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Abstract

The goal of this project is to develop new technology that will support crew health and performance during long dura-
tion space missions. While there are current methods for maintaining fitness aboard the International Space Station,
the results are not ideal; muscle mass and bone density continue to degrade, and there is still room for improvement.
Moreover, new exploration missions need to maximize the use of the equipment due to storage limitations. A system that
can be used for multiple purposes such as for providing multiple strength training exercises, as well as, providing aerobic
exercises while using the same workout space is desirable. This project aims to address these challenges by introducing
a modular system that will bring versatility, scalability, and robustness, by using mountable and reconfigurable modules
to maximize the number of exercises that can be performed. In this paper we present the development of a Modular

Multi-Motor Exercise System concept based on Magneto-Rheological fluid-based modules.

Keywords Modular systems - Space exploration - Exercise device - Magneto-Rheological fluid

1 Introduction

While living and traveling in microgravity environments
such as in space or at the International Space Station
(ISS), the human body uses significantly less muscles to
move around on a daily basis. The astronaut faces no
gravitational forces acting on muscles and joints, caus-
ing loss of muscle mass, bone density, and aerobic con-
ditioning. Without regular exercise, muscles weaken and
deteriorate causing muscle atrophy. Studies have shown
that astronauts experience up to a 20% loss of muscle
mass on spaceflights lasting 5 to 11 days [13, 25]. Muscle
atrophy means a loss of strength, which is dangerous if
a crew member has to perform a task either on-orbit or
upon re-entry into the Earth’s gravitational field. Therefore,
maintaining muscle in space is critical, and is combated
by current exercise countermeasure devices such as ARED
(Advanced Resistive Exercise Device), CEVIS (Cycle Ergom-
eter with Vibration Isolation System), T2 treadmill and

MED-2 (Miniature Exercise Device-2) [19]. Itis important to
highlight that recent studies have shown little impact on
loss of muscle tissue during prolonged space flights [26].
Additionally, due to the microgravity nature at ISS, exer-
cise devices have unique design challenges which increase
their mass and volume (compared to Earth’s devices). For
upcoming missions, some of the crew health and per-
formance challenges are to reduce mass and volume of
exercise devices (due to small footprint limitations within
spaceship), to fulfill performance requirements (i.e., to be
able to perform strength training and aerobic exercises),
and to increase safety during human-machine interaction.

1.1 Objective

This work addresses the problem of maximizing the num-
ber of different resistive and aerobic exercises that can be
performed with a single system and within a small foot-
print. Our proposed solution is based on the modularity
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concept and brings benefits such as versatility, robustness
and scalability to the tasks. A Modular Multi-Motor Exer-
cise System that can both, (1) rearrange their modules to
adapt to different upper body and lower body parts, and
(2) provide strength training and aerobic exercises, makes
it ideal for this challenge in space. To increase safety of
crewmembers during execution of the exercises, Magneto-
Rheological fluid has been explored as main component in
the design of the modules (elemental unit of the system).
In Sect. 2, we describe different types of actuators that are
currently used for a variety of purposes, particularly, the
ones that could be used for space applications. Section 3
introduces the Modular Multi-Motor Exercise System con-
cept along with the design criteria, benefits, and a set of
resistive exercises that are currently performed at ISS that
target different muscle groups. Section 4 describes the
main element of the system, the module, which is based
on Magneto-Rheological Fluid. We present two prototype
modules that can control magnetic fields in a different
mannet, i.e., Electromagnet-Triggered Control and Switch-
able Magnet-Triggered Control. To validate their perfor-
mance, in Sect. 5, we describe a set of experiments used
to analyze their performance such as resistive forces gen-
erated by each module along with corresponding energy
consumption. In Sect. 6, we discuss the results and indicate
advantages and disadvantages of utilizing both modules.
We address how this system could be improved to fulfill
better the specified requirements.

