resistance is
coordinated across all body segments. Since the ICF is defined in order to specify “down” for
the individual user, several users in the same working volume may be tracking against different
ICFs. Additionally, the ICF may be specified based on environmental knowledge. For example,
the inertial coordinate frame could be specified based on a pre-defined coordinate system
associated with a space station module.

The MCEF is a local coordinate frame fixed to each of the individual V2Suit modules. It is unique
to each module and is non-inertial. The orientation and motion of the MCF is tracked with
respect to the ICF (e.g., Figure 4-7) in order to command the CMG actuation to apply the
appropriate magnitude and direction of resistance.

As an example, for a module located on the upper arm the MCF is defined as: the module X axis
points in the direction of the arm axis, towards the hand. The module Y axis points forward
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(right arm) or backward (left arm). The module Z axis points outward from the body to complete
the right handed coordinate frame (Figure 4-8).

Z

\ -

ICF

Figure 4-7: Representation of the inertial coordinate frame vs. module coordinate frame

Figure 4-8 — Module coordinate frame convention oriented on an arm.

4.2.2 Algorithm Description

Initialization Phase—The initialization phase defines the direction of inertial “down,”
determines the initial direction of “down” in module coordinates, and determines the initial
orientation of the V2Suit modules with respect to the ICF. In microgravity there is often no
obvious up or down direction. Multiple people in the same space may be oriented differently and
perceive down differently. The V2Suit user must re-define the inertial coordinate frame each
time the system is initialized so that the direction of “down” coincides with the desired direction.
Since the initialization process relies on the IMU to determine the module’s direction of “down”
and the initial orientation, there are required inputs to the system to fully specify these
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parameters. These inputs are dependent on the situation or environment in with they are
initializing in: in Earth gravity with “down” parallel to gravity, in Earth gravity with “down” in
any direction, and in microgravity with “down” in any direction.

The initialization process for the VV2Suit requires that the user generate two acceleration pulses in
the module that are parallel to two inertial axes — a Y pulse” and a “Z pulse” (Figure 4-9). One
pulse is used to define “down” and the other provides the necessary information to define the
orientation of the module with respect to the inertial coordinate frame.

LYI )

(ICF) Z Pulse Y Pulse

Figure 4-9: The “hop and flap” motion is used to generate two acceleration pulses during initialization to
define the direction of inertial down and determine the orientation of the V2Suit module with respect to the
ICF.

On Earth, initializing “down” is trivial. “Down” is simply the direction of the IMU acceleration
reading due to gravity. Thus, on Earth with “down” aligned to the gravity vector the user must
only generate one pulse — the “Y-pulse” or “flap”. If the user wishes to initialize “down” on
Earth in a direction that is not the same as the direction of gravity, the acceleration reading due to
gravity in the IMU must be filtered out so that it does not affect the tracking algorithms and then
the initialization process proceeds as it would in microgravity.

In microgravity, the user must provide both the “Y pulse” and “Z pulse” motions. This would be
done through a “hop and flap” motion (Figure 4-9). The V2Suit starts in a default initial position
of arms by the sides with palms inward. The user then pushes off with his feet. The resulting
linear motion is used to define the inertial coordinate frame Z axis. Subsequently, he would
move his arms away from his torso to generate a pulse approximately perpendicular to the Z
pulse and parallel to the inertial Y axis (see Figure 4-9). (Due to the coordinate convention, the
pulse would be in the negative inertial Y direction for the right arm and in the positive inertial Y
direction for the left arm.) Inertial down is taken to be the negative inertial Z axis, or the
direction opposite of the Z pulse. To find the initial direction of down in the module coordinate
frame (MCF) this pulse as detected by the module’s IMU is normalized and reversed.

The two “hop and flap” pulses are used to determine the orientation of the module with respect
to the ICF [10]. To determine the orientation of the MCF with respect to the ICF, two symbolic
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coordinate systems are defined, with X, y;, and Z;, representing the ICF and X,, y,, and Z,,

representing the MCF. The 1-frame is simply the inertial coordinates re-organized for notational
purposes (see Equations (4-1) — (4-3)). (Note that calculations shown here are for a module
located on the right arm of the user so the Y pulse is in the negative Y inertial direction. The
procedure for determining module orientation for the left arm is analogous but y; would be the
positive Y inertial axis.)

/x\l = Zlnertial = [0 0 1] (4'1)
?1 = —Ylnertial = [0 -1 0] (4'2)
21 = 56\1 X ?1 = [1 0 0] (4-3)

The 2-frame takes the new X, to be in the direction of the Z-pulse and orthonormalizes the Y
pulse to this axis to define the new y,(see Equations (4-4) — (4-8)). These X, and ¥y, unit vectors
are then used to define Z,. The orthonormalization process allows for the Y pulse and Z pulse to
not be perfectly perpendicular (i.e., the Y pulse need not lie in the inertial XY plane); however
the Y pulse must be in the inertial YZ plane to get an accurate orientation.

xZ = ZPulse (4'4)
= KX .

*2 = i Gl

Y2 = yPulse - (yPulse ) 22)322 (4-6)
- g

Y2 = iyl -7

Z; =% XY, (4-8)

Once all six unit vectors have been defined, two matrices are formed with the unit vectors as
their columns (Equations (4-9) and (4-10)).
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MI(rightarm) = Z;{=(0 -1 0 (4-9)
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These matrices are used to find a rotation matrix describing the rotation between the inertial
coordinate frame and the module coordinate frame (Equation (4-11)). The rotation matrix can
then be converted to a unit quaternion.

R= MM," (4-11)

The initial orientation quaternion for the module is required to convert between the module
coordinate frame (MCF) and the inertial coordinate frame (ICF). To go from the MCF to the
ICF, the vector is rotated by the initial orientation quaternion. Conversely, to go from the ICF to
the MCF, the vector is rotated by the conjugate of the initial orientation quaternion.

Defining the direction of “down” and finding the orientation of each module with respect to
“down” is one aspect of the initialization process. In addition, the initialization phase is used to
tare the IMU readings. For this to take place, each V2Suit module would be required to remain
stationary while the V2Suit system software tares the IMU acceleration and angular velocity
readings to remove any biases in the readings that could affect the stability and long-term
“down” tracking performance.

Operations Phase—Once the initialization phase is complete, the system is transitioned to the
operations phase. In this phase, the wearer moves freely and the CMG actuation is commanded
appropriately. The IMU senses the angular velocity and linear acceleration of each V2Suit
module in the MCF and outputs the rotation angles of the IMU relative to its zeroed state. This
information is used along with the initial orientation quaternion and the initial direction of down
from initialization to keep track of the direction of “down” in the MCF as well as the module’s
position, orientation, and velocity.

Down Tracking—The CMG-generated torque is perpendicular to the direction of “down” and
applied only during movements that are against the direction of “down”. Inertial down does not
change unless the system is re-initialized, but the direction of “down” in module coordinates
changes as the module moves. This direction needs to be tracked to send the appropriate input to
the CMG controller. The initial direction of “down” in module coordinates is specified during
the initialization phase. During operations phase, rotation angle data (v, 0, ¢ (roll, pitch, yaw)) is
converted to a quaternion, gm, which describes the motion of the module (Equation (4-12)). (The
rotation angles may be obtained from the IMU directly if the sensor has that capability or by
integrating angular velocity data [11].) The rotation convention used in this algorithm is ZYX.
The initial “down” vector is rotated by gn to give the direction of down in the MCF at each
instant throughout the motion (Equation (4-13)).
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4.2.3 Module Orientation and Position Tracking

Tracking each V2Suit module’s orientation and position with respect to the ICF are not
necessary for sending CMG commands. However, this data is useful for alternate scenarios. For
example, a combination of this data with knowledge of elements of the environment could be
used to adhere to keep-in or keep-out zones or to track a motion path. Alternately, the IMU-
based kinematic measurements could be compared against an optical tracking system to quantify
accuracy and drift over time

Tracking each V2Suit module axis orientation during free motion requires that the module axes
(in module coordinates) be rotated by the conjugate of the motion quaternion. The resulting
vectors represent the module axes in a fixed reference frame aligned with the initial module
orientation. To convert from this frame to the inertial coordinate frame, the axes must be rotated
again by the initial orientation quaternion which was determined in the initialization phase
(Equation (4-14)).

Xucrlicr = 4i(@m Xmer(@m) D™t (4-14)

Tracking each module’s position requires knowledge about the anthropometry of the user and the
placement of the modules on the user’s body. The distance from the module center of mass to the
joint about which the user’s limb rotates (e.g., distance from shoulder to the center of mass of the
module on the upper arm) remains fixed under the assumption that the module-body interface
does not allow relative motion between the module and the user’s body. This distance, multiplied
by a unit vector in the direction of the module x axis, gives a position vector from the joint to the
module. If additional information about the location of the user with respect to an origin is
available through other sensors then this can be combined to determine and track the position
and orientation of the module (or some other point of interest) in space (Figure 4-10). Position
and orientation tracking may be possible if there were an additional IMU located on the torso to
keep track of translation and rotation of the user from a reference starting position.
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(a) (b) (c)

(d)

Figure 4-10: The user moves from position (a) to position (b). Figure (c) shows the rotation of the arm from
around the shoulder. Figure (d) shows the translational motion of the body. IMU data is used to calculate
translation and rotation.

4.2.4 Module Velocity Tracking

The V2Suit system will only command the CMGs to provide a resistance to motions that have a
component against “down”. The linear velocity of the module is needed to determine the
direction of the module’s motion. The module IMU measures the linear acceleration over the
course of the motion; integrating this gives the linear velocity in module coordinates. If the
motion does not have a component in the direction of “down”, the dot product of “down” in
module coordinates and the linear velocity vector in module coordinates will be equal to zero. If
this dot product is non-zero, the CMGs will generate a proportional torque in the direction of
“down”; otherwise there will be no torque generated from the V2Suit module.

Direction of Commanded Torque—The CMG generated torque from the V2Suit module should
feel like a torque due to gravity. In other words, the direction of this torque should be in the
same direction as a gravitational torque would be. The direction of gravitational torque is the
cross product of a unit vector starting at the joint and pointing along the body axis and a unit
vector in the direction of the force due to gravity. This corresponds in the VV2Suit paradigm to the
module X axis crossed with the down vector (Equation (4-15)) to specify the direction of the
commanded torque in the MCF.

Torque= (1 0 0)x(d, d, d)) (4-15)
4.2.5 Algorithm Summary
The “down” tracking algorithm is a critical part of the V2Suit system. It enables the

specification of an arbitrary direction of “down” in multiple gravitational environments in order
to appropriately command the CMGs to generate a resistance to movements against “down.” A
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notional sequence of events from the initialization through operations phases is shown in Figure
4-11. Tt starts with the “hop and flap” motion during Initialization to specify the direction of
“down” and orientation of the V2Suit module with respect to that direction. Subsequently, the
system transitions to Operations and the user simply lifts their right arm from their side 90-
degrees so that it is perpendicular to “down” (note the angular velocity of the module). As a
result, the direction of “down” starts off primarily in one of the MCF axes, then is split between
two MCF axes, and then returns to being only in one of the MCF axes.

El
nd T~

Linear Acc. (m/s?)

Ang. Velocity (rad/s)

T —

Down

Initialization Time Operations

Figure 4-11: Example V2Suit use case. Two acceleration pulses in initialization define down and module
orientation, followed by operations with a simple motion and representative notional IMU data. Down
tracking is shown in the bottom plot.

4.2.6 Performance Evaluation

Synthetic Data—To test the algorithms two synthetic arm motions were generated in MATLAB.
The first motion was an arm lift (1-axis rotation), where the simulated user starts with their arm
at their side and lifts it 90 degrees to the side in one second. In this motion there is only rotation
about the module Y axis — “Simulated Lift”. The second motion also begins with the user’s arm
at their side, but in this motion the arm is simultaneously raised in the sagittal plane, rotated
about its long axis, and rotated in the transverse plane. As a result, the module is rotated around
each MCF axis to reach the same final position as the first motion — “Simulated 90-90-90
Rotation”. The computer generated IMU data (linear acceleration and angular velocity) from
these motions was run through a “down” tracking simulation created in MATLAB/Simulink.
Figure 4-12(a) and (b) show the direction of down in the module coordinate frame during the
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course of these motions. The illustrations in the boxes depict the module orientation in the
inertial frame to give an idea of how the module is moving. The simulated IMU data for the two
motions was also run through a module axis tracking simulation. The results of the simulations
are shown in Figure 4-13(a) and (b). The figure shows how the module axes move in the inertial
coordinate frame over the course of the motion, as well as inertial down for a reference. The
trajectory of the module is also indicated.

IMU Data—The same motions were repeated with the selected IMU to capture data from real
motions to pass through the algorithm. Unlike the simulated data, these motions were repeated
and lasted longer than one second. Due to normal biomechanical movements there is some
variability in the start point, trajectory, and module orientation throughout the trajectory. The
“down” tracking results from the real arm motions are shown in Figure 4-12(c) and (d). The
graphs do not exactly match the simulated data due to differences in the initial starting position
and slight differences between the simulated motion and the real motion captured by the IMU.
The real IMU data was also passed through the module axes tracking simulation, the results of
which are shown in Figure 4-13(c) and (d).
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(a) Down: MCF, Simulated Lift (b) Down: MCF, Simulated 90-90-90 Rotation
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(c) Down: MCF, Real Lift (d) Down: MCF, Real 90-90-90 Rotation

-1
02|
05 5
X 4l = 4
o . 2 0
3 ol 3 1 :
§ g |
08l 05
1a B 1
0 o - :
08 _ 1
’ 0 N Modb - 1]
1 wMod® A 25 gote ™
05 -

Figure 4-12: Down tracking simulation results: (a) shows the Simulated Lift, (b) shows the Simulated 90-90-
90 Rotation, (c) shows the Real Lift, and (d) shows the Real 90-90-90 Rotation. The figures show the direction
of “down” in the module coordinate frame over the course of the motion.
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Figure 4-13: Module Axis Tracking simulation results: (a) shows the Simulated Lift, (b) shows the Simulated
90-90-90 Rotation, (c) shows the Real Lift, and (d) shows the Real 90-90-90 Rotation. The figures show the
module axes in the inertial coordinate frame over the course of the motion. The trajectory of the module is
also shown, and inertial down is given as a reference.

4.3 Wearable CMG Modeling & Simulation

4.3.1 CMG Introduction and Background

Control moment gyroscopes, or CMGs, are momentum actuators that are commonly used on a
large scale for spacecraft stabilization and attitude control. CMGs consist of a spinning mass
gimbaled about one or more axes to change the direction of the angular momentum vector and
thereby generate an internal torque on the system (Figure 4-14). In the majority of CMG designs,
the magnitude of the angular momentum vector is constant. However, variable speed CMGs may
also be considered for some applications, but they introduce system complexities and
inefficiencies. In this thesis, any CMG referred to as a single gimbal CMG (SGCMG) — meaning

NEXT 35



NIAC Phase 11 Final Report

% Variable Vector Countermeasure Suit (V2Suit)
September 4, 2014

that it gimbals only about one axis — has a constant spin rate (constant angular momentum
magnitude).

Figure 4-14: Control moment gyroscope diagram [56].

Gimbaling the spinning mass changes the direction of its angular momentum vector, which
generates an internal torque on the system. The magnitude of the torque from a SGCMG is
dependent on the angular momentum of the spinning mass as well as the gimbal rate. The
direction of the torque vector for a SGCMG is dependent on the gimbal angle and is always
perpendicular to the gimbal axis. The torque from a SGCMG can be approximated as shown in

Equation (4-16) where &, is the gimbal rate vector and h, is the angular momentum vector of
the spinning mass.

T =—Wy X h, (4-16)

This is simplified from taking the time derivative of the SGCMG angular momentum vector and
is valid under the assumption that the angular velocity of the body on which the CMG is
mounted (typically a spacecraft) is small in comparison to the gimbal rate of the CMG. This is
referred to as the base rate. In the case of the V2Suit CMG, the base rate is the angular velocity
of the body segment on which the module is located. The effect of the base rate, given in
Equation (4-17), might become significant in this case.

Tg = —@gy X h, (4-17)

Therefore, the total torque generated by a CMG is t + t5. In order for the V2Suit to generate
the desired torque in the appropriate direction, the base rate effects caused by the motion of the
wearer’s limbs must be accounted for. In the ideal scenario, the base rate torque is in the desired
direction for the specified resistance torque, but this is rarely the case. The base rate torque must
be nulled through active gimbaling to prevent undesired perceptions.
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A single SGCMG is capable of generating a torque vector that may lie anywhere on a 2
dimensional surface at a given instant. This is one input to an attitude control system- in general,
rigid bodies (e.g., spacecraft) have 3 degrees of freedom in attitude. While one CMG may
occasionally be able to generate the desired torque for an attitude control system, 3 CMGs are
generally necessary and the torque is from a combination of the CMGs. Groups of CMGs
controlled together to generate torque are referred to as arrays. Including a 4" CMG in an array
allows for redundancy in case of failure and also facilitates singularity avoidance. A singularity
is a configuration in which a CMG array cannot generate torque in one or more directions. A
CMG array may encounter two types of singularities: external (momentum saturation) and
internal (geometric). Figure 4-15 shows a representation of the different types of singularities for
an array of 4 planar CMGs. Saturation singularities cannot be avoided without the loss of the
effective torque command. Some internal singularities can be avoided by constraining the gimbal
motion of the CMGs to prevent them from reaching a singular configuration, but again not
without a performance penalty.

