
Mars Transit Device Requirements – AEC DOC 009 DRAFT
[image: ]


Exercise Device for Mars Transit Demonstration Onboard the International Space Station – Functional Requirements
 


National Aeronautics and Space Administration
Glenn Research Center
Cleveland, OH 44135
















February 2013
Exercise Device for Mars Transit Analog Onboard the International Space Station – Engineering Requirements 
Prepared by:



Aaron Weaver
Glenn Research Center
AEC Technical Lead




Chris Sheehan
ZIN Technologies Inc.
AEC Project Lead


Approved by:




Gail Perusek
Glenn Research Center
ISS and Human Health Office Project Manager





Accepted by:




David Baumann
Johnson Space Center
Human Health Countermeasures Element Manager

Purpose

This document specifies the requirements for a Mars Transit technology demonstration exercise device to be evaluated onboard the International Space Station (ISS).  The purpose of the demonstration is to examine engineering and human factors parameters for exercise devices for future long-term space flight missions.  

Definition of “Shall” and “Should”
The convention used in this document to indicate requirements and goals is as follows:
· “Shall” – used to indicate a requirement that must be implemented and its implementation verified
· “Should” – used to indicate a goal that must be addressed by the design

It is the intention of the Advanced Exercise Concepts project to change all of the “Should” statements (goals) to “Shall” statements (requirements) as more data becomes available.  This process will be completed prior to the Preliminary Design Review. 

[bookmark: _GoBack]Assumptions

Although there are currently many Design Reference Missions (DRMs) covering wide variety of future space flight scenarios, the requirements stated in this document focus specifically on an ISS demonstration for Mars transit.  Ideally, the device described here would be scalable to adapt to multiple vehicle and mission architectures, but this is not required to meet the goals of the Mars demonstration onboard the ISS.

The operational demonstration of the device will be onboard the ISS.  This explicitly necessitates that the device will meet all of the interface and other requirements for ISS hardware.  Since the goal is to demonstrate technology for a Mars transit mission, some of the requirements placed on the hardware are more restrictive than the current ISS requirements.  Mass, volume, and power are examples of resources that will be more limited than the current ISS resources, and the device should demonstrate the ability to perform under these constraints.  Even though the demonstration is onboard the ISS, the device is not intended to replace any of the current suite of crew exercise devices currently onboard the station.

It is assumed that the Mars transit vehicle will be large enough to accommodate both a resistive and an aerobic exercise device.  Currently, there are microgravity-analogue studies being conducted on the ground to study the physiologic response to treadmill running.  Until those studies are completed, the project is working under the assumption that a treadmill is necessary during Mars transit.  While treadmills are complicated pieces of machinery, especially in a constrained microgravity environment, the project assumes that treadmill design challenges can be addressed at future time.  The focus of this work will be on a resistive device.  Even so, it may be possible for a resistive-focused device to perform some aerobic functions.  This document states both resistive and aerobic requirements with that concept in mind.  

For long-duration space flight, the project would like to retain as many of the capabilities of the Advanced Resistive Exercise Device (ARED), which is currently onboard the ISS, as possible.  Many of the requirements in this document derive from previous ARED experience.  In addition to the loads and the inertial component available on ARED, an eccentric overload has also been identified as a desirable component and is set as a requirement in this document.

This document addresses the functional requirments placed on the exercise device itself.  Requirements detailing how the device will interface with the ISS will be developed in a separate document.  The interface requirments will specify items such as vibration isoloation, placement of the device within the ISS, electrical and mechanical interces,and other ISS interfaces.  Those items are not intended to be governed by the functional requirements document (AEC-DOC-009) presented here.





General Device Requirements
[AEC01] Gravitational Environments – The device shall be designed for use in gravity environments ranging from 0-1g.

Rationale: The device is meant for transit periods during exploration missions, and the primary gravity environment will be 0g.  The device will need to be tested on the ground and in other relevant environments and could possibly be used for other purposes (e.g. planetary operations).  Therefore, the device needs to function in multiple gravity environments.


[bookmark: AEC02][AEC02] Exercise Modes – The device shall accommodate resistive exerciseor both resistive and aerobic exercise.

Rationale: Resistive exercise prescriptions have proven to be important to the maintenance of crew health onboard the ISS.  Leaning heavily on this experience, it is desired to have a resistive exercise device available to the crew during long-term flights.  The exercise provided by the device is intended to maintain the health of the crew for the duration of the transit mission.  The level to which the device is required to perform resistive exercise is covered in more detail in the Resistive Requirements Section. 