2 Related work

In order to maintain the astronauts’ fitness, different exer-
cise systems have been designed to work in a micrograv-
ity environment, for instance ARED, CEVIS, T2 and MED-
2. Each system works differently due to the design and
operation of its main actuator. For instance, ARED allows
the user to execute resistive exercises by simulating free
weights. This resistive force is generated by two actua-
tors that are based on a piston-cylinder assembly with an
adjustable load, and employs vacuum cylinders to deliver
a constant resistance, and a flywheel to change the resist-
ance. As a second example and one of the latest devices to
be designed, MED-2, is based on a series elastic actuator
(motor that controls a pulley), which tensions an exercise
cable, and provides resistance as the user pulls the cable.
For the challenge presented in this work (exercising the
human body in space), parameters such as the micrograv-
ity environment, the size of the equipment, the energy
consumption and the safety of the user when interacting
with the equipment, should be taken into consideration
when designing the system. Therefore, the selection of
the main actuator of the system will greatly impact these
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parameters. For instance, electromechanical actuators can
offer the same strength of hydraulic actuators but with
higher precision and better control of the motion. They are
a popular alternative for robotic and other applications.
DC motor-based actuators have shown to be very effec-
tive when using them in robotic assistance and rehabilita-
tion purposes. Safety can be implemented by limiting the
output torque and by implementing control techniques
to limit range of operation. This requires continuous
monitoring of the actuator. Power consumption has
been observed to be reasonable, with relatively medium
to high voltage inputs (up to 230 V in some models) [5,
8, 9, 14, 22]. Another alternative is the use of Dielectric
Elastomer-based actuators (DEA). They are based on soft
materials that deform under the presence of large elec-
tric fields. Proper control of DEA deformations has been
demonstrated by using different materials and by using
simple geometric shapes (e.g., inchworm shape). It has
been observed that the actuation forces are not enough
to lift large loads. For their operation, it has a required
voltage of about 1kV and up, which not only drastically
increases power consumption but also makes safety dif-
ficult to implement [6, 10, 16, 23, 33]. Another actuator
option is the use of Magnetic-based actuators. They make
use of a polymer gel embedded with iron particles and it
is activated by the presence of an external magnetic field.
Research has shown that the magnetic particles have the
ability to stay static within the polymer gel, allowing the
deformation of the entire gel volume, which can poten-
tially be used to provide a force [7, 11, 12, 15, 27, 29, 31].
One more option is the use of Rheological Fluid-based
actuators. They are based on smart fluids that exhibit var-
iable viscous properties depending on external stimuli.
There are two major types of Rheological Fluids, i.e., Elec-
trorheological Fluid (ERF) and Magnetorheological Fluids
(MRF). ERF is electrically activated and has shown to be
affected by changes in the temperature and requires high
voltages for its operation (average of 5 to 7 kV/mm?). MRF,
on the other hand, operates with magnetic fields. The use
of magnetic fields can not only reduce power consump-
tion but also make the system feasible to work in space,
reason why we have decided to explore it [4, 18, 20, 24, 28].

3 Modular multi-motor exercise system

This project aims to develop a system that can be used to
perform several resistive and aerobic exercises while using
the same space, therefore, reducing size and mass of cur-
rent ISS equipment. To address the problem, we explore a
new type of strategy via modular design [1, 2]. The system
consists of homogeneous modules that can be assembled
and disassembled around a platform (cage-like frame that
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Fig. 1 Modular multi-motor
exercise system

can eventually be attached to the current Vibration Isola-
tion System) by crewmembers to workout different muscle
groups. For example, Fig. 1 displays two potential modular
configurations that a single crew member can assemble
to target different muscle groups with different forces
for a variety of strength training and aerobic exercises.
The main principle underlying the modularity concept is
that a system consisting of modules can create different
configurations to deliver diverse performance character-
istics. Design and operation of the module is presented
in Sect. 4.

Each configuration is suitable for exercising different
upper body and lower body muscle groups regardless of
limb length. The concept must consider the following cri-
teria designs:

e Modularity—Develop a concept that will maximize the
number of different resistive and aerobic exercises.

e Smaller footprint—Payload inside spacecrafts are
limited by size and weight, therefore, it is required to
accommodate a compact exercise device with simi-
lar functions and capabilities of current ISS exercise
devices.

e Performance requirements—System should be able to
provide high loads at low frequency and lower loads at
higher frequency, by indicating path to scalability.

e Range of motion and height requirements—System
must meet height requirements and ranges of motion
that allow for their usage in different exercises. It
should be able to accommodate average female/male
height and range of motion.

o Safe operation—System must operate with safety as a
priority.

3.1 Resistive exercises for different muscle groups

Resistive exercises are one of the countermeasures to
muscle atrophy during exposure to microgravity. A resis-
tive exercise is any exercise that causes muscles to con-
tract against an external resistance with the expectation

of increases in mass, strength, tone, and/or endurance [3,
21, 30, 32]. The proposed modularity concept will bring
users a versatile workout space that could adapt to differ-
ent workout routines that include target exercises for all
muscle groups, strength training, and aerobic exercises,
as shown in Fig. 2.