(8]
»

a) 4H saturation singularity ¢ OH internal singularity

< <

b) 2H internal singularity d) No singularity
Figure 4-15: Visual explanation of singularities for an array of 4 planar CMGs— (a) shows an external
saturation singularity, (b) and (c) show internal singularities, and (d) shows no singularity [58].

The gimbal angles of the CMG are controlled using steering laws that are based on the Jacobian
of the array [61]. The Jacobian of a SGCMG array is a matrix of partial derivatives of the
angular momentum vector of the array with respect to its gimbal angles. In matrix form, the
torque output from a SGCMG is given by Equation (4-18) where /, the Jacobian of the array, is a
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function of the gimbal angles of the array and wy, is a vector of the gimbal rates for each CMG in
the array.

T = Jw, (4-18)

If the desired torque vector is known, it is possible to calculate the required gimbal rates for the
CMG array to generate the desired torque. In order to calculate do so, the inverse of the Jacobian
must be multiplied by the torque vector (Equation (4-19)).

wg =]t (4-19)

The Jacobian for a given array may not be square, so the steering laws often use a pseudoinverse
to calculate the gimbal angles as shown in Equation (4-20) which uses the Moore-Penrose
pseudoinverse.

wg =JT[J ]I (4-20)

Other steering laws require adding constraint equations to the Jacobian to make it invertible. This
will necessarily limit the motion of the CMG array. If the Jacobian for an array is not invertible
at a given operating condition, there is a singularity at that condition. Similarly, if det(J JT) = 0
the pseudoinverse cannot be calculated and there is a singularity. If the Jacobian can be made to
be full rank (and therefore invertible) at all times, the array will be singularity free [61, 62].

The V2Suit aims to miniaturize a CMG array for use in a body-worn system to apply torque to
the wearer’s musculoskeletal joints. The smallest existing CMGs on the market are intended for
use on small satellites and are too large for the purposes of the V2Suit. Miniaturizing a CMG
array while still generating a large enough gyroscopic torque for suitable resistance is a main
challenge in the design of the VV2Suit system. Additional challenges include developing steering
laws that allow for singularity avoidance and methods of desaturating the CMGs.

4.3.2 Steering Laws

The goal of a steering law for a CMG array is to calculate the gimbal rates that will generate the
commanded torque vector taking into account hardware constraints such as gimbal limits and
avoiding singularities [62]. For the VV2Suit array, there has been a limit imposed on the range of
motion for the gimbal of 2 revolutions in either direction. The limit on the gimbal rate for the
array is a function of the selected gimbal motor, which has a maximum output speed of 24 RPM.
The acceleration capability of the gimbal motor also limits how quickly the array can respond to
changes in gimbal rate. Accounting for these factors in the steering logic, as well as
incorporating a method of resetting the gimbal angles once the limits have been reached, is
important for successful torque generation.
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Though the pseudoinverse steering law used in the initial simulations was insufficient in terms of
its ability handle singularities, most CMG steering laws use some variation of the pseudoinverse
steering logic [62]. There are two types (external and internal) singularities. In an external, or
saturation, singularity the total angular momentum of the CMG array has reached the total
momentum capability of the array. In other words, all of the angular momentum vectors from the
various CMGs in the array point in the same direction. Spacecraft attitude control systems that
utilize CMGs must incorporate a method of desaturation for the CMG array to handle external
singularities [56, 62].

In an internal singularity, the total angular momentum of the array is within the limit of the
momentum capability, but a singularity still exists. There are two types of internal singularities:
hyperbolic and elliptic. There is a numerical method for distinguishing between the two types,
but generally they differ because hyperbolic singularities can be avoided by incorporating null
motion into the steering logic and elliptic singularities cannot [63].

4.3.3 Singularity Avoidance using Null Motion

Null motion is defined as motion of the gimbals that does not produce any net torque. The
pseudoinverse steering logic does not naturally incorporate null motion into the gimbal rate
commands, and as a result it tends to steer the gimbal angles towards singular states [62]. There
are a variety of ways to incorporate null motion into the steering logic for an array, one of which
will be discussed here. Bedrossian et al. presented a non-directional method of adding null
motion to the pseudoinverse steering logic that adds significant null motion to the array even
when it is not near a singularity. Equation (4-17) can be considered to be a particular solution to
Equation (4-18); the homogeneous solution is obtained by Equation (4-21) below where n is a
vector that spans the null space of the Jacobian [62].

Jjn=0 (4-21)
The particular solution to Equation (4-21) is then
wg =JT[JJT ]t + yn (4-22)

where y specifies the amount of null motion to be added. The method for calculating n and y is
presented below in Equations (4-23) — (4-27):

, :{m6 form=>1 (4-23)

m® form<1

m =Jaet O (4-24)
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n= g; (4-25)
Cy

C; = (=DM (4-26)

M; = det(J;) (4-27)

In the above equations, m is a so-called singularity measure for the array. The C; are the order 3
Jacobian cofactors, and the M; are the order 3 Jacobian minors for the array. J; is the Jacobian of
the array with the i column removed. This method of applying null motion does not guarantee
singularity avoidance; indeed since it is non-directional the null motion may actually end up
steering the array towards a singularity in some instances [64]. While this may help singularity
avoidance for the V2Suit system, it may not be the ideal choice of steering logic in this instance.

4.3.4 Singularity Robust Inverse
The reason singularities occur is that the steering logic is attempting to solve Equation (4-18)
exactly which is not always possible; allowing for some deviation from the desired torque and
using a singularity robust inverse steering logic is a way to get around this [64]. A variety of
singularity robust inverses have been developed, one of which, given in Equation (4-28) and
referred to as a generalized singularity robust inverse, is capable of passing through and escaping
from any internal singularity.

JE =TT + 2B (4-28)

In Equation (4-28), J# is the singularity robust inverse of the Jacobian. The matrix E is given by
Equation (4-29).

1 & &
E=les 1 &[>0 (4-29)
& & 1

In the above equations, A and &; should be selected so that J#u # 0 for any non-zero constant wu.
If this can be accomplished the array will never encounter a singularity [59].

Using this method for singularity avoidance for the V2Suit could be problematic as high
accuracy in torque generation is desirable. However, further study into how much deviation from
the desired torque direction and magnitude is acceptable before the countermeasure loses
efficacy may make this a possibility moving forward.
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4.3.5 Generalized Inverse Steering Law

Asghar et al. presented an exact steering law based on the generalized-inverse for a 4CMG
pyramid array. The steering law will restrict the gimbal motion to a hyper-surface that will not
encounter any internal elliptic singularities. The steering law is defined in Equations (4-20) and
(4-30) below.

wy = AT(JAT) 't (4-30)
A=]+], (4-31)

In Equation (4-31), J, is a 3x4 matrix of column vectors chosen to be perpendicular to the
column vectors in the Jacobian, J. For the V2Suit array, a possible choice for the matrix J, is
given in Equation (4-32).

(sing,; —cosacos @) (—sing@, —cosacos @,)
] =h|(=sing; —cosacos ;) (—sin@,+ cosacosp,)

0
(—sin@; + cosacos ;) (sing, + cosacos @,)
(sin@s + cosacos p3)  (Sin@, — cos acos @) (4-32)
0 0

The generalized inverse steering law was tested in simulation and found to give exact torque
control while avoiding internal singularities [65]. This makes it a good candidate for use as a
potential steering law for the V2Suit.

4.3.6 V2Suit CMG Trade Study

In order to select an appropriate CMG array and design parameters for use in the V2Suit a
detailed trade study was conducted including a variety of simulated CMG arrays. Simulations of
each of the candidate arrays were created in MATLAB and Simulink. The simulations included
scissored pairs SGCMG arrays, pyramid SGCMG arrays, and variable speed CMG arrays. For
comparison, a reaction wheel array was also included. The goal of the trade study was to narrow
down the candidate arrays so that a more detailed parameterized simulation study could be
conducted to determine the appropriate CMG array architecture and specifications for use in the
V2Suit. The performance of the arrays in terms of generating the desired torque to apply
resistance to movements parallel to “down” was quantified. The purpose of the first round of
simulations was to determine whether the arrays could generate the desired torque based on the
simple steering laws without exceeding reasonable gimbal and spin limits. Additional criteria
used to down-select the array candidates included considerations of the overall size of the array,
keeping in mind the system requirement for a wearable array form factor.
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Simulation Design

The basic simulation architecture for the SGCMGs is shown in the diagram in Figure 4-16. The
simulation is for a single CMG array mounted on the V2Suit user’s arm. In the figure, the boxes
outlined in red represent aspects of the simulation that are unique to each individual CMG array.

Torque Unit \I/
Vector « || Desired . Gimbal Motor CcMG Torque
Torque Torque Rates Control Dynamics
Magnitude
AAm; Base Rate
nguiar Effects FF
Velocity
CMG
Steering
Laws
1 Gimbal Angles
CMG Angular Momentum Vectors

Figure 4-16: SGCMG simulation architecture to select an array for the V2Suit. The CMG simulation begins
at the end of the initialization phase. The inputs to the simulation are the direction of the torque vector in the
module coordinate frame (determined by “down” tracking), the desired torque magnitude, and the angular
velocity of the arm. The red boxes indicate aspects of the simulation that are unique to each array.

The CMG simulation begins at the end of the initialization phase. The inputs to the simulation
are the direction of the torque vector in the MCF (determined by “down” tracking), the desired
torque magnitude, and the angular velocity of the arm from simulated IMU data. The desired
torque magnitude is multiplied by the direction of the torque vector to get the desired perceptible
torque for the VV2Suit module. This is the magnitude and direction of the torque that the user will
feel while wearing the V2Suit. The desired perceptible torque from the V2Suit module is
different from the command torque sent to the CMG controller. The command torque will be
generated only by the gimbaling of the CMGs in the array and is based on the gimbal rate
commands sent to the CMG controller. This torque may differ from the desired perceptible
torque due to the need to account for the motion of the module.

Unless the module is stationary, there is a base rate effect torque due to the angular velocity of
the arm that must be fed forward into the torque command sent to the CMG controller. In the
simulation, computer generated IMU data representing an arm motion is provided to calculate
the base rate torque (Equation (4-17)). This torque is subtracted from the desired perceptible
torque to determine the command torque to send to the CMG steering laws (Equation (4-33)).

Tcmp = Tperceptible — TB (4-33)
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For the SGCMGs the simulation uses very basic steering laws to determine the appropriate
gimbal. The Jacobian of the array is calculated at each time step in the simulation using the
gimbal angles as inputs. The pseudoinverse of the Jacobian is taken and then multiplied by the
command torque vector to generate the gimbal rate commands. These commands are sent to the
simulated CMG dynamics, as well as the arm motion to generate the base rate torque. The final
output of the simulation is the torque generated by the array based on the gimbal rate commands
combined with the base rate torque to give the perceptible torque. The steering laws to command
the spin rates for the variable speed arrays and the reaction wheel array are different and will be
discussed in more detail in the following sections. The overall architecture of the simulation
remains the same, but instead of gimbal rate commands the CMG controller is being sent spin
rate commands.

The simulations were initiated using MATLAB scripts that allow for parameterization so that
changes in flywheel size and material (flywheels were cylindrical), spin rate (for the constant
spin rate CMG’s), gimbal rate (for the variable spin rate CMG’s), can be incorporated easily at
the start of each simulation. These scripts run a one-second long arm motion simulation with the
given array parameters and output the perceptible torque and the gimbal rates and gimbal angles
at each time step in the simulation. In addition to changing the array parameters, the simulation
also allowed for a variety of arm motion conditions to be tested. The motions implemented
included a test case where there was no motion (i.e., the module was stationary) and the two
simple motions (lift arm and 90-90-90) used previously in the formulation of the down tracking
algorithm.

As previously stated, the purpose of the initial simulation was to determine whether it is possible
to generate the desired torque magnitude using each CMG array and a very basic steering law. A
simulation with a stationary module was conducted, as well as simulations with two simple arm
motions. The desired torque magnitude was set to 0.1 Nm (see Section 3.5) [60]. The plots of the
commanded torque vector for each motion are shown in Figure 4-17. For a successful simulation,
the output torque from the simulated CMG array should closely match this command torque for
each motion. Additionally, the gimbal/spin rates that were required to generate the torque were
examined to determine whether they exceeded feasible limits.
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Figure 4-17: Command Torque for the lift arm motion (left) and the 90-90-90 motion (right). For the simple
lift arm motion, the desired torque vector always points in the module Y direction. The 90-90-90 motion is
more complicated due to the extra rotation that occurs during the motion.

Candidate Arrays and Simulation Results

Scissored Pairs Array— A scissored pair is a grouping of two SGCMGs that act together to
generate torque in one direction. They are gimbaled at equal and opposite rates which results in a
net torque vector from the pair in a constant direction. Figure 4-18 shows an array of 3 scissored
pairs and the directions in which they generate torque. The CMGs in this array are aligned so that
each pair generates torque along one of the module’s principal axes. Variations of this array
could include multiple CMG pairs pointing along the same axis, or a pair oriented in a different
direction that might be useful.
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Figure 4-18: 3-Scissored pairs array. Each pair controls torque along one module axis.
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The Jacobian for the scissored pair array can be seen in Equation (4-34) where h is the
magnitude of the angular momentum of a single CMG spin mass, and ¢; are the gimbal angles of
each CMG. The bottom three rows of the Jacobian result from constraint equations imposed on
the scissored pairs array (Equations (4-35) through (4-37)). These equations state that within a
scissored pair the gimbal rates must be equal and opposite. In the physical system this would be
taken care of by a gear mechanism linking the two CMGs of a pair together to the same gimbal
motor.

(hcos @, hcos@, hsingsz hsing, 0 0
hsing, hsing, hcosepsz hcosep, hsings hsingg

= 0 0 0 0 hcos s hcos @g 434

Jasp 1 1 0 0 0 0 (4-34)
0 0 1 -1 0 0
L0 0 0 0 1 -1

Wg1 + Wgy =0 (4-35)

Wg3 + Wgs =0 (4-36)

Wgs + Wge =0 (4-37)

One main benefit of the scissored pair array is that it is commonly used. It is also singularity
robust within its operating capabilities. This means that as long as the gimbal angle does not
exceed + m/2 radians (90-degrees) for any given scissored pair, there will be no internal
singularities and the array will be able to generate torque in all 3 principal module axes. Gimbal
limits can be imposed on the scissored pairs array can be limited to prevent the gimbal angle
from exceeding + n/2 radians, which would mean array also has the advantage of not requiring
slip rings. This would help to keep the overall size of the array at a minimum. However, this also
limits the amount of time that torque can be generated in a given direction. If a pair reaches the
gimbal angle limit then it must be re-set so that it can resume generating torque again; this means
there would be periods of time where torque could not be generated along a certain direction.
The process of resetting the gimbal angle for the scissored pair could potentially generate torque
in the opposite direction of the desired torque. A spacecraft would need to use fuel and an
alternate attitude control mechanism to account for this. In a system like the V2Suit where there
is no alternate mechanism for torque generation, there will be a period of time where the torque
vector is incorrectly directed as the gimbal angles are re-set. As previously stated, there is
potential to include additional scissored pairs in the array. Multiple pairs along the same axis
may be coordinated to enable one pair to take over from another when it reaches its gimbal angle
limit and needs to be re-set to reduce or eliminate any incorrect torques.
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Pyramid Arrays— Pyramid arrays consist of a group of SGCMGs arranged so that their gimbal
axes are perpendicular to the faces of a pyramid with a skew angle of a. Two pyramid arrays
were examined for potential use in the V2Suit: a 4-CMG pyramid and a 5-CMG pyramid (Figure
4-19). The skew angle was set to 54.73 degrees, which creates a nearly spherical momentum
envelope for the 4 CMG pyramid array [57]. The momentum envelope of an array is the surface
that defines the maximum angular momentum of the array in any direction in 3-space and
determines in which directions torque can be generated by the array [66].

P
A

Figure 4-19: 4-CMG Pyramid (a) and 5-CMG Pyramid (b) arrays. The gimbal axes of the CMGs are
perpendicular to a pyramid with a skew angle of 0=54.73 degrees.

Pyramid arrays are also commonly used. Unlike the scissored pairs array, there is no need to
impose gimbal limits on the pyramid array in terms of singularity robustness. A pyramid array
would require a slip ring or another mechanism to allow for continuous rotation of each of the
CMGs. The Jacobian for the 4 CMG pyramid array is given by Equation (4-38). Again h is the
magnitude of the angular momentum of a single CMG spin mass, ¢; are the gimbal angles and a
is the skew angle of 54.73 degrees. The array assumes that the base of the pyramid defining the
array is a square with edges aligned with the module axes. The Jacobian for the 5 CMG pyramid

is given by Equation (4-39), where 6 is equal to 27T/S which defines the base of the pyramid as a

regular pentagon. Neither pyramid Jacobian is a square matrix, meaning the arrays will most
likely encounter singularities and eventually require either constraint equations added to the
Jacobians or more complicated steering laws than those given by Equations (4-19) and (4-20).