For instance, Fig. 2a displays a configuration that can
be used to exercise the lower body muscles by perform-
ing a squat routine. Each module, by means of a cable,
is connected to a common bar. Each module produces a
resistive force when pulling the cable, and retracts cable
when releasing. Another example is shown in Fig. 2b. This
configuration can be used to exercise upper body muscles,
for instance, the user performs a tricep extension routine
by connecting modules to a single double D handle. The
system can also be used for aerobic exercises, as shown in
Fig. 2c. A floor door can be lifted to access the treadmill;
by connecting modules to the sides of a conveyor belt, a
manual treadmill is created. Similarly, a stationary bicycle
could also be assembled by attaching modules to a set
of pedals. In both examples, it is possible to reach vari-
ous levels of resistance by changing module’s parameters.
Cables attached to a vest will be used to hold the user
down on both examples, similar to the one used in current
devices at ISS. Current exercises that are being performed
with equipment at ISS are listed in Table 1 for upper body
exercises, Table 2 for lower body exercises, and Table 3 for
total body exercises.

4 Magneto-rheological fluid based module

Homogeneous modules will have the capability to be
mounted on a frame in a variety of ways. This feature
brings versatility to the system and capability to create
different configurations for a wide variety of resistive exer-
cises. The resistive force generated by a module is based
on increasing/decreasing the viscosity of the Magneto-
Rheological fluid (MRF) upon the presence of magnetic
flux density. Two prototypes have been designed and
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Fig.2 a Configuration for
lower body exercises: squat
routine. b Configuration for
upper body exercises: tricep
extension routine. ¢ Configura-
tion for aerobic exercises

Table 1 Upper body resistive
exercises—exercised muscle
groups [17]
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Upper body exercises

Major muscle groups

Bent over row
Shoulder shrugs
Front shoulder raise
Lateral shoulder raise
Rear shoulder raise
Bench press
Shoulder press
Upright row

Tricep extension
Bicep curls

Side bends

Lateral neck extension
Neck flexion

Neck extension
Crunches/sit ups

Latissimus Dorsi, Teres major, Rhomboids, Trapezius, Deltoids
Trapezius

Deltoids, Trapezius, Rhomboids

Deltoid, Trapezius, Rhomboids

Deltoids, Trapezius, Rhomboids

Pectoralis, Deltoid, Triceps

Deltoids, Triceps, Trapezius

Deltoids, Supraspinatus, Elbow Flexors, Biceps Brachii and
Brachialis, Trapezius

Triceps Brachii, Posterior Deltoid, Rhomboids

Biceps Brachii, Brachialis, Brachioradialis

Obliques, Abdominal, Erector Spinae
Sternocleidomastoid, Sternohyoid, Splenius Trapezius
Sternocleidomastoid, Sternohyoid, Trapezius
Sternocleidomastoid, Splenius capitis, Trapezius
Abdominals
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developed to analyze their performance and limitations,
the first prototype being electromagnet-triggered con-
trolled, and the second being switchable magnet-trig-
gered controlled.

4.1 Prototype 1: electromagnet-triggered control
This prototype module is composed of two electromag-

nets (which is the source of the changing magnetic flux
density) that will modify viscosity of the MRF. They are

placed on the top and bottom part of the module to
directly excite the MRF, which is located at the center of
the module (7.5in X 7.5in, 9.12lbs), as shown in Fig. 3a.
A propeller connected to a spring reel rotates along its
shaft axis within MR fluid. The user spins the propeller
by pulling a grip handle that is attached to cable and
connected to spring reel, as shown in Fig. 3b. When
electromagnets are activated, depending on the volt-
age (0-24V), the system will generate different resistive
forces. The actuation force is proportional to the rela-

tionship between magnetic flux density and MR fluid. To
select electromagnets, simulations in the magnetic flux
density spatial variation for specific electromagnets were

Table 2 Lower body resistive exercises—exercised muscle groups [17]

Lower body exercises Major muscle groups

Squats Quadriceps, Gluteus muscles, Hamstrings
Deadlift Erector Spinae, Latissimus Dorsi, Trapezius, Quadriceps, Hamstrings, Gluteus muscles
Heel raise Gastrocnemius, Soleus