—hcos a cos ¢, hsin @, h cos a cos @5 —hsin @,
Jpyra = —hsin ¢, —hcos a cos @, h sin @4 hcos a cos @, (4-38)
hsina cos ¢, hsinacos¢@, hsinacos@s; hsinacosg,
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]Pyrs =
—hcosacosq@, —hsinfsingp, —hcosfcosacosq@, —hsin20sin@;— hcos?20 cosacos @
[ —hsin ¢4 —hcos O sing, + hsin 6 cos acos ¢, —hcos 26 sin @3 + hsin 26 cos a cos ¢;  ...(4-39)
hsin a cos ¢4 hsin a cos ¢, hsin a cos @5

hsin 20 sin @, — h cos 26 cos a cos @, hsin 8 sin @ — h cos 6 cos a cos @s
—hcos 20 sin g, — hsin 260 cos acos ¢, —hcosOsin@s— hsinb cosacos s
hsin a cos @, h sin a cos @5

SGCMG Results and Discussion— Sample results from the simulations are shown in Figure 4-20
and Figure 4-21. The results are for simulations with 4CMG pyramid array that has a steel
flywheel of radius 2 cm and height 1 cm. Figure 4-20 is the simulation with the lift arm motion
and Figure 4-21 is the simulation with the 90-90-90 motion. At a high level, the results show that
the 4 CMG pyramid array is successful in generating the desired torque vector in the appropriate
direction for the two simulated arm motions. For the lift arm motion, the average deviations of
the torque in magnitude and direction were 1.0x10™"" Nm and 0 degrees. For the 90-90-90
motion, the average deviations were 2.3x10™" Nm and 3.4x107 degrees. These deviations are
likely to increase when motor dynamics are added to the simulation. Both the 3 scissored pairs
array and the 5 CMG pyramid array were also capable of generating the desired torque vector in
the appropriate direction (data not shown). For the lift arm motion, the average deviations of the
torque in magnitude and direction were 3.1x10™Y” Nm and 0 degrees for the 3 scissored pairs
array and 7.6x10™® Nm and 0 degrees for the 5 CMG pyramid array. For the 90-90-90 motion,
the average deviations were 4.1x10™*" Nm and 3.9x107 degrees for the 3 scissored pairs array
and 1.3x10™" Nm and 3.4x10” degrees for the 5 CMG pyramid array.
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Figure 4-20: Results from the initial 4 CMG pyramid simulation with the lift arm motion for an array with
steel flywheels of radius 2 cm and height 1 cm. The torque output (upper left) does not deviate significantly
from the command torque, as seen in the figure in the upper right corner (mean deviations of 1.0x10™"7 Nm
and 0 degrees). The gimbal rate (lower left) and gimbal angles (lower right) are also given.
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Figure 4-21: Results from the initial 4 CMG pyramid simulation with the 90-90-90 motion for an array with
steel flywheels of radius 2 cm and height 1 cm. The torque output (upper left) does not deviate significantly
from the command torque, as seen in the figure in the upper right corner (mean deviations of 2.3x10™"7 Nm
and 3.4x107 degrees). The gimbal rate (lower left) and gimbal angles (lower right) are also given.
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The results for the SGCMG array simulations show that, without considering the physical
limitations of motors or gimbal restrictions on the arrays, it is possible to command almost
exactly the desired torque over the course of the two simple arm motions with these three arrays.
However, the results do not indicate complete success. There were various cases in which the
commanded gimbal rate (not limited in the simulation) far exceeded a reasonable value in order
to generate the desired torque. For example, in the 4 CMG pyramid array results in Figure 4-20
the gimbal rate command quickly reaches a value of roughly 2x10* RPM, orders of magnitude
larger than would be reasonable to expect from the gimbal motor. Ideally the gimbal rate
command would be a smooth curve over the course of the motion without exceeding roughly 60
RPM (as seen in Figure 4-21). The spikes seen in the commanded gimbal rates in Figure 4-20
exist because the arrays are approaching singular states, and in order to generate torque near a
singularity the gimbal rate must be large. The gimbal angle plot in this figure shows a case where
the array oscillated around the singularity. The gimbal rate command never allowed the array’s
gimbal angles to get far enough from the singularity to not be affected by it, and so the array
could not escape from the singularity. More complex steering laws will be required moving
forward for singularity avoidance and escape. These results show that there may be situations
where the V2Suit system is unable to provide the exact desired torque based on limitations in
gimbal motor speed acceleration. It is worth noting that the simulations with the better results
(those that did not exceed reasonable gimbal rate commands) were those where the 90-90-90
motion was being tested. Intuitively, since the lift arm motion only requires a commanded torque
in the Y direction, it puts a great strain on the CMGs responsible for controlling torque in that
direction, and so they are more likely to quickly approach a singular state. It is unlikely that a
real arm motion would exclusively require torque generation along one axis for an extended
period of time, which is promising with respect to the potential for improvement in performance
with real arm motions.

Variable Speed CMGs— The initial concept for the V2Suit CMG array was a variable speed
array consisting of 16 total small CMGs arranged into groups of 4 (Figure 4-22). Each grouping
of 4 is arranged around a central gimbal axis and canted at an angle a. The CMGs are gimbaled
at a constant rate around the central axis, and the speed of each flywheel is varied. The
combination of gimballing and speed control is what generates the output torque from the
variable speed CMG array.

A second variable speed array was proposed, with only minor changes from the first array
(Figure 4-23). Again the array consists of 16 total small CMGs arranged into groups of 4. Within
the groups of 4, the CMGs are gimbaled about a central axis and the individual spin rates of the
flywheels are controlled as before. However, in this case rather than canting each group of 4,
each individual CMG has an elevation angle of a.
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Figure 4-22: Variable speed CMG array 1 with 16 CMGs arranged into groups of 4 (a). Within each group of
4, the CMGs are gimbaled at a constant rate around the central axis (b). Each grouping is canted at an angle

a (c).
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Figure 4-23: Variable speed CMG array 2 with 16 CMGs arranged into groups of 4 (a). Within each group of
4, the CMGs are gimbaled at a constant rate around the central axis (b). Each CMG has an elevation angle of

a (c).
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The dynamics of variable speed CMGs differs from those of constant speed CMGs because both
the changing of both the gimbal angle and the spin rate of the CMG contribute to torque
generation. Equation (4-18) above does not apply to the torque output from variable speed
CMGs because it does not take into account the changing spin rate. For a variable speed array the
torque is given by Equation (4-40) which was derived from the fact that torque is equal to the
time derivative of the angular momentum of a system. In Equation (4-40), ]a,gis the gimbal

Jacobian, J,,_ is the spin Jacobian, and ), is a matrix containing spin acceleration values for each
CMG in the array.

T =]a)g(‘)g +]w5(‘)s (4-40)

The spin Jacobian is a matrix of partial derivatives of the angular momentum vector of the array
with respect to the spin vector, and the gimbal Jacobian is a matrix of partial derivatives of the
angular momentum vector of the array with respect to the gimbal angles. The Jacobians for the
first variable speed array considered in this trade study are given in Equations (4-41) and (4-42).
The matrices shown below are 3x16 — in actuality they are 11x16. The bottom 8 rows of the
gimbal Jacobian are all zeroes, but the bottom 8 rows of the spin Jacobian are filled by constraint
equations given in Equations (4-43) and (4-44).

—Wg11 COSASIN P, —Ws1,COSACOS P, Wg13COSASINP;  Ws14COS A COS Py —Wg21 COS P,
Ws11COS Py —Wsy, SN @y —Ws13 COS Py Ws145IN Py —Wsz; COS A SIN P,
—ws1Sinasing,; —wg,SINACOSP; wWszSinASINE; wg,SINACOSYP; — Wy Sinasing,
W2 SIN Py Ws3C0S Py — Wgp4SIN @y Ws31C0S A SN Q3 Wg3,C0S A COS P3  —Wg33C0S A SIN P
—Wg22C0S A COS Py  Wep3COS ASINP, Wgp4COS A COS Py —W431C0S Q3 W3,SIN Y3 W33C0S P3
— WgpSINACOS Py  Wsr3SINASINY, Wgy,SINACOS P, —wqglsin asin@; — wg3,SiNACOS P3 w§33sin asing;
— Wy34C0S A COS P3 Ws41COS Py — W4 SIN Py — Ws43C0S Py Ws44SMN Py
— Wg34SIN Q3 Ws41COS A SIN P, We42COS A COS Py —Ws43C0S ASINP, —Wg544COS ACOS Py
Ws34SINACOS P3  — Wey1SINASINGY, — WgyySINACOS P, WgyzSINASINQ, Weg4SIN A COS Py

Juy =1

(4-41)

cosacos@, —cosasing, —cosacos@; CcosSasing, —sing,
Jog =1 sin @, coS ¢4 —sing, —CoS @4 COS @ coS ¢,
sinacos@, —sinasing, —sinacosq, sinasing, Ssinacosy,
—Ccos @, sin@, cos @, —CcoSacos@Q; COSasings COS a oS Q3
—cosasing, —coSacos@, CoSasing, —Sin@; —CO0S @3 sin @3
—sinasing, -—sinacosg, sinasing, sinacosg; —sinasing; —sinacosg;
—cosasin @z sing, COS @, —sing, —CoS @,
coS @3 —cosacos@, cosasing, cosacosp, —cosasing,
sina sin @, sinacos@, —sinasing, —sinacose, Ssinasing,

(4-42)
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Wgi1 + Wiz = 0 (4'43)

Wgi2 = Wgig = 0 (4'44)

To generate the desired torque with a given gimbal rate for a variable speed CMG array,
Equation (4-45) is used to determine the appropriate spin acceleration commands to send to the
array controller. To reiterate, the gimbal rate in these variable speed arrays is constant.

Ws = Uws)_l[T _]wgwg] (4-45)

A down side to variable speed CMGs is that they are not commonly used. They are less efficient
in terms of power than constant speed CMGs and changing the momentum of the flywheel
causes different types of singularities [56]. However, some research suggests that the ability to
change the speed of a CMG might be beneficial for avoiding traditional CMG singularities [67].

The variable speed arrays were found to be unsuccessful with the basic steering law presented in
Equation (4-45). The goal of that steering law was to command spin accelerations that would
generate the desired torque as each group of 4 VSCMGs was gimbaled around the group’s
central axis (ref. Figure 4-22, Figure 4-23). Rather, it appeared that gimballing the groups of 4
interfered with the torque output and the variable speed arrays were being controlled as reaction
wheels. In other words, when the gimbal rate was set to 0 RPM the array could generate the
desired torque, but when the gimbal rate was increased the torque output deviated from the
command (Figure 4-24).

Torque Output: Gimbal Rate = 0 RPM Torque Output: Gimbal Rate = 5 RPM
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Figure 4-24: Results from a variable speed simulation with the 90-90-90 motion. The left graph shows the
torque output of the array with a gimbal rate of 0 RPM. The right graph shows the torque output of the
array with a gimbal rate of S RPM. This result deviates from the commanded torque.
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Reaction Wheel Array— In order to compare the performance of reaction wheels against a CMG
array, an array of three reaction wheels was included in the trade study. The array is shown in
Figure 4-25. The array consists of three flywheels with their spin axes aligned along one of the
principle module axes. Changing the spin rate of the flywheel generates a torque aligned with the
spin vector (there is no gimballing of the spin mass). This means that each reaction wheel
controls the torque along one axis. The reaction wheel array will need to account for base rate
effects in the same manner as the CMG arrays.

wsT
w

Figure 4-25: Reaction wheel array. Each wheel controls torque along one module axis.

The Jacobian for the reaction wheel array is given in Equation (4-46) and is simply a diagonal
matrix with entries equivalent to the moments of inertia of the flywheels about their spin axes.

les 0 0
Jrw = 0 Iy.S 0 (4'46)
0 0 IZ,S

The simulated reaction wheel array was tested with the same 90-90-90 motion seen above to
determine its feasibility. This array used cylindrical flywheels with radius 1.25 cm and height 1
cm. The torque output results are shown in Figure 4-26, which indicates a successful simulation
as the output torque from the array matches the commanded torque.
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Figure 4-26: Torque output from a simulated reaction wheel array with 3 flywheels of radius 1.25 em and
height 1 cm tested with the 90-90-90 motion.

However, further examination of the simulation results were less promising in terms of the
feasibility of a reaction wheel array. The spin rates required by the flywheels in this array over
the course of the motion to generate the desired torque are plotted in Figure 4-27. The spin rate

very quickly exceeds a reasonable value meaning the reaction wheels would be rapidly maxed
out in terms of their torque generating ability.
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Figure 4-27: Commanded spin rates to generate the desired torque from the reaction wheel array in the 90-
90-90 simulation.

Discussion

All of the arrays considered in the trade study have benefits and drawbacks, some of which were
mentioned above. The most important consideration in the selection of a CMG array for use in
the V2Suit is whether or not the array can generate the desired magnitude of torque in the desired
direction over the course of motions. While this criterion is heavily dependent on the mechanical
array design, it also depends on the steering laws used to control the CMG array that will need to
be developed in detail once an array has been chosen. Another main concern for the design of a
CMG array for the V2Suit is minimizing the overall size of each wearable module. The number
of flywheels and actuators has a large impact on the final module size, and the number and size
of the flywheels limits the potential torque output from the array. A larger number of smaller
CMGs may be a better solution than a smaller number of larger CMGs (or vice versa) if one
allows for enough torque generation and has a smaller form factor than the other. A comparison
of the CMG arrays, the hardware that they require, and the high level simulation results is
summarized in Table 4-1.

NEXT 56



Variable Vector Countermeasure Suit (V2Suit)
‘ % ' NIAC Phase 11 Final Report
LJ September 4, 2014
Table 4-1: Comparison of candidate V2Suit CMG Arrays
Number of | Number of | Number of | Generates
Array Spin Spin Gimbal Desired Notes
Masses Motors Motors Torque?

3 Sggﬁgred 6 6 3 Y Gearing to connect pairs
4 CMG 4 4 4 Y Slip ring or cable
Pyramid management
5 CMG Slip ring or cable
Pyramid > > > Y management
\égre':glle 16 16 4 N Slip ring(s)
\égre':glze 16 16 4 N Slip ring(s)
Reaction Unreasonable spin rates
Wheels 3 3 0 Y required

The results of the initial round of simulations allowed the candidate arrays to be narrowed down
to the scissored pairs array and the two pyramid arrays. Following the down-selection of the
initial array candidates, a more detailed simulation needs to be created in order to determine the
specific parameters for the V2Suit array. Aside from the actual array architecture, the inertial
properties of the flywheel need to be selected, as well as the operating spin rate for the array, to
generate the desired torque magnitude within reasonable gimbal limits.

4.3.7 Parameterized CMG Simulation

The results of the initial round of simulations allowed the candidate arrays to be narrowed down
to the scissored pairs array and the two pyramid arrays. Following the down-selection of the
initial array candidates, a more detailed simulation needs to be created in order to determine the
specific parameters for the VV2Suit array. Aside from the actual array architecture, the inertial
properties of the flywheel need to be selected, as well as the operating spin rate for the array, to
generate the desired torque magnitude within reasonable gimbal limits.

Simulation Design

In the second round of simulation some changes were made to all of the remaining arrays,
including adding the dynamics from candidate spin and gimbal motors to the Simulink model for
each array. This was done to give a better idea of how quickly the array will be able to respond
to the commanded gimbal rates and how much the output torque will deviate from the command
as a result of this delay. Additionally, the simulations were changed to vary flywheel inertia
rather than varying height, radius, and material as this would allow for various flywheel shapes
to be tested. A script was written to determine the other parameters (radius, height, inertia tensor,
etc.) for a variety of possible spin mass shapes based on a given inertia and material.
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The pyramid array models were not changed in any other way during this round of simulation.
However, the scissored pairs array was altered to add an additional pair in each of the module Y
and Z directions. This resulted in an array with 5 scissored pairs total, one in the module X
direction and 2 in the module Y and Z directions. This decision stems from the fact that there
will never be a commanded perceptible torque in the module X direction. The direction of the
V2Suit torque was defined to be the direction given by the cross product of the arm axis (module
X axis in this case) and the direction of “down” in the MCF, meaning that the torque vector
always lies in a plane perpendicular to the module X axis. The scissored pair that controls torque
in the module X direction will only ever be activated to balance out base rate effect torques and
there would likely be less need for a large amount of torque to be produced in that direction. The
Y and Z directions, in comparison, would be responsible for generating the desired perceptible
torque as well as accounting for base rate effects, so the extra pair would be more useful here.

In summation, the second round of simulations included 3 candidate arrays: a 5 scissored pairs
array, a 4 CMG pyramid array, and a 5 CMG pyramid array. New Matlab scripts were written to
allow for the simulations to be run multiple times at once with all possible combinations of the
two important parameters: spin rate from 1000 to 15000 RPM, spin mass inertia from 107 to 10
kgm?. The goal of these simulations was to determine the best combination of these parameters
for each candidate CMG array to generate the desired amount of torque (0.1 Nm) in the
appropriate direction without exceeding a gimbal rate of 60 RPM over the course of the arm
motion. The results of the simulation informed the selection of the CMG array architecture for
the VV2Suit module, as well as the required momentum properties for the CMG flywheel.

Simulation Results

The simulations were run with the lift arm motion so the commanded perceptible torque is the
same as shown in Figure 4-17. The output of the simulation was a 3 dimensional bar chart like
that seen in Figure 4-28 below, which is for the 4ACMG pyramid array simulation. Each bar
represents a different set of parameters for the simulation, identified by the spin rates and
flywheel inertias on the two lower axes. The vertical axis is the maximum gimbal rate reached by
the motor during the course of the simulated arm motion. If the gimbal rate exceeded 60 RPM,
the bar was cut off at 60 RPM. The best combination of parameters in this case has been defined
by the smallest flywheel inertia possible spinning at the slowest rate possible such that the
gimbal rate does not exceed 60 RPM during the motion. These simulations were run with a
command torque magnitude of 0.1 Nm and assumed cylindrical tungsten flywheels with density
18269 kg/m?.
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4 CMG Pyramid Simulations

Max Gimbal Rate (rpm)

Figure 4-28: Results from the 4 CMG pyramid simulations with motor dynamics. The best set of parameters
is a spin rate of 15,000 RPM and flywheel inertia of roughly 450 gcm?. This is the smallest flywheel possible
spinning at the slowest rate possible to generate 0.1 Nm of torque without exceeding a gimbal rate of 60 RPM.

In the bar chart, the circled bar represents the ideal set of parameters for the array. For the 4
CMG Pyramid array the ideal configuration was a flywheel of inertia roughly 450 gcm? spinning
at 15,000 RPM. For the 5 scissored pairs array the ideal configuration was a flywheel of inertia
roughly 200 gecm? spinning at 10,000 RPM. Finally for the 5 CMG pyramid the ideal
configuration was a flywheel of inertia 300 gcm? spinning at 15,000 RPM. While this is a useful
starting point for further testing, there is no indication in this data of the performance of the
simulated array in terms of accuracy of torque generation. Each simulation was run again with its
ideal set of parameters for both the lift arm and 90-90-90 motions. The plots in Figure 4-29 show
the results of each of the 4 CMG pyramid array simulation for the lift arm motion including the
perceptible torque from the array, the deviation from the commanded torque, and gimbal rates,
and the gimbal angles for each CMG in the array.
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Figure 4-29: Results from the parameterized 4 CMG Pyramid simulation with the lift arm motion for an
array with flywheels of inertia of 450 gem” spinning at 15,000 RPM. The torque output (upper left) does not
deviate significantly from the command torque, as seen in the figure in the upper right corner (mean
deviations of 0.0201 Nm and 0 degrees). The gimbal rate (lower left) and gimbal angles (lower right) are also

given.
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These plots show that the simulated 4 CMG pyramid array with the motor dynamics added in is
still essentially capable of generating torque in the correct direction. This holds true for the other
two arrays as well. However, the amount of error between the commanded torque vector and the
perceptible torque output from the array has increased from the initial simulations. The average
deviations of the torque in magnitude and direction were 0.0201 Nm and O degrees for the 4
CMG pyramid array, 0.0190 Nm and O degrees for the 5 scissored pairs array, and 0.0123 Nm
and O degrees for the 5 CMG pyramid array. The increase in deviation is due to the fact that the
gimbal rates are no longer reached instantaneously after they are commanded,; this is limited by
the dynamics of the gimbal motor. These simulations still used the basic pseudoinverse steering
law to control the CMGs. There is potential to account for the delay caused by the motor
acceleration in a more complex steering law.

4.3.8 Array Selection and Discussion

In general, the simulations of the CMG arrays confirm that it is more likely that a larger flywheel
spinning faster would generate the 0.1 Nm of torque without exceeding the 60 RPM gimbal limit
than a smaller flywheel spinning slower. Exactly how small a mass and how slow it can spin
before reasonable gimbal limits are exceeded is the question to answer. Each array had a
different set of ideal parameters. The results of the simulation are summarized for convenience in
Table 4-2.
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Table 4-2: Final CMG simulation results summary
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Selecting an appropriate array requires comparing how close the output torque from each array
was to the command torque, as well as taking into account other design considerations that will
influence size such as the total number of actuators in each array. The 5 scissored pairs array
allowed for the smallest flywheel inertia and the slowest spin rate. However, the mean angle
deviation in the 90-90-90 simulation for the scissored pairs array was significantly larger than the
angle deviation for the other arrays. It is possible that this could be minimized with appropriate
steering laws, but there are other disadvantages to the scissored pairs array such as the fact that it
requires many more actuators and double the number of flywheels than the other two arrays. As
such, this array was not chosen.

There was no significant improvement in torque generation between the 4 CMG pyramid and the
5 CMG pyramid. Although the 5 CMG pyramid allows for a smaller flywheel than the 4 CMG
pyramid, it also requires an additional flywheel and two additional actuators. The 5 CMG
pyramid was eliminated from consideration as a possible array. The 4 CMG pyramid required
the largest flywheel and the fastest spin rate of the 3 candidate arrays, but also the fewest number
of flywheels and actuators. It also generated the desired torque without any concerning
deviations in magnitude and angle; the existing deviation will likely be reduced with the choice
of appropriate steering laws for the array. When all of these factors are taken into account, the 4
CMG pyramid array becomes the best candidate for the VV2Suit array due to the importance of
minimizing the module size.

4.4 Integrated V2Suit Module Design

The major design goal for the VV2suit module is to minimize the overall size of the module so that
the form factor will be wearable and unobtrusive. The main challenge is packaging the CMG
array and associated electronics, cables, and assembly hardware into a functional and minimally
sized module. A module size requirement was not imposed; rather the research associated with
the design will be used to specify a size requirement. Additional design considerations for the
module include safety and comfort for the wearer. Ultimately there will need to be
considerations for how to power the module, likely from a separate power and processing
module worn on the user’s belt; in this iteration of the design the assumption is that the VV2Suit
will be operated tethered to a wall outlet. Based on these design considerations, a final V2Suit
module design was formulated to create a brassboard prototype module. The module was built
using a combination of off the shelf and custom machined components. It will be used to test the
basic control and steering laws for the CMG array as well as measure the torque output from the
CMG array.

4.4.1 CMG Array Mechanical Design

The selection of the 4 CMG pyramid array structure is a key factor that will determine the
overall design of the V2Suit module. Again, the main consideration in the module design is
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minimizing the size while maintaining the functional CMG array inside. The 4 CMG pyramid
array utilizes the fewest number of CMGs of any of the candidate arrays, which is beneficial
from a size minimization standpoint. The module needs to contain 4 CMG assemblies and the
associated circuitry and electronics to control them as well as the IMU. One final major
component of the design is the management of the wiring and cables inside the module. The
module design is broken down into a few sub-assemblies and categories: the spin assembly, the
gimbal assembly, cable management, and the overall module assembly.

Motor Selection

The selected CMG array requires a total of 8 motors: 4 spin motors and 4 gimbal motors. Both
categories of motor have their own specific set of requirements, though size is an important
consideration in each case. The smallest motor possible for each is desirable. The spin motor
must spin the flywheel via direct drive at a constant rate of up to 15,000 RPM. The amount of
time it takes for the motor to spin up from rest to the desired spin rate is not critical. However,
maintaining the specified spin rate during operations is necessary. The motor chosen for use as
the spin motor is the Micromo 1226M012B brushless DC servo motor. This motor is capable of
spinning the required mass at the desired velocity and is of minimal size. On the end of the drive
shaft there is a pinion that will be utilized in the coupling between the motor and the spin mass.
The motor has rate feedback so the actual angular velocity of the spin mass (assuming no failure
in the coupling mechanism) can be estimated.

The gimbal motor must actively change the direction of the angular momentum of the spin mass
to generate the desired torque. A gear motor is preferable for this purpose due to their high-
torque capabilities. Additionally the direction of rotation for the gimbal motor must be
reversible. The motor chosen for use as the gimbal motor is the Micromo 2619S012SR 207:1
IE2-16. This motor has a gear ratio of 207:1 and can output 180 mNm of torque which is enough
to gimbal the spin assembly. The direction of drive for this motor is reversible. The maximum
output speed for this motor is 24 RPM. The gimbal motor has a built in encoder that allows for
position and rate feedback. Position feedback is critical because the gimbal angles are required
for the CMG steering laws.

4.4.2 Spin Assembly Design

The V2Suit CMG spin assembly consists of the spinning mass, the spin motor, an enclosure to
surround the spinning mass, and other associated bearings and assembly hardware. An exploded
view of the spin assembly can be seen in Figure 4-30 showing the spin enclosure (part 1), the
spin bearing holder assembly (part 2), and the spin motor mount assembly (part 3).
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Figure 4-30: Exploded view of the V2Suit CMG spin assembly showing (1) the spin enclosure, (2) the spin
bearing holder assembly, and (3) the spin motor mount assembly.

Spin Mass Design— The inertia of each spinning mass for the CMG within the 4 CMG pyramid
array was specified at 450 gcm?® The design for the spin mass must achieve an inertia as close to
this as possible in order to generate the desired torque. For perspective, a stainless steel
cylindrical flywheel would need to be 2 cm in radius and 2 cm in height to have this inertia.
There are tradeoffs to consider when selecting a shape and material for the spinning mass. Using
a more dense material such as tungsten (or a tungsten alloy) will enable the use of a smaller
flywheel, but it might be more costly or more difficult to machine than a less dense material such
as steel. An alternative shape for the mass (instead of a cylinder) might also be beneficial in
terms of adding inertia without increasing size significantly, but the machining will be more
complex. Ultimately for the VV2Suit spin mass a cup shape (shown in Figure 4-31) was chosen.
The hollow part of the spin mass fits around the spin motor, which is attached in the middle of
the mass. The motor coupling will be discussed in more detail, as well as the bearings that will
support the spin mass at either end.

NEXT 65



y r\ m Variable Vector Countermeasure Suit (V2Suit)
A || - H ' ' NIAC Phase 11 Final Report

September 4, 2014

1.102/ 28

P Banand

Figure 4-31: V2Suit spin mass. Figure (a) shows an isometric view of the spin mass and (b) shows a cross
section view. The mass is cup-shaped to fit around the spin motor. Dimensions are in inches [millimeters].

The spin mass was machined out of ASTM B777 tungsten alloy which has a density of 17 g/cm®
The alloy was chosen as it retains a high density and is more easily machinable than pure
tungsten. Based on the design of the spin mass, its mass is approximately 288 g and the inertia
around the spin axis is approximately 364 gcm? (Note that this is less than the desired inertia
previously stated as 450 gcm?.) However, there are other spinning components (e.g., bearings,
the rotor inertia) that will contribute some to the total inertia that is being spun. Additionally, this
inertia is more than capable of generating the desired 0.1 Nm of torque in any direction (as
shown by the possible torque output of the array with a flywheel of this size in Figure 4-32). The
responsibility for maximizing the torque generation from the array lies in the selection of
appropriate steering laws. Indeed in the future it may be possible to reduce the size of the spin
mass and thereby reduce the overall size of the array, assuming a sufficiently effective steering
law can be developed.
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Figure 4-32: Possible Torque output of a4 CMG pyramid array with a flywheel inertia of 363 gcm? assuming
a maximum gimbal rate of 30 RPM.

Spin Gear Insert— The spin mass is coupled to the spin motor via a small insert bonded into the
inside of the spin mass. The insert is cylindrical with a shape cut out of the center that mates to
the pinion attached to the rotor of the spin motor. When the motor spins the gear will engage
with the insert and turn the spin mass. The insert can be seen in Figure 4-33. The gear profile
was created using wire electrical discharge machining with 7075 aluminum. This method for
attaching the motor was chosen to eliminate the necessity of threading a hole through the
tungsten spin mass for a set screw. Additionally the motor rotor is only 1 mm in diameter, so
using a set screw is undesirable. The insert also prevents the spin motor from being axially
loaded by the spin mass and reduces the stress on the spin motor bearings.
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Figure 4-33: The spin gear insert will be bonded into the interior of the spin mass using epoxy and will serve
as the coupling between the spin motor and the spin mass. The gear profile has been designed to match the
pinion on the end of the spin motor. Dimensions are in inches [millimeters].

Spin Enclosure Design— The spin mass is encased inside a spin enclosure, both as a safety
precaution and as a way to prevent anything inside the module from coming into contact with the
spinning mass. The enclosure also provides a way to support the spin mass and spin motor, as
well as the interface between the spin assembly and the gimbal structure. The spin enclosure can
be seen in Figure 4-34.

Figure 4-34: The spin mass enclosure encases the spin mass for safety and provides a way to support the spin
mass and mount the spin motor. The enclosure is attached to the gimbal motor.

A cross section view of the enclosure can be seen in Figure 4-35. This part has a cylindrical
interior that surrounds the spin mass. The ends of the internal cylinder are threaded with 32 pitch
threads to enable the two end caps to screw onto the enclosure; the end caps provide
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means of supporting the spin motor and the spin mass. The cylindrical bosses protruding from
the exterior surface of the enclosure are aligned with the gimbal axis and serve as the interface
with the gimbal motor and bearings in the gimbal structure. The gimbal motor shaft fits into a
hole in the lower boss and there is a tapped hole to allow for a set screw to secure the gimbal
motor to the spin assembly. The general cylindrical shape for the exterior minimizes the size of
this part, the largest in the spin assembly. The raised ring and flat surfaces present on the exterior
surface are features that were included to simplify the machining process. Allowing this raised
ring enabled the two ends of the part to be machined on a lathe, while leaving a larger ring that
was then removed to create the cylindrical bosses. The enclosure was machined out of 7075
aluminum stock.

1.575/40 |

vis l

|
!

$1.260[32] 11.457|37 |
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Q—%[ 2X 1.322-32 UN-2B

Figure 4-35: Cross section view of the enclosure. The two end caps screw into the threaded regions at either
end. The bosses on the top and bottom of the enclosure interface with the gimbal motor and bearings.
Dimensions are in inches [millimeters].

Spin Bearing Holder Assembly Design— One end of the spin mass (seen as the left side of the
mass in Figure 4-31 (b)) has a small cylindrical feature to interface with a bearing (referred to
here as the spin bearing). The spin bearing holder assembly (see Figure 4-36) was designed as a
way to support this end of the spin mass with a pre-loaded radial bearing. This assembly is one
of the two end caps mentioned previously that will fit into one end of the spin enclosure.
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Figure 4-36: (a) Exploded view of the spin bearing assembly with parts: 1. Spin bearing cap, 2. Disc springs,
3. Pre-load sleeve, 4. Spin bearing, 5. Spin bearing holder. (b) Cross section view of assembly showing the pre-
load on the outer race of the spin bearing.

The bearing fits into the center of the spin bearing holder (part 5 in Figure 4-36, also see Figure
4-37) which has external 32 pitch threads to allow it to be screwed into one end of the enclosure.
When fully attached, the exterior surface of the spin bearing holder is flush with the side of the
spin enclosure which minimizes the size of the assembled enclosure. In order to facilitate
assembly, two holes have been included on this surface to enable the use of a spanner wrench to
screw the parts together. The largest cylindrical exterior surface shown in Figure 4-37 is a
precision diameter used to align the spin bearing holder and the enclosure more accurately than
the threads would allow for. The spin bearing holder was machined out of stainless steel rather
than aluminum to prevent any potential assembly issues stemming from having two aluminum
parts repeatedly screwed together.
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Figure 4-37: Spin bearing holder (a) and cross section (b). The spin bearing holder screws into one side of the
spin enclosure. It supports the spin mass on one side with a pre-loaded radial ball bearing.
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The spin bearing holder also allows for a way to pre-load the spin bearing. The bearing is pre-
loaded using disc springs in series. The pre-load mechanism is housed inside the smaller
cylindrical boss protruding from the face of the spin bearing holder. The disc springs interact
with the bearing through the pre-load sleeve (part 3 in Figure 4-36 (a)), a simple part designed to
center the springs inside the housing and direct the spring force onto the outer race of the
bearing. The interior surface of the housing is threaded with 32 pitch threads, and the spin
bearing cap (part 1 in Figure 4-36 (a)) is threaded to fit into it. This allows the spin bearing cap
to be tightened down onto the disc springs using the same spanner wrench used to attach the spin
bearing holder to the spin enclosure. This allows for control over the level of pre-load on the
bearing. A cross section of the complete assembly is shown in Figure 4-36 (b).

Spin Motor Mount Assembly Design— The second end cap for the spin enclosure is the spin
motor mount assembly. The purpose of this assembly is to complete the spin enclosure as well as
support the motor and the other end of the spin mass. The entire spin motor assembly can be seen
in Figure 4-38. It consists of the spin mass and the spin gear insert (part 1 in Figure 4-38 (a)), the
spin motor bearing (part 2), the spin motor mount (part 3) and the Micromo 1226M012B spin
motor (part 4). A cross section view showing how this assembly goes together is shown in Figure
4-38 (b).
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Figure 4-38: (a) Exploded view of the spin motor assembly with parts: 1. Spin mass assembly, 2. Spin motor
bearing, 3. Spin motor mount, 4. Spin motor. (b) Cross section view of the spin motor assembly.