Hip adduction
Hip abduction
Hip extension
Hip flexion

Gracilis, Adductors, Longus, Brevis, Magnus

Gluteus maximus, minimus, Tensor Fasciae latae

Gluteus maximus, Gracilis, Stmitendinosus, Biceps Fermoris, Semimembranosus
lliopsoas, Pectineus, Adductor Longus, Sartorius, Tensor Fasciae Latae, Rectus Femoris

Table 3 Total body resistive exercises—exercised muscle groups [17]

Total body exercises Major muscle groups

Thruster
Swings
Sumo Deadlift High Pull

Quadriceps, Gluteus muscles, Hamstrings, Deltoids, Triceps, Trapezius
Quadriceps, Gluteus muscles, Hamstrings, Deltoids, Triceps, Trapezius, Deltoids, Rhomboids, Erector Spinae

Erector Spinae, Latissimus Dorsi, Trapezius, Quadriceps, Hamstrings, Gluteus, Deltoids, Supraspinatus,
Elbow Flexors, Biceps Brachii and Brachialis

Fig.3 Prototype 1:a 3D model
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performed (FEMM 4.2). Results display best performance
when using electromagnets with doughnut geometry at
a optimal distance, as shown in Fig. 3c.

4.2 Prototype 2: switchable magnet-triggered
control

The second prototype module (6.75in x 9.5in, 3.76lbs)
follows similar design concept as in the previous module,
as shown in Fig. 4. The main difference is that the elec-
tromagnets have been substituted by a single switchable
magnet with the goal to reduce power consumption from
the electromagnets which require approximately 25 W to
operate. Since prototype 1 consists of two electromagnets,
there is a power consumption of 50 W. On the other hand,
switchable magnets are based on dipole magnets (one on
top of the other) and require no power to keep its mag-
netic state; by rotating the upper magnet 180 ° will bring
magnets into pole alignment, allowing magnetic flux to
flow on a path outside the device. This feature creates two
magnetic states, ON and OFF states. During the simulation
analysis, planar symmetry was chosen to best model the
dipole magnet.

5 Experimental results

In this section, we describe experiments done with both
module prototypes to validate their performance. The set
of experiments has been divided into 3 main cases: (1) set
of pulling repetitions, (2) pulling and holding for 10 s, and
(3) the power consumption analysis among prototypes.
The goal is to demonstrate that the resistive force of the
device increases with the increase of magnetic fields
around the vessel, and to show the amount of resistive
force achieved by prototypes. Prototype 1 utilizes two
large DC ring electromagnets on top and bottom of the
container to provide the desired magnetic field strength,
as shown in Fig. 5a. The electromagnets are connected to a

Fig.4 Prototype 2: this module
controls the magnetic fields by
means of a switchable magnet.
During the ON state, simula-
tions results display a max of
0.34 Tesla, while the OFF state
displays a max of 0.034 Tesla
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Switchable
magnet

Propeller

MR fluid

DC Power Supply that is used to set different voltage levels
(0-24V) and provide current level values that will be used
for data collection. Prototype 2 does not require a power
supply because it is based on a switchable magnet, that
can be manually rotated to an OFF/ON position (OFF-no
magnetic field, ON—maximum magnetic field), as shown
in Fig. 5b.

To measure the resistive forces, a one-dimensional force
sensor is used to gather data in real time during the pro-
cess of each exercise. To ensure accurate data from the
force sensor, it is zeroed to an offset before applying a
load and then calibrated using weights of a known value.
After the force sensor is calibrated, it is placed between
module’s workout cable and grip (e.g., D-handle strap), as
shown in Fig. 5. Using the Variense software, force sensor
communicates at a rate of 9600 bps, each experiment is
recorded, and plotted in MATLAB. Experimental compo-
nents are summarized in Table 4.

5.1 Case 1: pulling repetitions

For this type of experiment, we analyze the resistive forces
of both prototypes for pulling repetitions. The exercise was
conducted by setting the module down, securing it to the
top of a table, connecting the force sensor to a computer,
then pulling on the cable directly away from the module.
The cable was pulled with equal time (2 s) during the con-
centric and eccentric muscle movements to ensure con-
sistency throughout the graphs. This process was utilized
for both prototypes, as depicted in Fig. 5¢, d, respectively.