As with the other end cap, the motor mount (shown in Figure 4-39) is flush with the spin enclosure
when assembled, and there are holes on the exterior face for a spanner wrench to be used in
assembly. The spin motor mount was designed to interface with the Micromo 1226MO012B spin
motor, which has a threaded boss on its front surface. The mount has an interior threaded surface
that allows the motor to be screwed into place. There is also a small precise cylindrical feature on
the end of the spin motor to allow for more precise positioning of the rotor, and there is a
corresponding feature on the interior face of the spin motor mount. This precision diameter
feature ensures that the spin axis is centered in the spin enclosure. The spin motor mount fits
inside the spin mass with clearance all around so the mass spins around it. There is a radial
bearing to support the spin mass on the spin motor side (part 2 in Figure 4-38 (a)). The bearing
fits around the end of the spin motor mount and the small boss on the exterior surface of the
mount interfaces with the inner race of the bearing; the outer race of the bearing interfaces with a
surface in the interior of the spin mass (see Figure 4-38 (b)). The spin motor mount
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was machined out of brass. Brass was chosen instead of stainless steel (used for the bearing
holder) due to its higher heat conductance in the hopes that this will help with heat transfer from
the spin motor.

®1.339[34] ©0.512[13]

o
« ’ 1.322-32 UN-2A

|7

Figure 4-39: Two views of the sin motor mount (a, b). The spin motor bearing fits onto the small cylindrical
surface shown in (a) and the motor is housed inside the larger cylindrical opening shown in (b). The spin
motor mount screws into one end of the spin enclosure. Figure (c) shows a cross section view of the motor
mount. Dimensions are in inches [millimeters].

Spin Assembly— A cross section view and an isometric view of the completed spin assembly are
shown in Figure 4-40. The spin assembly is supported by the gimbal assembly and interfaces
with the cable management system which will be discussed in the following section.
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Figure 4-40: Completed V2Suit spin assembly isometric (a) and cross section (b) views.

4.4.3 Cable Management

As mentioned previously, there are not any limits imposed on the gimballing of the CMGs in the
pyramid array. Allowing continuous gimballing would require incorporating slip rings into the
design, which would increase the overall size significantly. To avoid this, a limit of + 2
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revolutions was put on the gimbal angle for each CMG, meaning there needs to be enough cable
available running to the spin motor to account for this range and a means of managing the cable
as the CMG gimbals. The idea behind the design of the cable management system is to have two
spools for the cable to wrap around.

One spool (called the gimbal spool) is attached to and surrounds the spin assembly (see Figure
4-41). The cable running from the motor fits into a slot in the spool. At a gimbal angle of O there
is no cable wrapped around this spool. As the CMG gimbals in either direction, the cable winds
around the gimbal spool. For the brassboard CMG array the gimbal spools will be 3D printed.
The spool is attached to the spin enclosure with a small screw.

Figure 4-41: The gimbal spool fits around the spin assembly and is attached by a small screw at the base. The
cable wraps around the gimbal spool as the CMG gimbals.

The second spool (called the spring-loaded spool) for each CMG is located inside the module
adjacent to the CMG. At a gimbal angle of 0 deg all of the extra cable is wound around this
spool. As the CMG gimbals in one direction, the spring-loaded spool is unwound and the cable
winds around the gimbal spool. When the CMG is gimbaled the other direction, the cable is
unwound from the gimbal spool. A constant force spring attached to the spring-loaded spool then
causes the free cable to be re-wound around this spool. It is important that the spring is strong
enough to wind up the loose cable but not too strong so as to interfere with the action of the
gimbal motor. The assembly for the spring-loaded spool can be seen in Figure 4-42.
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Figure 4-42: The spring-loaded spool holds the excess cable when it is not wrapped around the gimbal spool.
There is a constant force spring attached to this spool so that when there is loose cable it will be re-wound
automatically. Dimensions in inches [millimeters].

4.4.4 Gimbal Assembly

The spin assembly is canted so that the gimbal axis is at an angle of 35.27 degrees relative to the
base of the module. This makes it perpendicular to the face of an imaginary pyramid with an
elevation angle of 54.73 degrees, as specified previously [57]. The gimbal assembly consists of
two main parts that will serve to support the gimbal motor, the spin assembly, and two gimbal
bearings. The entire assembly can be seen in Figure 4-43.
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Figure 4-43: The gimbal assembly for a single CMG consists of the gimbal motor, the gimbal support
structure, the gimbal spool, and the spin assembly.

The two parts of the gimbal support structure can be seen in more detail in Figure 4-44. They
were designed keeping in mind the complete gimbal sweep of the spin assembly. The gimbal
motor mount (Figure 4-44 a) was designed to attach to the gimbal motor and hold one of the two
gimbal bearings. This part is attached to the gimbal support (Figure 4-44 b) on a surface that is at
an angle of 35.27 degrees relative to the flat base of the part. The top portion of the gimbal
support holds the second gimbal bearing and allows for the bearing to be pre-loaded using disc
springs and another pre-load sleeve like the one from the spin assembly.
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Figure 4-44: The gimbal support structure is made up of the gimbal motor mount (a) and the gimbal support

(b). Dimensions in inches [millimeters].

An exploded view of the gimbal assembly is shown in Figure 4-45 below. For assembly, the
gimbal motor (part 1) must first be attached to the motor support (part 2). The gimbal bearing
(part 3) is then placed into its position in the motor support, and the spin assembly (part 4) is
placed on the motor shaft and inserted into the bearing. The spin assembly is attached to the
motor shaft using a small set screw. This assembly is then attached to the gimbal support (part
9). The top of the spin assembly slides through the slot in the top of the gimbal support and the
gimbal motor mount is screwed in from the base of the gimbal support. Finally the other gimbal
bearing (part 5) is placed around the top of the spin assembly and pre-loaded appropriately.
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Figure 4-45: The exploded view of the gimbal assembly shows how it goes together. The gimbal motor is
attached to the motor mount and then to the spin assembly with a bearing. The motor mount is attached to
the gimbal support and then the second bearing is put in place and pre-loaded.

4.4.5 Complete Module Design

The V2Suit module will need to contain the 4 CMGs in the array as well as the cable
management spools for each CMG. Additionally the module will ultimately contain an IMU and
assorted electronics for controlling the CMG motors. For the brassboard unit, the motor
electronics will be located elsewhere. A basic layout for the VV2Suit module can be seen in Figure
4-46. The module has a 6 in. square footprint and is 3.5 in. tall.
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Figure 4-46: Each CMG fits into the corner of a 6”x6”x3.5” module. This leaves enough room for the gimbal
sweep and the cable management system. The IMU fits in the center of the module. Electronics for motor
control will likely be placed along the side walls of the module. Dimensions in inches [millimeters].
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In Figure 4-46 (b) the IMU can be seen in the center of the module. It is possible that in future
iterations the motor electronics would be located along the walls of the module or on a raised
platform in the center of the module above the IMU. The spools for cable management for each
CMG can be seen in the space adjacent to the CMGs.

Orienting the CMGs into the module’s corners rather than having them aligned with the module
axes allows the overall size of the module to be smaller. The new orientation of the 4 CMGs with
respect to the module coordinate frame changes the Jacobian of the array from the one given by
Equation (4-38). The Jacobian of the V2Suit 4 CMG pyramid array is given by Equation (4-47).

\/75(— Sin @, — cos a cos ¢,) \/2—7(— sin @, + cos a cos @,)
J=h|vz
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4.4.6 Discussion

Based on the results of the trade study, a 4 CMG pyramid array has been designed for use inside
the V2Suit module. The goal behind the mechanical design was to arrive at a functional CMG
unit that would take up a minimum amount of volume. This design ultimately has a 6 inch square
footprint and a height of 3.5 inches yielding a total volume of 126 in®. This result is larger than is
ideally desirable for a body worn module. It would likely be cumbersome, especially for use on
smaller body segments such as the forearm. As technology continues to improve, there is
potential for further minimizing the size of the CMGs. Smaller gimbal and spin motors would
reduce the overall module size. Additionally, the cable management system takes up a large
amount of space, especially considering the increased size of the gimbal sweep due to the gimbal
spool. Eliminating the need for excess cable with a very small slip ring (something not currently
available commercially) would reduce the module size.

4.5 Human-System Integration

4.5.1 Qualitative Evaluations

The interface with the human wearer is important for the operational implementation of the
V2Suit. Existing countermeasure suits (e.g., Russian “Penguin Suit” or GLCS) do not have a
rigid component along the major axis of the bones within the various limb segments. However,
for the V2Suit to be effective as a countermeasure system, it requires this infrastructure. The
ability of the gyroscope to both resist changes in angular momentum and as a result affect the
body segment during movements requires that the module be rigidly attached to the
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limb. This is the key to providing the coordinated “viscous response” with a specific magnitude
and direction.

To develop an operational system the V2Suit must be easily put on, comfortable to wear, and
small and low-profile as to not interfere with normal movements -- all while providing the
desired functionality. In addition, the modules must not interfere with normal, daily activities
when worn and non-operational. This requires a small form factor that can be integrated with
normally worn garments — either as an add-on to existing equipment or designed to be an integral
part of the garment.

The V2Suit module sizing, placement and interface to the human body was investigated through
computer aided design (CAD) modeling (Figure 4-47), form-factor analysis using a life-size
mannequin (Figure 4-48) and through limited evaluations through members of the V2Suit team.
The modules were sized according to the anticipated final form factor through technology
selection, component miniaturization, and packaging. They were placed near each body
segments center-of-mass (e.g., [68]) in an effort to maximize the resulting “viscous resistance”
perceptual magnitudes. The CAD modeling (Figure 4-47) provided an initial opportunity to
visualize the sizing estimates relative to the anthropometrics, as well as the position and
orientation with respect to the individual limbs. Subsequent analysis using a life-size mannequin
(Figure 4-48) enabled the visualization of various VV2Suit module form factors, the position and
orientation of them including the power and processing module, as well as the required cabling
to connect the modules to one another. In addition, the V2Suit module interface with the
mannequin/garment, as well as the attachment points for the cabling was investigated.

*Trimetric
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Figure 4-47: CAD modeling of V2Suit module sizing and placement

Lifesize Mannequin

ARl

Lower Arm
Module

Power &
Processing

y =

Figure 4-48: VV2Suit module form factor sizing and placement analysis using life-size mannequin

4.5.2 Quantitative Evaluations®

An experiment was designed and performed which included a functionality test of placing mock-
up V2Suit modules onto the arms. Since astronauts primarily use their arms to move around the
spacecraft, interact with equipment, and move objects, designing a suit that maintains the
functionality of the arms is of critical importance. It is extremely difficult to capture the
microgravity environment on Earth without using a parabolic arc aircraft or some other kind of
special environment, so a test that captured some of the general aspects of arm movement and
dexterity using common items was required. The module mock-ups had minimal weight to them,
as the testing was focused on volumetric constrains and not inertia effects.

Van Tujil et al. reviewed fifteen different standardized tests used to test the functional ability of
hand and arm movements, but most of these tests are primarily focused on cases of humans with
deteriorated arm and hand use from injury or illness [77]. These types of tests, which are
generally used to examine patients who have suffered a stroke or other debilitating disease,
would be much too easy for a person with normal hand and arm function and do not accurately

! The V2Suit team would like to acknowledge Rebecca Vasquez, Mark Boyer, Dan Montes, and Dilip Thekkoodan
for contributing to this section through their work in MIT Course 16.423, Spring 2013.
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represent the challenges of space. Similarly, a multitude of tests deriving from Fitts’s Law
provide a suitable quantification of arm movement versus accuracy, but are only useful for
testing single movements in very controlled environments [78-81]. Plamondon and Alimi
provide a good overview of the applications of Fitts’s Law over the 40 years since Fitts’ original
publication but do not list any tasks specific to the microgravity environment or to broader
functional tests.

Elements from both the functional tests of the physical therapy domain and the Fitts’s Law tests
of the experimental psychology domain were combined into a new test. The Boyer Upper-body
Functionality in Flight (BUFF) Test was developed to mimic some of the broad elements of
movement and function in space. The test forced the subject to move in both gross and precise
hand and arm movements in three dimensions. The most critical time for an astronaut in space is
during an emergency. During an emergency, an astronaut may have to address a cognitively
challenging problem while moving through a very constrained and potentially hazardous
environment. If astronauts were hindered while addressing emergencies by wearing the VV2Suit,
it would be a dangerous and un-flightworthy device. Therefore, the test compared the
performance of a subject with and without the suit in time-critical tasks to determine if their
performance was degraded.

The BUFF Test used 10 rectangular blocks and 5 circular blocks. Each block was a different
height and has a different number, English letter and Greek letter written on it one of 5 colors
(black, blue, red, yellow, green). The test arena was an enclosed space between a bookshelf and a
table. The table was located approximately 5 feet from the bookshelf. The walls on either side
that created the corridor were approximately 4 feet wide, enough to allow passage by narrow
enough to provide constraint. This was done to simulate the constraints of the space station. The
setup can be seen in Figure 4-49.

Figure 4-49: BUFF Test Experimental Setup. The bookshelf was divided into 12 regions, with each of the
three shelves containing four quadrants

In a within-subjects experiment, each participant was seated on a wheeled chair in the enclosed
space. The subject had to follow one of two exercise scenarios written down step by
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step. In each step, the subject had to move the blocks around to achieve some objective. The
objectives varied in difficulty from ‘“Place any two blocks into space Al” to “Organize the
blocks alphabetically by Greek letters.” The variation in cognitive difficulty between the steps
was designed to focus the user’s attention on the task and away from the test condition.
Preliminary studies were done to ensure tasks were do-able by a wide range of participants and
would take between two and five minutes to complete on average. Further testing and scenario
development could be used to create a set of equally difficult, equal length scenarios to present
the participants with a greater variety of tests. In order to mitigate some of the learning effects
that occurred with repeated movement activities, the order of events and conditions were
counter-balanced using a Latin Squares method, but different new scenarios could further control
for learning biases.

The within-subjects functionality testing of gyro mock-ups (boxes) resulted in two dependent
quantitative measurements, as well as a subject survey. The test composed of three sleeve
configurations (no boxes, small boxes, large boxes) and two different exercises. The test matrix
is show in Table 4-3. The performance of the participants was measured task completion time in
seconds as well as number of errors committed while performing the test. An ANOVA was
performed on both these dependent variables for each of the two exercises (easy, hard). The
ANOVA showed that, regardless of exercise, the different box treatments did not have a
significant influence on the task completion time (P=0.46, 0.73) but did have a significant
influence on number of errors (P=0.003, 0.043). It also showed there was a significant variance
among subjects in task completion time for both exercises. These results correspond well with
the expected outcomes.

As a low-power method to further characterize the ANOVA results for task completion time,
each mean difference between the three box treatments was computed (accepting an increased
risk of Type | error). A one-sided dependent samples t-test was performed on each result to
determine if the statistical significance of any one difference was greater than another. The p-
values calculated for all comparisons fell in the range 0.44-0.51, and consequently it cannot be
concluded that there was any statistical impact of the mock-ups on task completion time. The
graphical results are shown in Figure 4-50. There was a small positive trend for exercise 1 but it
lacks statistical significance.
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Table 4-3: Test matrix used for the BUFF test (top) and composition of test sample (bottom)

Exercise1 | Exercise2
No boxes Trial 1 Trial 4
Small boxes Trial 2 Trial 5
Big boxes Trial 3 Trial 6

Test SampleInformation

Participant Count 9
Average Age 228+/-34
Composition Students: 4 Male, 5 Female

Exercise Completion Time

350+

300+

250+

200+

Time Spent on Exercise (in sec)

150 —

100t [

300

250

200

150

Time Spent on Exercise (in sec)

100

4 5 6

Trial Number

Exercise Completion Time

1

2 3 4 5
Trial Number

6

Figure 4-50: (Left) Box plot of the data, and (Right) mean and error spread of the data
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Figure 4-51: Error Count by Trial Number
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An analysis of the errors committed for each exercise also showed no statistical significance,
although there was a much stronger correlation between appendage size and errors as seen in
Figure 4-51 and supported by the ANOVA results.

To determine if there was a correlation between speed and accuracy, as might be stated by Fitts’s
Law, the times for tasks one and three were plotted against the number of errors. Theoretically,
there should be an overall negative correlation since a lower time would result in a higher
number of errors as shown in Figure 4-52.

Task Completion Time v/s Error-Count

#Triall MTrial2

¥ ATrial3 XTrial4

¥ Trial 5 Trial 6

Task Completion Time

Error Count

Figure 4-52: A plot of task completion time versus the number of errors committed plotted for all six trial
cases for all participants. The expected negative trend is seen in five trial cases
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|
|
Discomfort |
|

Figure 4-53: Survey results on four metrics (a) task difficulty, (b) self-efficacy, (c) discomfort and (d)
appendage awareness

In addition to the performance data, a survey was administered to the participants following the
test to measure their perception of how much the mock-ups affected their performance. The data
were analyzed across four different factors from the questions on the survey (see Figure 4-53).
The most important factor highlighted by respondents was the category of awareness.
Respondents noted that they were very aware of the boxes and generally modified their
movements because of them.
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Although the small sample size precluded a strongly significant result, there were several
important results that came from the test data, experimenter observations, and subject feedback.
First, there was notable variability in how subjects performed the tasks. Some subjects were very
motivated and completed the tasks very quickly while others were much more methodical and
took longer to complete the task. This highlighted the importance of collecting data from a
representative sample. The sample was not a very accurate representation of the population of
interest. The average age of the sample was 22.8 years, and most were students; this differed
from the astronaut pool which is an average of 34 years old, many of whom have over 1000
hours of pilot-in-command time in jet-powered aircraft. Upon further development of the V2Suit,
testing will need to expand to include a more appropriate subject pool that is more representative.

Second, the way that participants acted during the periods in between the experimental trials was
suggestive. Although there were several incidences of participants bumping into walls or objects
with the boxes, the most egregious errors actually occurred in the time between the trials when
the experiment was being reset. While subjects were conscious that their performance was being
graded, they were generally more cautious in their movement. When they were not being graded,
this caution subsided somewhat and led to more natural errors, the kind that would most likely be
seen when astronauts are not cognizant of their motions.

Third, subjective participant feedback, both verbal and written, showed trends. Several
participants remarked that they were more conscious of their movements and many noted that
they adjusted their movements while wearing the boxes. This was very insightful because
restricted or altered movement is a potential source of injury, a concern since this suit may be
worn for most hours of the day and for many months or years.

A deficiency with an exercise like this is the learning component involved. Participants often
took more time on the first and second trials as they familiarized themselves with the instructions
on each task. While the effect of this may average out by counter-balancing the presentation of
the trials, this learning component might skew the results. A way to counter this would be to
have a training period using a few equivalent tasks ahead of starting the timed experiments. This
was decided against since a) most people have been moving blocks around since infancy, and b)
it was desired to get as many volunteers as possible by reducing the time commitment required
for these trials.

The functionality test was shown to be a viable first step towards developing a rapid and easy
test to determine design and sizing constraints. The newly-created BUFF Test incorporates
elements of both Fitts’s Law tasks and accepted functionality tests into a cognitively-
challenging, three-dimensional motor control task. Initial testing shows that wearing appendages
with varying volume does not affect task completion time but may have some impact on the
number of errors committed by users. The task provided valuable quantitative as well qualitative
data on the impact of wearing boxes while completing a time-critical task.
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4.6 Brassboard Prototype Development

4.6.1 LabVIEW?

LabVIEW was chosen for the command and control software for the VV2Suit module brassboard
prototype. The IMU initialization, “down” tracking functionality, and CMG steering laws were
implemented in a single framework. The LabVIEW development mirrored the
MATLAB/Simulink development implemented previously for the trade study and CMG
modeling and simulation.

Implementing the steering laws required establishing communication with the motion controllers
(MC) that run the gimbal motors. To give the LabVIEW program correct and complete
management of the gimbal motors, the steering laws were ported from Simulink to LabVIEW
with the same structure. This ensured that the gimbal motors would rotate properly. Similarly to
the Simulink integrated model, the down vector in the MCF and the angular velocities of the
IMU were passed to the steering laws section code. The steering laws’ final output in LabVIEW
was the gimbal motor rates, which were then sent to the motion controller.

Within LabVIEW, a sub-Virtual-Instrument (V1) was created to manage the serial
communication with the gimbal motors. The steering law calculations were also placed into sub-
VIs to allow for space reduction and logical flow. Instead of using queues to pass data between
VIs, global variables were used. A single file was created that stored all global variables used
(Figure 4-54). The V2Suit’s main VI (Figure 4-55) was only used to initialize variables, start
sub-VIs, control IMU initialization, update global variables based on the user-controlled local
variables, read values from global variables and display them on the Ul, and control the gimbal
reset types. There were no direct calculations or any major data flow to maintain simplicity and
to have the main VI serve solely as a manager for the other processes. The back panel of the
LabVIEW code is summarized in Figure 4-56.

2 The V2Suit team would like to acknowledge Ostin Zarse for his contributions to the LabVIEW development.
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Figure 4-54: Summary of the global variables in the V2Suit LabVIEW implementation.
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Figure 4-55: V2Suit Main VI Front Panel

Control of either of the four spin motors was added as a user input, as well as control of their
velocity. An indicator was placed to display the estimated velocity of the spin motors. Part of
the spin motor control VI includes estimating the spin motor velocity by reading pulses from the
hall effect sensor in the motors. This measurement measures the period of the pulses and then

applies the appropriate conversion factors.

COM port selection for each of the gimbal motors is available to the user. This is necessary,
especially if different computers or hardware is being used. Given that the gimbal motors can be
rearranged to be either in a “plus” or “cross” configuration, user control was created for an easy
switch. Manual control of the desired torque vector was also made for future analysis and
testing. Rather than obtain the torque vector from the down-tracking code, the steering law
calculations could be fed a user specified vector.

Due to the two revolution restriction for each gimbal motor, safety margins and preventions were
added to avoid any hardware damage. A reset chain, with user control, was added that first
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checked if any of the gimbal motors’ position exceeded two revolutions in either direction. If so,
the code would stop and bring all four motors back to the zero position. If not, then user control
was given for a full manual reset. If the manual reset button was pressed, all motors would
return to the zero position and hold there until the button was released. If the button was not

pressed, if any of the motors’ velocity was less than a user defined bound, the motor would
return to zero at a user defined rate.
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This is the main section of the sequence that includes the main Ul loop and the Sub-VI's that run parallel to the main loop.

The sub-VT's are at the top (above the main loop) and include reading/taring the IMU, running calculations for the gimbal commands, checking to see if the ICF has been
established with the Z-pulse and Y-pulse metions, motien contreller communication for reading position and assigning velocities (with 1 and 4 moter support), and spin
moter communication for assigning velocities and estimating current velocities (with 1 and 4 metor support).

The main loop helds manipulation and changes of the local variables through case structures and assigning global variables values. The local variables on the left update
the global variables, which change the sub-VI's that are running parallel. The local variables on the right are displaying values from the global variables for user access.
The top case structure involves the Z and Y initialization. The case structure is set up so that if either init button is pressed, it starts its init cycle, but if both buttons are

pressed, it resets. Each init case has a tare function (which runs only once) and then it checks to see if the minimum init value has been met. If it has, that direction is
initialized.

The bottom case structure is for gimbal reset, It is a series of case structures that check the more impertant capabilities first, then moves to the more passive reset options.
First, the program checks if the 2 revolution limit is on. If it is, then it checks if it's already resetting. If itis ("Reset On?" = Trug), then it continues to reset till the gimbal
motors reach zero, If not, the program checks to see if the gimbal motors are greater or less than +/- 2 revolutions. If it is, it starts to reset to zero. If not, then it checks to
see if the manual full reset is on. it is, the gimbals reset to zero, and if not, the program runs the gradual reset proceedure. Back to the beginning, if the 2 revolution limit

is not on, then the manual reset and gradual reset are checked (in that order).

Figure 4-56: Back panel of the LabVIEW code.
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4.6.2 Brassboard Unit Images

The V2Suit brassboard unit model was fabricated using commercial off-the-shelf components
and custom fabrication, and integrated with the LabVIEW environment for command and
control. Power was supplied from an outlet source at 12 VDC. Figure 4-57 shows the laboratory
setup with the command and control PC, National Instruments chassis for LabVIEW control, and
the brassboard unit within a protective enclosure. The protective enclosure was fabricated to
ensure personnel safety during testing.
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Figure 4-57: Brassboard unit setup in the laboratory
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Figure 4-58: Brassboard unit without protective enclosure.
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Figure 4-59: Integrated testing setup in the laboratory

4.6.3 Integrated Testing

Several preliminary testing scenarios were developed to evaluate the integrated performance of
the V2Suit brassboard prototype. The “down” tracking performance was tested extensively, as
summarized in prior sections. Gimbal motion as a result of initialized IMU motion was
qualitatively evaluated, and initial estimates of power consumption of the unit were quantified.

Several directions of “down” were initialized, and the IMU was subsequently moved with it
remotely located from the desktop brassboard prototype (see Figure 4-59). The movement of
each of the CMG gimbal motors was qualitatively evaluated to assess that their motion was in
the appropriate direction and magnitude to determine the desired torque (without detailed
instrumentation and data logging on the unit it was not possible to record and analyze exact
performance). This testing also demonstrated that the gimbal limit safety code as implemented
was working correctly: the gimbals, when they reached their limit, reset to zero.

Secondly, there was an assessment of the power consumption of each of the motors when in
operation. This was done by quantifying the current draw of each motor controller from the 12
VDC power supply. Initial estimates found that each motor controller was drawing 1 - 1.2
Watts, for a total power consumption of approximately 8-10 Watts per module. This is higher
than desirable for a wearable system with multiple modules. However, given that the current
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sizing is greater than desired and that assembly was constrained to using commercial off-the-
shelf components in this study, it is reasonable to assume that the power consumption will
continue to decrease as the design is further refined.

5.0 Key Enabling Technologies

The identification of the key enabling technologies is driven by the operational requirements for
the V2Suit system. The integration of these key technologies into the system design is
dependent on the development and demonstration roadmap (Figure 5-1). At a high level, it is
envisioned that an operational V2Suit system could be ready by the 2020 timeframe, with
increasing fidelity system components being developed during the current NIAC Phase Il
program, as well as subsequent programs. As these components are matured, they will likely be
comprised of development components as well as integration of commercial technologies. Each
of them will be dependent on the state-of-the-art at that point as well as the V2Suit technology
needs. In this section, we detail each of the Key Enabling Technologies and provide individual
development roadmaps against the overall VV2Suit vision.

Collectively, these high-level operational requirements map to four key enabling technologies
that are required to realize a fully operational VV2Suit:

e Miniature control moment gyroscopes

e Motion tracking technology and algorithms

e Human-system integration

e Power source technology
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Figure 5-1 — Overall V2Suit Demonstration and Technology Roadmap

5.1 Miniature Control Moment Gyroscopes

Miniature control moment gyroscopes — the hardware and control algorithms (steering laws) —
are a key enabling technology for realizing the V2Suit system [Requirements CR-1 and CR-2].
The CMGs are the central technology for providing the viscous resistance to movement, and thus
enabling a countermeasure system to the sensorimotor adaptation that occurs during spaceflight.

Technology Need

The V2Suit design utilizes body-worn control moment gyroscopes that are actuated to point the
gyroscopic torque vector in the specified direction to resist movement. These CMGs must be
miniaturized to fit within the wearable module V2Suit form factor, and the control algorithms
must point the torque vector in response to body movements, while simultaneously preventing
singularities and momentum saturation. We aim to provide a gyroscopic torque that is at least
0.1 Nm in the specified direction, which is based on prior work that has determined this to be an
acceptable magnitude for both being perceptible and affecting limb biomechanics [69].
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AN
Background & Design Alternatives
CMGs are comprised of many components to enable their actuation and the resultant pointing of
the gyroscopic torque vector (see Figure 5-2). The selection of the specific components and their
resultant packaging is dependent on the CMG architecture, which includes both the hardware and
the steering laws. The results of the V2Suit NIAC Phase II integrated CMG trade study
(architecture and steering laws) determine that a four CMG pyramid configuration enables the
greatest torque envelope given the wearable sizing contraints. The architecture and component
selection will be based on the performance of the integrated simulation in maintaining the
gyroscopic torque vector in response to the commanded direction from the “down” tracking
algorithm during representative arm motions.

Challenges

The CMGs-related challenges for the V2Suit are comprised of both the miniaturization of the
components/packaging as well as the steering laws (control algorithms) to actuate the CMGs and
point the torque vector in the appropriate direction (see Figure 5-2). Each are key challenges that
must be addressed through development and technology integration.
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Figure 5-2 — CMG Components and V2Suit System Challenges

The challenge will be to determine the required architecture paired with either commercially
available components, or required development activities to package the unit within a low-profile
wearable form factor. Existing small CMGs are sized approximately for a CubeSat, and have a
volume that is too large for a body-worn form factor (e.g., Honeybee Robotics Tiny
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Operationally Responsive CMG (TORC)?). Since the V2Suit is proposing to use CMGs in a
manner that has not been rigorously considered before, and the required torques are estimated to
be less than that required for a satellite system, the VV2Suit requirements could push that state-of-
the-art in the miniaturization of CMG designs and packaging.

Additionally, the CMG steering laws must accurately, and reliably: 1) point the gyroscopic
torque in the specified direction, 2) avoid torque singularities, and 3) avoid momentum
saturation. These challenges must be addressed when designing the control algorithms for the
specific CMG architecture.

The steering laws will receive a desired direction to point the gyroscopic torque vector from the
“down” tracking algorithm. This algorithm will track the orientation and velocity of each
wearable module, and then specify torque (direction and magnitude) to resist body movements.
Additionally, any module movements that have an angular velocity component will induce
additional gimbal rates and (potentially) provide out-of-plane torques — referred to as “base rate
effects”. These torques could result in resistances that are not aligned with the specified “down”
direction, causing potentially distracting motions for a sensorimotor adaptation countermeasure.
The steering laws must also take these into account when sending the actuation commands.

Torque singularities occur during CMG operation when the flywheel gimbal motion results in an
orientation that produces no net torque in a certain direction.  These singularities can be
overcome through a combination of steering law design, CMG arrangement/architecture, and/or
methods to provide an external torque on the system (e.g., thrusters). For the V2Suit, this is
important from a resistance magnitude perspective. If, for example, there are certain points
along a movement trajectory where a singularity occurs, there could be a “choppy” feel when the
torque zeroes, and then re-appears.

Thirdly, during active attitude control maneuvers, the CMGs may saturate by reaching either
gimbal or rotor spin limits. This results in a degradation of available attitude control authority.
In spacecraft, the attitude system, including the CMGs, will employ methodologies to prevent the
saturation. External torques — such as those from thrusters — may be used to de-saturate the
CMG:s (i.e., bring the momentum back to the nominal value). This is particularly important in a)
scissored pair or pyramid configurations where the gimbal angle is limited, or b) variable speed
configurations or reaction wheels that have a limit on spin rate. CMG saturation has a similar
effect on the resistance perception for the V2Suit. However, instead of it being a (potentially)
momentary zeroing of the torque, there could be an extended reduced torque, or a torque in an
inappropriate direction.

Since the V2Suit module design only includes CMGs for generating torque each of these
challenges — component miniaturization/packaging and steering laws — must be addressed.

% http://www.honeybeerobotics.com/aeromechanical-systems/12-cmg
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There currently exists no mechanism to generate an external torque to de-saturate the CMGs or
prevent singularities. The complex and continuous body motions during daily activities require
robust steering laws to maintain the required torque magnitude in the specified direction, such as
being active to provide the resistance to movement as well as sensing quiescent periods to reset
the CMG internal states to be ready for subsequent movements. Therefore, the integrated system
of tracking the module orientation and motion, along with the CMG control algorithms is
necessary to both prevent singularities and saturation to effectively generate the gyroscopic
torque to provide the viscous resistance to movement.

Roadmap

The V2Suit CMG Key Enabling Technology roadmap includes both development specific to the
V2Suit system as well as the potential integration of commercially available technology. In
particular, we aim to initially develop the miniature CMGs and steering laws for prototype and
engineering evaluation. Concurrent discussions with commercial CMG providers will allow for
assessment of the state-of-the-art, with the opportunity for technology insertion. Over the
duration of the V2Suit development roadmap, there is the opportunity for multiple spirals of
system development, including the integration of CMG technology and subsequent versions of
the steering laws for commanding the array.

5.2 Motion Tracking Technology & Algorithms

The ability to specify and initialize a direction of “down” in a weightless environment, and then
track the orientation and motion with respect to that direction is critical to the operation of the
V2Suit [Requirement CR-1]. The components that enable this “down” tracking are one of the
key enabling technologies for VV2Suit implementation and operation.

Technology Need

Commanding of the CMGs to provide a viscous resistance to movement requires knowledge of
each of the V2Suit’s modules orientation and motion with respect to the specified direction of
“down.” Operationally, this knowledge should be independent of any external system — enabling
the V2Suit to be a stand-alone countermeasure system that is not dependent on the surrounding
environment. The performance bounds for knowledge of the state of the module with respect to
the specified “down” will be dependent on the perceptible limits from operator evaluations.
However, our initial design goal is to maintain knowledge of each module’s orientation within 5
degrees of truth, and the ability to sense linear velocities of at least 2 cm/s.

Background & Design Alternatives

Knowledge of the orientation and motion of each of the wearable modules (within the specified
performance bounds) with respect to the initialized direction of “down” is critical for the
commanding and actuation of the CMGs. There are several technologies, including wearable
inertial measurement units (IMUs) (wearable kinematic systems), optical tracking, and vision-
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aided navigation systems that can be considered for solving this challenge. In fact, multiple
technologies must be employed for characterizing and calibrating performance. For example, a
wearable IMU and its “down” tracking performance will need to be characterized against the
“gold standard” of motion tracking — an optical system. However, each of these systems cannot
be integrated or leveraged without understanding the challenges associated with them.

Table 5-1 — Motion Tracking Technology Options

Technology Option Description

Inertial Measurement Unit (IMU) *Integrated accelerometer and gyroscope
for measuring linear accelerations and
angular velocities.