The first prototype was tested at each voltage level,
starting at OV with increments of 5V, up to its maximum
at 24V, for a total of 6 experiments i.e., 0V, 5V, 10V, 15V,
20V and 24V. It is possible to observe within experimen-
tal results increments of resistive force when increasing
voltage, as shown in Fig. 6. Prototype 1 has the capability
of producing a total of 6 levels of resistive forces, from a
base resistance of 2 Ibs at OV, to a resistive force of 5 lbs at

Spring
reel
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Fig.5 a, bThe setup for

both prototypes in which the
experiment was conducted for
each case. c Prototype 1 being
pulled from start to finish. d
Prototype 2 being pulled from
start to finish

Power supply
-24V)

24V. Prototype 2, due to its design, two levels were tested
(OFF/ON position), for for a total of 2 experiments. Results
are shown in Fig. 7. Prototype 2 has the capability to pro-
duce 1.5 Ibs of resistive force when switchable magnet is in
the off position, and maximum of 2.5 lbs of resistive force
when switchable magnet has the on position.

5.2 Case 2: pulling and holding

In this experiment, the handle connected to the cable
on the module is being pulled, then held for a duration
of 10 s, and then released. This exercise is being per-
formed in both prototypes and resistive forces are shown
in Fig. 8. It can be observed that each test reaches similar
forces as in previous case, with the only difference being
that resistive forces decrease by 0.5 Ibs after a few sec-
onds of holding the handle. Both prototypes are capa-
ble of generating corresponding forces for the different

Table 4 Experimental components

Prototype 1 Cable

Prototype 2
Cable

,,/‘ \
Force
sensor

(b)

D-Handle
strap

D-Handle

Force
sensor
strap

5.3 Case 3: power and energy consumption

We now evaluate power and energy expended by proto-
type 1 and prototype 2 during the operation of an exercise
routine. Prototype 1 has the capability of achieving six resist-
ance levels, like the ones evaluated in the previous cases,
which require increasing values of voltage. We will use
these values given by the power supply to calculate power
and energy consumption. The current draw values do not
change while the device is being used, so it is assumed that
this value remains constant throughout our calculations.
Voltage levels were set and power and energy consumption
were evaluated with Egs. 1 and 2, respectively.

P=V=xl (1

where P is Power (W), V is Voltage (V), and | is current (A).
The equation used for energy consumption is:

Device name Specifications

Purpose

DCring electromagnets 2 units, 300-pound holding value, 24
V max, part no. D-302015-24

Agilent E3631A, 25V max, 1 A max
Magijig 150, 150-pound holding value

DC power supply
Switchable magnet

Provides the controlled magnetic field for the electromagnet prototype

Provides variable levels of voltage to the electromagnets (0-24V)
Provides the controlled magnetic field for the switchable magnet proto-

type

Force sensor Varriense FSE1001, 250 Newton max,

and FSE-1 Reader

Gathers resistive force data in real time during the process of each exercise

levels.

Wh = P x Time(hrs) (2)

where Wh is Watt-hours, P is Power (W), and Time is meas-
ured in hours. This value is taken from the total amount of
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Repetitions at 0V

Force (Ibs)
Force (Ibs)

Repetitions at 5V

Repetitions at 10V

251

Force (Ibs)
S

051

Repetitions at 15V

Force (Ibs)

Repetitions at 20V

Repetitions at 24V

15 20 25 0 5 10 15 20 25

Fig. 6 Resistive forces generated by Prototype 1 during experiment at 6 voltage levels

Switchable Magnet Prototype Repetitions: OFF

Force (Ibs)
P

051 q

0 L L L L
0 5 10 15 20 25

time (s)

Switchable Magnet Prototype Repetitions: ON

Force (Ibs)
&

051 q

0 L L L L
0 5 10 15 20 25

time (s)

Fig. 7 Resistive forces generated by Prototype 2 during experiment at two states (OFF/ON)

time that a module is turned on. In this study, we assume
the module will be powered for a period period of 2 h,
which is the average time per day required for working
out at ISS.

Table 5 summarizes the relationship between 6 resist-
ance/voltage levels and their corresponding power and
energy consumption values, as shown in Fig. 9.
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Prototype 2 has two levels of resistance, one for when
the device is off and another for when the device is turned
on, and neither level of resistance requires power. Current
method for inducing magnetic field within module’s vessel
to increase level of resistance is by manually rotating the
switchable magnet. Therefore, no energy is required to acti-
vate it and produce resistive forces.
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Pulling and holding at Varying Voltage Levels

Force (Ibs)
{

N
T

— 0 Volts

— 5 Volts
10 Volts

— 15 Volts
20 Volts
24 Volts 2t

Prototype 2

251

-
3]
T

Force (Ibs)

N
T

051

| 0 5 10 15 20 25

time (s) 10

(a)

15 time (s)

(b)

Fig. 8 a Prototype 1: pulling and holding exercise among 6 voltage levels. b Prototype 2: comparison between OFF/ON states throughout

the entire motion for a total of 10°s

6 Conclusions

In this work, we explore a new concept of exercise coun-
termeasure based on modularity that will support crew
health and performance during those long-term space
missions, i.e., Modular Multi-Motor Exercise System.
This innovative concept addresses risks and gaps found
within the NASA Human Research Roadmap responsible
for understanding and mitigating the highest risks to
astronaut health and performance. We focused on devel-
oping a system that could maximize the number of dif-
ferent strength training and aerobic exercises that can
be performed with a single system while meeting load,
volume, and mass requirements for upcoming missions.
Our approach combines current exercise countermeas-
ures at ISS with the modular robotics field to create a
new type of exercise system that will provide the astro-
naut with required training.

This approach is based around the unique properties
of MR fluid, which has a viscosity that changes accord-
ing to the strength of the magnetic field applied to it. We
presented two prototypes that control magnetic fields in
different manners, i.e., Electromagnet-triggered control
and Switchable magnet-triggered control. The first pro-
totype has the capability of creating a total of 6 different
levels of resistive forces, from a base resistance of 2 lbs
to a maximum of 5 |bs, by increasing the voltage levels.
Whereas, the second prototype only has two levels of resis-
tive forces, a base of 1.8 Ibs and a max of 2.5 |bs, done by
turning the switchable magnet OFF/ON. The second main
factor that was taken into consideration was power and
energy consumption of the device. Due to the nature of
the switchable magnet, this prototype requires no energy

Table 5 Power and energy consumption of EM prototype in rela-
tion to its levels

Resistance  Voltage (V) Amperes (A) Power-con- Energy-

levels sumption  consump-
(W) tion? (Wh)

Level 1 0 0 0 0

Level 2 5 0.372 1.86 3.72

Level 3 10 0.746 7.46 14.92

Level 4 15 1.118 16.77 33.54

Level 5 20 1.486 29.72 59.44

Level 6 24 1.844 38.40 88.51

@ assuming workout time of 2-h

to provide its resistive force, which is a highly desirable fac-
tor when developing space applications. Prototype 1 uses
a considerable amount of power, depending on the choice
of resistance level. Due to the modular design concept,
scalability of forces and configurations is feasible. Resistive
forces can be multiplied by the number of modules con-
nected to a single point (e.g. a handle connected to two or
three modules to increase force in one direction). Table 6
summarizes model parameters from both triggered-con-
trol strategies.

As future challenge, we plan to develop a new module
that combines the best features from both prototypes,
i.e., the capability to provide different resistive force
levels from prototype 1 and the advantage of having a
low-power consumption system from prototype 2, while
increasing resistive forces up to 50lb per module. To illus-
trate how this modular system could meet the load range
that current devices are able to provide at the ISS, Table 7
displays the number of modules that would be required to
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Power Consumption of Prototype 1

T

50 T

46.10

w W S S
o (9] o ()]

Power Consumption (W)
N N
o (4}

N
()]

0 5 10 15
Voltage Levels (V)

20 24

Fig. 9 Power and energy consumption by Prototype 1

provide similar performance. The system, at current state,
can be used to provide exercises that provide a load range
between 5lb and 150lbs. If each module is able to provide
up to 50lbs, then, the number of modules required for
each exercise would be drastically reduced, making the
system feasible to use for these tasks.

The main benefits that a modular system like this could
bring are (1) the possibility of building different configura-
tions that can be used by the astronaut to exercise diverse
group of muscles; (2) the possibility to test-validate the
efficiency of a wide variety of existing exercise programs
or routines; (3) a platform that can be used to evaluate
different countermeasures for muscle atrophy, sensory-
motor training protocols, in-flight balance assessment and
training system, and post-flight rehabilitation strategies;
(4) a multi-purpose system that will impact payload criteria
and versatility in space missions; and (5) the possibility to
transfer the technology for the assessment and exercise
of human body movements of stroke survivors and other
patients with sensorimotor disorders.
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Table 6 Model Parameters

Prototype Input Output (Ibs) Energy
consumption
(KWh)
Prototype 1: ov 2 0
Electromagnet- 5V 2.8 0.0112
triggered 0V 35 0.0446
control 15V 3 0.1006
20V 35 0.1783
24V 5 0.2766
Prototype 2: OFF 1.5 0
Switchable mag- ON 25 0.000016
net-triggered
control
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