Optical Tracking *Multi-camera based system for tracking
the position of reflective markers that are
placed on the object of interest.

Vision-Aided Navigation *Camera-based system for determining
location and pose of a user with or without
a priori knowledge of the environment.

Optical Tracking Vision-Aided

Inertial measurement units (IMUs) provide high-bandwidth linear acceleration and angular rate
data, are small, lightweight, often are an integrated system, can operate wired or wirelessly, and
are relatively low cost. This enables them to be easily integrated into each of the V2Suit
modules. Additionally, kinematic measurements (e.g., limb velocities, body angles) derived
from wearable IMUs offer tremendous opportunities to study the biomechanics of human motion
outside of laboratory and clinical settings, such as those required when using state of the art
optical motion capture systems [51, 70]. Nonlinear Kalman filters, such as the extended Kalman
filter (EKF) [71] and the unscented Kalman filter (UKF) [72], represent a class of fusion
algorithms that can correct for the drift and integration errors, while providing absolute unit
estimation during representative biomechanical movements. Recent work has demonstrated the
effectiveness of this technique for tracking orientation of the torso [73] and orientation of the
hand [74]. Regardless of the hardware and estimation filter, the performance effects due to
sensor drift and/or long-term integration errors must be quantified and accounted for in the
system design to ensure adequate performance during extended operation of the V2Suit.

Optical tracking systems are widely utilized in the research and animation communities (see

Figure 5-3). The most widely available systems required reflective markers to be placed on an
object or person to be tracked via an array of (infrared) cameras to determine the three-
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dimensional position of each marker at each sample interval. These systems will generate very
precise position measurements of the marker with a well calibrated system; typically no drift
errors, relatively high sample rates, and minimal burden on the wearer. Conversely, they are
expensive systems that often require a large volume with multiple cameras and markers to get
marker position estimates during natural movements. Because of their constraints on the
environment, and specialized
equipment to be attached to the
wearer, they typically are not
used in real-time systems.
However, their relatively ease of
setup and use along with precise
measurements make them an
ideal candidate to calibrate the
measurements and calculations
coming from both the V2Suit
internal IMU and the outputs of
the “down” tracking algorithm.

Vision-aided navigation systems

are  becoming  increasingly
researched and adopted. These Figure 5-3 — Example optical motion tracking setup and

are optical-based systems that infrastructure. (www.creativeplanetnetwork.com)

analyze scene images to correlate them with a known database to determine location and pose
[75]. In integrated systems, the output of the vision-based algorithms may be integrated with an
IMU and/or GPS to enhance navigation accuracy [76]. Since the output of these systems can be
integrated with IMU results, they can easily be used to correct for sensor drift and improve
navigation accuracy. Their implementation can also either track against an a priori generated
model of the environment (vision aided inertial navigation), or create an environment model in
real-time that can then be tracked against (simultaneous localization and mapping). Regardless,
these systems are computationally expensive and the required optics and performance of the
cameras can be a challenge to integrate with small, wearable modules such as those proposed for
the V2Suit.

Challenges

The principal challenge that a robust motion tracking technology and algorithm will address is
the V2Suit “down” tracking element (Figure 5-4). “Down” tracking is required to estimate the
orientation and velocity of each wearable V2Suit module with respect to the specified direction
of “down.” The output of the algorithm provides an input to the CMG algorithms to point the
gyroscopic torque vector. The “down” tracking algorithm has been designed such that it receives
filtered states (linear acceleration, angular velocity) from the local motion tracking data. It tracks
multiple states of the V2Suit module in multiple coordinate systems, for both CMG control and
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post-operation analysis (as an engineering tool). “Down” Tracking
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However, they are still susceptible to state estimation errors after extended duration operation.
In order to continually provide the appropriate commanding of the CMGs during V2Suit
operation, accurate knowledge of the module orientation and motion must be estimated.
Validation of these systems will be critical with “ground truth” estimates to determine the
magnitudes of the errors and how they propagate over time. These performance specifications
will determine the operational time between re-initializing “down.”

Lastly, the V2Suit integrated modules must be able to differentiate between whole body
movements, and individual limb movements. In the case of when the body core is relatively
stationary, the modules must be actuated to provide the resistance to movement in the specified
direction. However, when there is whole body translation the central processing will only
provide CMG actuation commands to motions that deviate from the whole body movements.

The “down” tracking algorithm is a central technology to the V2Suit system. Therefore the
development of the integrated algorithm and motion sensing technology is a key enabling
technology. Wearable IMUs are a leading candidate for integration into the system. However,
their performance needs to be characterized in the context of the “down” tracking algorithm as
well as against “ground” truth to determine the performance envelope for perceptual estimates
and determining the time between “down” re-initializations.
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Roadmap

Key Enabling Technologies for the motion
tracking technology and algorithms are
primarily driven by the need for the “down”
tracking algorithm performance. The
baseline design includes the integration of
an IMU into the V2Suit wearable modules,
and validation of its performance through
optical tracking systems. The performance
of wearable kinematic systems, including
both the IMU and filtering techniques,
provides sufficient navigation accuracy of
the modules for laboratory development and
test of the “down” tracking algorithms.
Future technologies could include vision-
aided navigation as well as additional
technologies, such as Draper Laboratory’s
Precise Positioning System (PPS)*®, for
body motion tracking and improved
navigation accuracy.

5.3 Human-System Integration

The interface with the human wearer is
important for the operational
implementation of the V2Suit. For the
V2Suit to be effective as a countermeasure
system it must efficiently transmit the CMG
torque to the wearer, all while minimizing
the burden for putting on/taking off

Variable Vector Countermeasure Suit (V2Suit)
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Lower Arm
Module

Power &
Processing

Figure 5-5 — Top: Contoured plate (lace-in and double-
strap versions) (courtesy of David Clark Company Inc.),
Bottom: Concept of V2Suit module placement.

[Requirement CR-3], and performing activities with the modules attached for an extended

duration of time [Requirement CR-2].

Technology Need

The V2Suit must be able to efficiently transmit the CMG-generated torque to the wearer during
movements, as well as be comfortable to wear and easy to put on/take off. There is a need for
conformal, comfortable V2Suit modules that can integrate with a shirtsleeve environment, or
existing intravehicular activity (IVA) suit/garments, and minimize relative motion between the

* http://www.draper.com/tactical_gnc.html
> http://defense-update.com/products/p/pps_nav.htm
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module and the body. A system that is easy to don/doff, comfortable and does not negatively
affect performance is more likely to be adopted and used by the crew.

Background & Design Alternatives

There are several design approaches to creating the VV2Suit modules so that they conform to the
shape of the limb to which it is attached, are comfortable, easy to attach/remove, do not interfere
with activities, and effectively transmit the torque to affect limb loading (Figure 5-5). At a high
level, there are two categories: stand-alone modules, and those modules that are integrated with
wearable garments.

Stand-alone wearable modules contain the CMGs, IMU, and control electronics. They are a self-
contained individual enclosure that has a contoured plate and an adjustable strap to secure it to
the limb. The limb may be bare or have a standard garment between the skin and the module.
To minimize relative motion between the module and the limb, it is likely that the contoured
plate would be customized to the wearer. However, based on evaluations it may be determined
that standard sizes of contours (e.g., S, M, L, XL) could be developed and leveraged. The power
and data communication cables will be run along the body, secured by additional straps (when
necessary), and connected to the central power and processing module. The ability to customize
to the individual wearer has many benefits. However, this is also a challenge, along with cable
management and module placement and fitting.

Integration of the modules, module attachments, and all required power and data cabling with
existing, wearable garments offers many advantages. In this configuration the modules (or at
least their attachment base plates) (see Figure 5-5) would remain on the wearer as long as the
garment is on. The interface with the human could either be passive (maintain rigid attachment
via garment compression or tensioning straps) or active (external activation of tensioning). It is
envisioned that this approach would ease donning/doffing and facilitate a quick transition from
quiescent /standby mode to operations. Two example attachment mechanisms for the modules
include a baseplate that can be laced-into garments, or one with a double-strap attachment (see
Figure 5-5, top). In this configuration, the V2Suit module would have the mating plate attached
to it so that the two would mate and provide a rigid attachment to the wearer.

Several garments have been developed and used operationally that provide means to prevent
physiologic adaptation to spaceflight, or facilitate the transition back to a gravitational
environment following living and working in weightlessness. These garments, such as the
Skylab Orthostatic Intolerance Garment (OIG) (Figure 5-6), Russian Penguin Suit (Figure 5-7),
or the MIT Gravity Loading Countermeasure Suit offer garment platforms for integrating the
technology for a wearable VV2Suit module that limits relative motion, to efficiently transfer the
CMG-generated torque to the wearer. In the case of use of a Skylab OIG-type system, it could
be worn lose throughout the day, but when you want to activate the modules you could also
activate the garment to tighten it up in the necessary locations. This would be achieved via a
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simple capstan-type system with an inflation bulb, so it would not require power or a compressed
air source. It would be designed to apply the minimum pressure to hold the module tight and
minimize relative motion.

In the Figure 5-5 example configuration, each of the VV2Suit modules would include a contoured
baseplate that has a quick-connect/disconnect with the main module. The baseplate and
associated inter-module cabling would be integrated with the garment. There would be two
available tensioning mechanisms — 1) a passive system such as elastic and/or Velcro straps for
initial tensioning to maintain the conformal attachment, and 2) a pseudo-active system such as an
inflation bulb to increase the rigidity of the attachment just prior to activation. Depending on the
final size of the modules, they could be continuously worn or would reside in a docking module
and attached to the suit via the baseplate connect mechanism prior to operations. The final
determination of the attachment approach will be determined, in part, by the size of the modules
and preliminary user evaluations.

vsVX
vSvR

€Y662 ~LL -5

Figure 5-6 — Skylab Orthostatic Intolerance Garment
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A future technology that could create fully-
customized garments and ensure the V2Suit
modules efficiently transmit the torque to the wearer
is printable garments. 3D printing of garments is a
conceptual technology that is beginning to come
online in some areas (Figure 5-8). This technology
has the ability to customize the garment and
attachment locations to an individual person. The
ability to blend comfortable, athletic-type clothing
with more rigid segments at or near the site of the
V2Suit module attachment offers many advantages
for reducing the complexity of the module human-
system integration. In addition, the physiologic
changes occur over time in space (e.g., fluid shift,
weight loss, muscle size and volume reductions)
could be accommodated with replacement printing
of the garments, as well as replacement due to

normal wear and tear. The increasing use of 3D Figure 5-8 — Printable garment conceptual

printing technology on Earth, coupled with the
plans to send a 3D printer to the ISS®, make the

design (http://jhharris.prosite.com/104313/973830/work/design-
for-2050-clothing-printer)

inclusion of this technology in the roadmap a plausible concept to minimize some of the risks

associated with the module human-system integration.

® http://www.madeinspace.us/made-in-space-and-nasa-to-send-first-3d-printer-into-space
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Challenges

The key technology challenges to develop an operational system include: easy put on and take
off, be comfortable to wear over extended durations, and have small and low-profile as to not
interfere with normal movements -- all while providing the desired functionality. In addition, the
modules must not interfere with normal, daily activities when worn and non-operational. This
requires a small form factor that can be integrated with normally worn garments — either as an
add-on to existing equipment or designed to be an integral part of the garment.

Two of the V2Suit operational requirements map to the human-system integration key enabling
technology: 1) the worn VV2Suit must be comfortable and unobtrusive during at least 8 hours of
wear (Requirement CR-2), and 2) take less than 5 minutes to put on or take off (Requirement
CR-3). Meeting these requirements, and being an effective countermeasure system requires
these technology solutions, and are dependent on the final V2Suit module design and form
factor.

Since this system is envisioned to facilitate spaceflight adaptation and maintain human health
and performance during long-duration missions, human-in-the-loop evaluations will be critical or
the determination of the acceptable form factors, magnitude of acceptable relative motion
between the module and the body, and the comfort and garment integration for extended wear
and operations. Throughout the development process, prototyping of garment integration
concepts with representative module sidings and inertia properties will be critical for the final
implementation.

Roadmap

The V2Suit initial laboratory development units will be stand-alone modules. The long-term
operational system will be an integrated garment — incorporating the lessons learned from
module design and packaging as well as user evaluations. Longer-term technologies that could
enhance the human-system interaction, such as active garments and 3D printed garments, will
continually be surveyed and the technology benchmarked against the VV2Suit system needs. The
goal is to have a garment that has all the baseplates in place, all wired together with the wires
integral to the garment (e.g., reducing snag hazards), and all one has to do to use the system is
snap in the modules, makes sense operationally. With these modules part of garment, they’re
right where they need to be every time -- just connect and operate.

5.4 Power Source Technology

To realize the V2Suit as an operational countermeasure system, it must be able to operate
without attachment to an external power source [Requirement CR-4]. Therefore, a wearable
power source that can power the computing, sensing and actuation electronics, including the
CMGs, is a key enabling technology.
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Technology Need

In the weightless environment of spaceflight, the V2Suit must be able to operate for an extended
duration of time in order to be an effective countermeasure. It must also facilitate operation
while free-floating, without the encumbrances of a wire power connection. Therefore, small, re-
chargeable, high-density power sources with a long useful lifetime are needed. The power
source must be able to power and actuate the V2Suit components for at least one continuous hour
of operation between charges [Requirement CR-4].

Background & Design Alternatives

Small, re-chargeable, high-energy density power sources (e.g., batteries) are required that can
either reside within each of the V2Suit modules, or a single centralized source in the central
power and processing module. The power source must be able to power the electronics and
actuate the components within the modules for at least one continuous hour between re-charges.
Existing technology offers a number of options from conventional outlet power, commercial
batteries, to wireless power sources.

Conventional outlet power sources are the most trivial of the enabling technologies, but they
provide the required energy for laboratory development and test. By connecting the equipment
to a 120V 60Hz alternating current power supply in the laboratory, we have a conditioned power
source with virtually unlimited operational duration — a requirement for early stage research and
development. It does have limited extensibility to future V2Suit operational scenarios, such as a
limited operational volume, cable management, and constraints for living and working in a
weightless environment.

Batteries are the most common portable energy device. They consist of one or more
electrochemical cells that convert stored chemical energy into electrical energy. Recent
advances in battery storage technology have increased the energy density (energy per unit
mass/volume) (see Figure 5-9), which as in turn increased the portability and operational
duration of many electronic devices. The most promising battery technologies for the V2Suit
include Nickel Metal Hydride (Ni-MH), Lithium lon/Lithium Polymer, and a future technology
of Metal-Air (Figure 5-10).

e NiIMH. NiMH batteries are a rechargeable power source. Compared to lead-acid
battery, NiMH battery has longer lifespan and better high-rate charge and discharge
characteristics. And, compared to lithium batteries, NiMH battery is a more mature
technology with more advantageous cost competitiveness’.

e Lithium. Lithium polymer (LiPo) batteries evolved from lithium-ion batteries, and
have a lower cost of manufacture, adaptability to a wide variety of packaging shapes,
reliability, and ruggedness, with the disadvantage of holding less charge. It’s noted

" http://www.energytrend.com/research/Lithium_Roadmap.html
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that they are applications where small form factors and energy density outweigh cost
considerations.®

e Metal-Air. Metal-air batteries have a very high theoretical energy density. Lithium-
air and zinc-air batteries are recognized as the most likely candidates for next-
generation secondary batteries for electric vehicle applications.’

Comparison of Energy Densities for Various Battery Chemistries
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Figure 5-9 — Battery Energy Densities [credit ICCNexergy]

& http://en.wikipedia.org/wiki/Lithium_polymer_battery
® http://www.prnewswire.com/news-releases/lithium-air-batteries-technology-trends-and-commercialization-

prospects-215240681.html
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Figure 5-10 — Battery Technology Form Factors and Concepts

Wireless power sources are beginning to become commercially available, albeit over very short
distances. There are several categories of wireless power systems that could be considered, some
more practical than others for the V2Suit system — electrodynamic induction, electrostatic
induction, and electromagnetic radiation. Wireless power systems provide the distinct advantage
of being able to power the modules without any cabling or high energy-density batteries, thus
potentially reducing the mass and volume of the modules. However, they still require an
external power source, maintaining localization within the power transmission/reception volume,
as well as environmental confounds due to the spacecraft structure. Wireless power sources are
being considered in the VV2Suit technology roadmap, particularly for module re-charging in a
base station. Their technology for real-time power production is considered to be not mature
enough for immediate consideration.

Challenges

The scope of the challenges associated with integrating a self-contained power source to operate
the V2Suit system for at least one hour between re-charges cannot be fully realized until our
design has matured and electrical and computing components have been selected. Independent
of the V2Suit power requirement, there are additional challenges associated with the battery
technology that can be discussed — packaging, re-chargeability, and operational lifetime.

The V2Suit system concept includes the wearable modules on the limbs and the central power
and processing module. This architecture provides the affordance of having power be locally
within each limb module, be within the central power and processing module, or both. A design
trade will need to be made once the module designs mature to determine the exact form factor
and available volume for battery containment.

The design requirement for operational duration has been specified as one hour, allowing for re-
charging of the batteries between sessions. Newer battery technology fully supports re-
chargeability. However, the one open question that needs to be addressed is the time required to
re-charge. It is likely that the time required will be on the order of a few hours. However, this
performance specification needs to be addressed before component selection.

Lastly, batteries may have a limited number of charge/discharge cycles in their useful lifetime.
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This is particularly important for specifying the number of batteries to include on a long-duration
mission. Cycle testing of the selected battery in an operational system will be necessary to
determine the lifetime of the technology.

Roadmap

Power sources are a requirement for any electromechanical system. The existing state of
development of the VV2Suit enables the use of widely available, conditioned outlet power sources
while surveying battery technology for integration into a subsequent development system. Our
baseline is to continue development using laboratory power sources, and survey battery
technology in parallel as the V2Suit design matures, thus enabling us to make a fully informed
decision on the sizing and selection of re-chargeable battery units.

5.5 Key Enabling Technology TRL Summary

Each of the four key enabling technologies for the V2Suit are currently at different estimated
technology readiness levels (TRLs) (Figure 5-11). Their estimates are based on composite
knowledge of the current status of development or off-the-shelf components for integration to
realize VV2Suit operations in a long-duration space mission specified by the key operational
requirements (refer to Table 2-1).

Control moment gyroscopes (CMGs) are a very mature technology for aerospace applications.
However, their miniaturization for body-worn systems is immature, and even further immature is
the development of the steering laws to resist movements parallel to a specified direction.
Miniature CMG components are readily available (e.g., MICROMO motor systems). However
their miniaturized packaging for torque generation has not been developed. Similarly, this NIAC
V2Suit Phase Il study has advanced the development of the steering laws of a number of CMG
architectures to respond to the torque vector recommendation from the “down” tracking
algorithm, while avoiding singularities and saturation conditions.

Several candidate technologies for the module state estimation and “down” tracking algorithms
are readily available for integration into a VV2Suit flight system. IMUs, for example, which are
the baseline navigation system for tracking the orientation and motion of each V2Suit module
with respect to the initialized direction of down have been used extensively in aerospace
systems. The element of this key technology, which has been developed and tested as part of the
NIAC Phase II study, is the “down” initialization and tracking algorithm. This algorithm has
demonstrated its performance using synthetic as well as actual IMU data and has been identified
for integration into the VV2Suit system.
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Key Technology for V2Suit Applications Estimated TRL* — m

% Variable Vector Countermeasure Suit (V2Suit)
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Figure 5-11 — V2Suit Key Enabling Technology Estimated TRL Summary

There are several design approaches and technologies available to enable the integration of the
V2Suit modules with the astronaut. The key to the development of these technologies will be the
sizing of the modules (based on CMG design and electronics), and also informed by user
evaluations to ensure comfort and ease of use — two keys for technology insertion and adoption.
Several concepts exist for integrating the modules with wearable garments. However, these
concepts are relatively immature in terms of design specifics for the modules and V2Suit
operations. Additional technologies, such as printable garments, are less mature for aerospace
garments.

Lastly, power source technology — particularly battery technology — has a high TRL because of
its ubiquitous integration with electronics. The challenge, as mentioned before, will be the
specification of the required power to support VV2Suit operations and then selecting a battery with
the energy density and form factor to meet the body-worn, autonomous operations requirement.
Future technology may include wireless power sources. However, at the present time, this
technology is considered too immature to consider in the V2Suit baseline development roadmap.
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6.0 Earth Benefits and Alternate Uses

The current research, analysis, and concept design of the V2Suit has focused on a wearable
system to prevent the physiological adaptation and de-conditioning that is associated with long-
duration spaceflight. There are other spaceflight applications of the V2Suit technology (see
Figure 6-1). Wearable CMGs could be integrated with a spacewalking astronaut and
commanded to provide a “stable” work platform, or counter reaction torques during movement,
while operating on or near a low-gravity body such as an asteroid. This type of countermeasure
suit also has earth benefits, particularly in gait or movement stabilization for the elderly, or
physical therapy/rehabilitation (see Figure 6-1). For example, the V2Suit CMGs could be
programmed to provide a kinematic envelope of least resistance during walking — “keeping
Therefore providing tactile feedback to the appropriate biomechanical

b

within stability zones.’
coordination — either to assist in gait correction or facilitate recovery following spaceflight or
traumatic injuries. A potential advancement to drop foot gait (a neuromuscular disorder, often
occurring after a stroke, where the anterior muscles of the lower leg are weaker) could be made
with a wearable device with embedded sensors and programmable network of actuators, such as
with the V2Suit modules. With the appropriately sized CMG, it is possible that the gyroscopic
torque could prevent falls — a significant contributor to hip fractures in the elderly. In addition,
with knowledge of the environment and the planned task, the CMGs could be commanded to
enforce “keep out zones” — spatial regions that if encroached with a body limb could cause harm
to either the person or the equipment.

~ ~\
« Spacecraftinterior « Low-GEVA « Exercise/Rehabilitation » Industrial
= Sensorimotor « Stabilization = Movementtrajectories =« Keep-outzones
= Musculoskeletal = Orientation control = Posture stabilization = Safety zones

spaceref.com+.

Platform Technology for Space- and Earth-based Applications

Figure 6-1 — V2Suit Alternate Uses
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The V2Suit software and hardware architecture was designed to be module to enable multiple
developers or researchers to interface with the system (Figure 6-2). The hardware components
include the module kinematics/motion sensing through the on-board IMU and the
actuation/commanding of the resistance through the CMGs. With these interfaces, the
developers can create their own algorithms for analyzing the module kinematics and CMG
steering laws for commanding a resistance to movement. For the initial V2Suit development, we
focused on countering the sensorimotor effects of long-duration spaceflight, but there are other
applications as well (Figure 6-2).

API1/App Environment

Musculo-
skeletal App

App

[ cvoomms |

Figure 6-2: V2Suit Developer Integration Architecture

Rehab / Keepeoul
Keep-in Zone Zone App
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8.2 Select News & Media Coverage
Draper Laboratory News Release

Draper Spacesuit Could Keep NASA Astronauts Stable, Healthier in Space

CAMBRIDGE, MA — Draper Laboratory began work this month on a
new spacesuit that could keep NASA astronauts healthy during
long-duration space exploration missions and stabilize them while
they work in microgravity.

NASA commissioned the work through its NASA Innovative
Advanced Concepts (NIAC) program, which funds efforts based on
their potential to enhance future space missions.

The suit aims to stabilize astronauts and allow them to operate far
more efficiently during space missions by adding resistance similar

Draper Laboratory's Kevin Duda has begun work on a new
spacesuit for NASA, and will deliver an Earth-based proto- to the force of gravity on Earth. During so would help astronauts

type to demonstrate on a human arm next year. . . L
. acclimate to space and avoid body movement coordination-related

mistakes in microgravity or other gravitational environments that can make their work more cumbersome.

The suit will use an intertial measurement unit and flywheel gyroscopes to raise or lower resistance during body movements,
or stabilize and assist astronauts while working inside or outside a spacecraft, as well as on a planet or asteroid.

“This spacesuit concept will provide a platform for integrating sensors and actuators with daily activities to maintain and
improve astronaut health and performance,” said Kevin Duda, a senior member of the technical staff in Draper’'s Human
Centered Engineering Group, and the principal investigator for the spacesuit project.

In addition to stabilizing astronauts in space, the suit could also be used to help reacclimate them to the feel of gravity upon
return to Earth or other planetary destination. Outside of space, the suit could be adapted for uses including medical
rehabilitation to assist in rehabilitation and physical therapy for individuals affected by stroke, spinal cord and brain injuries,
as well as the elderly population, as they relearn the proper way to execute common movements by introducing strong
resistence when they do not take the proper path.

Over the course of the next year, Draper will develop an early stage Earth-based prototype to demonstrate the capability on a
human arm. With continued funding, this capability could be ready for use as a feature in astronaut spacesuits in five to 10
years.

Draper is partnering on the project with Jacob Bloomberg, a senior research scientist at NASA’s Johnson Space Center,
Professor Dava Newman, director of the technology and policy program at the Massachusetts Institute of Technology’s
Department Aeronautics and Astronautics, and Charles Oman, a senior researcher in the MIT Aero Astro department.

Draper, MIT Device Could Help Stop Spread of Cancerous Tumors

CAMBRIDGE, MA — Draper Laboratory and MIT have invented a
device that may enable drug developers to create medicines that
stop cancer in its tracks by allowing them to see how diseased
cells migrate.

A longer term goal for the device is to enable hospital labs to
create more individualized treatment plans for cancer patients

http://www.draper.com/newsltems.html 8/23/2011
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against the arm's motion. The
faster the flywhee] spins, the
more the suit would push back
against the astronaut.

If it works, the suit would offer
anumber of benefits, It could
ease the transition to lifeon the
space station, and the return to
living on Earth. The suit could
reduce some of the muscle
deconditioning that happens in
space.

Beyond the space station, the
suit could be used to prepare as-
tronauts for the long, low-gravity
trip to Mars and for maneuvering
on the Martian surface, whose
gravity is onlyabout 40 percent as
strongas Earth's.

There may even be uses on
Earth. Since the flywheels can
make movement more difficult in
any environment, Duda thinks
thetechnology could be useful for
rehabilitation.

“Some patients have trouble
with repetitive movements, such
as walking,” he says. “The
Ilywheels could train the body to
wal ing it difficult for the
patient’s ltgs tostray froma
proper
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Hispasat Picks Ariane 5
To laum:ll Amazonas 3

Euro) i will

September 12, 2011

of $214.6 million — the company was
forced to order Amazonas 3 sooner than
originally expected.

Madrid-based Hispasat also operates

launch szmsh satellne fleet operator
Hispasat's Amazonas 3 tri-band telecom-
munications satellite aboard a European
Ariane 5 rocket in late 2012 or early 2013
under a contract Arianespace and His-
pasat announced Sept. 7.

Amazonas 3, under construction by
Space Systems/Loral of Palo Alto, Calif.,
will mplm the Amazonas 1 satellite now

d at Hispasat's 61 d west or-
bital slot, where it provides telecommuni-
cations in the Americas and between

the A 2 satellite at the 61 degrees
west slot. Amazonas 2 was launchcd in Oc-
tober 2009 and is expected to op for

RapidEye Inks Imagery Deal
With NGA Worth $4.6 Million

The U.S. National Geospatial-Intelli-
gcncc Agency (NGA) has contracted
with Canadian-German Earth observa-

at least 15 years. Amazonas 1 and Ama-
zonas 2 were both built by Astrium Satel-
lites of Europe.

Amazonas 3, based on Loral’s 1300
satellite platform, is expected to weigh
6,000 kilograms at launch. It will be

ipped with 33 Ku-band transponders,

tion satellite operator RapidEye to pur-
chase up to $4.6 million in RapidEye im-
agery over the next 18 months,
RapidEye annou.nced SepL 6.

The iadetnt indefini
quantity contract is the first NGA pur-
chase of RapidEye data. Brandenburg,
Germany-based RapidEye, which was re-

19 C-band (nnspondcm and nine Ka-
said A

band spot beams. F
3will be th: first satellite over Latin Amer-

Latin America and Europe. A

icap b ial Ka-band capacity

Aah

1
was launched in 2004 with an expected 15-
year operational life, but a defect in its
fuel system has cut its life expectancy by
several years.

Given the growing importance of the
Americas, especially Central and South
America, to Hispasat — the region pro-
vided 44 percent of its total 2010 revenue

forb d Internet ¢

Hispasat is financing Loral’s construc-
tion of Amazonas 3 through a loan from
JPMorgan Chase that was valued at 165
million euros ($236 million) and guar-
anteed by the U.S. Export-Import Bank.
Hispasat said it will be repaying the loan
over 10 years.

Blue Origin Acknowledges Test Flight Failure

Blue Origin, the private entrepre-
neurial space group backed by Ama-
zon.com founder Jeff Bezos, acknowl-
edged Sept. 2 that it lost its New
Shepard suborbital spacecraft during
a test mishap in Texas.

“Three months ago, we successfully

- in

at Mach altitude
ﬁm&eg'orlsﬂsmean,nems'

wrote in a statement posted on the
Blue Origin website Sept 2.

Bezos’ statement : several
hours after The Wall Street Journal first
reported on the Aug. 24 test failure.

According to Bezos, a “flight insta-
bility" drove an angle of attack that
triggered the Blue Origin range safety
team to terminate thrust on the vehi-
cle. The vehicle roared skyward from
the Blue Origin spaceport, roughly 40
kilometers north of tiny Van Horn,
‘Texas, before the failure.

The tight-lipped Blue Origin
space company has been focused on
suborbital spaceflight, first using its
Goddard vehicle and then migrating
to the New Shepard spacecraft de-
sign at its facility in Culberson Coun-
ty, Texas. New Shepard is seen by the
company as supporting the commer-
cial suborbital tourist market. The
Goddard vehicle flew on a short, suc-
cessful test flight in November 2006.

In April, NASA awarded Blue Ori-
gin $22 million in funding under the
space agency's Oommemal Crew De-

of r.onccpts and. m:hnolog:es w© sup-
port future human spaceflight opera-
tions. That award followed $3.7 mil-
lion in NASA funding the company
received in 2010 to develop an astro-
naut escape system and space capsule
for ground tests.

NASA retired its space shuttle
fleet in July and plans to rely on U.S,
commercial spacecraft like those be-
ing developed by Blue Origin and
other pnvne space companies to
to low

Earth. orbu.

‘While the test vehicle that failed
last week was a suborbital vehicle, Blue
Origin is also developing an orbital
space capsule designed initially to

r

New Shepard during a successful earfy-summer test

launch on an expendable Atlas 5 rock-
et, then transition to a reusable boost-
er being developed by the company.
“In case yon re curious and won-
dering ‘where is the crew cap

cently purchased by Canada’s Iunctus

Geomatics of Lethbridge, Alberta, oper-
ates a fleet of five identical optical ob-

servation satellites, which have been in
orbit since mid-2008.

The satellites offer relatively low-res-
olution imagery but, evenly spaced in
low Earth orbit, they are able to cover
vast swaths of territory — 4 million
square kilometers per day — and offer
relatively quick revisits to a given locale.

NGA is the principal U.S. government
agency responsible for purchasing satel-
lite imagery from the private sector. It has
long-term contracts with high-resolution-
satellite operators GeoEye and Digital-
Globe of the United States, and also has
purchased radar imagery from Italian
and German radar satellite operators.

Comments: Brian Berges, bberger@spacenens.com

Spacesmt To Imitate Gra\uly on long IIASA lllssmns

hers at Draper Lab
in Cambridge, Mass., are working on
a NASA-funded concept for a space-
suit that would help astronauts ad-
Jjust to weigh by r g

fy the - type of performance
ct.”

Wearing such a suit also might
help astronauts ease back into life on
their muscle coordi-

movement to imitate gravity.
“We wonld expect the resumnce

nation would not have to readjust
from the resistance-free motions in

to si
gravitational acceleration when i m
nucmgraley, sald Kevin Duda, sen-

Another side benefit from the
suit could take the form of a space

ior hnical staff in hnology spinoff that helps people
the Draper Laboratory s Human go through physical rehabilitation.
Centered Engineering Group. Patients suffering from stroke,
An inertial measurement unit  spinal cord and brain injuries could
would help the suit gauge an astro- make use of the device, as could old-
naut’s movement. That in turn could  er people.
allow flywheel gy — A ble, full- device
devices that resist changa in angnhr could be programmed to help you
caused by —to learn, or re-learn, specific move-

raise or lower spacesuit resistance for
every movement, by increasing speed
or changing direction.
First-generation versions of the
suit mainly would help astronauts
working inside the protected habitat
of a space station or spacecraft. But if
the pt holds up, it might even-

the development vehicle doesn’t have
a crew capsule — just a close-out fair-
ing instead,” Bezos added in a post-
script to his website update. “We're
working on the sub-orbital crew cap-
sule separately, as well as an orbital
crew vehicle to support NASA’s Com-
mercial Crew program.”

124

tually help stabilize astronauts dur-
ing spacewalks, as well as on low-
gravity planets or asteroids.

“Sensing and adapting to exan:ﬂy
what an astronaut wants to do is dif-
ficult,” Duda said. “We nced to ana-
lyze the mechanics and prototype
the concept before we can accurate-

ments,” Duda explained.

Duda’s Draper Lab group has
partnered on the project with scien-
tists at NASA's Johnson Space Center
in Houston and the Massachusetts In-
stitute of Technology in Cambridge.
They plan to first create a prototype
for a spacesuit arm by 2012, with
funding from the NASA Innovative
Advanced Concepts program.

If success attracts continued
funds, Duda said, a full-body wear-
able suit could become a reality with-
in a decade — easily within the time
frame for NASA’s plans targeting the
asteroids, Mars and beyond.
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Draper Lab inventions to aid astronauts

Well-suited for space

If you have a complex
neuroloaical condition.

you have questions.

HiorthShore

Neurological Institute

SUITABLE: Draper Laboratory's Kevin Duda, above, with the Variable Vector Countermeasure Suit (V2SUIT) used
for space habitation and exploration. The suitis especially important because it could help astronauts adapt to
new gravity environments, or offset the effects of prolonged weightlessness. Itis being tested atthe Johnson
Space Centerin Texas
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