It is assumed that volume constraints will limit the cargo capacity of future missions, and the devices may need to provide all desired modes of exercise.  Both aerobic and resistive exercises are desired, and it would be beneficial for a single device to perform all required activities.  The level to which the device is required to perform aerobic exercise is covered in more detail in the Aerobic Requirements Section.


[AEC03] Anthropometrics –The device shall accommodate subjects with standing stature from 58.9 in (149.5 cm) to 75.0 in (190.5 cm) and mass of 93.7 lbm (42.5 kg) to 242.7 lbm (110.1 kg).

Rationale: The crew for exploration missions is likely to include a diverse mix of body sizes, but they will be limited by vehicle size limits.  All crew will need to use the exercise equipment regardless of their physical size.  These properties are based upon the latest astronaut population and follow the philosophy of Commercial Crew Vehicles (i.e. Soyuz size constraints) and are based on JSC 64548 (“Anthropometric and Strength Selection Criteria for Astronaut Applicants”).










[bookmark: AEC04][AEC04] Device Mass – The mass of the device plus accessories should be less than or equal to 100 lbm (45 kg). 

Rationale: It is assumed that constraints will limit the cargo mass for future missions; therefore, it is desired to limit the mass of the exercise equipment.  The mass was based on estimates presented by the Advanced Exploration Systems Habitation Project (“Deep Space Habitat Configurations based on International Space Station Systems”, March 14, 2012).  This mass estimate is in line with past devices.  The shuttle cycle had a mass of 55 lbm plus 33 lbm of equipment.  The required mass includes the mass of the device and any necessary accessories.  Neither mounting hardware nor vibration isolation system is included in the mass requirement.  


[bookmark: AEC05][AEC05] Stowed Volume – The stowed volume of the device should not exceed 2.0 ft3 (0.057 m3).

Rationale: It is assumed that volume constraints will limit the cargo capacity of future missions.   To develop this requirement, existing hardware was used as a metric.  The volume is based on the stowed volume of the shuttle cycle with an allowance for efficiencies developed over time (e.g. new material technologies).  Based on this, the upper limit for stowed volume has been set at 2.0 ft3 (0.057m3), which includes the volume of the device and any necessary accessories.  Neither mounting hardware nor vibration isolation system is included in the volume requirement.  


[AEC06] Operational Volume – The operational volume of the device should allow for completion of whole body aerobic and/or resistive exercise in a volume no greater than 230 ft3 (6.5 m3).

Rationale: The volume must be capable of allowing for whole body resistive and aerobic exercise countermeasures. Whole body resistive exercise is defined as exercises such as the squat (traditional squat, single leg squat, wide-stance squat), deadlift, heel raise, and upright rows which allow the body to be completely elongated and are prescribed by NASA as defined in JSC 29558, “Resistive Exercise Description Document”. Whole body aerobic exercise is defined as movements performed on a rower or cycle ergometer.  The required volume includes the volume necessary for the operator to complete the associated exercises.  This volume is derived from the stated volume for exercise from the Waypoint Design Reference Mission.


[bookmark: AEC07][AEC07] Power Consumption – The device should average no more than 90 W of external power consumption during normal operation. 

Rationale: Available power will be limited during exploration missions.  Every effort should be made to limit power consumption during normal exercise activities.  To develop this requirement, existing hardware was used as a guideline.  The shuttle cycle consumed 60 W of power during operation.  Assuming a 50% increase in available power, the upper limit was set at 90 W.  This requirement defines the continuous average power consumption.  The ISS interface will determine the transient peak power requirement.

[AEC08] Deployment and Stowage – The device shall be deployable and stowable in less than 10 min. 

Rationale: Crew time will be limited during any envisioned mission.  Large amounts of time should not be required to set-up the exercise equipment or to reconfigure it from exercise to exercise.


[AEC09] Reconfiguration – The device shall be able to be reconfigured by one crewmember from one exercise to another exercise in less than 2 minutes in a weightless environment.

Rationale: Crew time will be limited during any envisioned mission.  Large amounts of time should not be required to set-up the exercise equipment or to reconfigure it from exercise to exercise.


[AEC10] Time Between Crew Use – The device shall not require more than 10 minutes of operational downtime in between uses by different crew members.

Rationale: Crew time will be limited during any envisioned mission.  Large amounts of time should not be required to set-up the exercise equipment or to reconfigure it for exercise when used by different crew members consecutively.


[AEC11] One Crew Operation – The device shall allow the operating crewmember to perform all equipment reconfigurations, load settings adjustments, and exercises without assistance.

Rationale: In order to limit the constraints placed on the crew, each crewmember should be able to exercise unassisted.


[AEC12] Maintenance Schedule – The device shall have a life cycle to allow 4 crewmembers to perform 1 hr of exercise per day over the span of 3 yrs with no more than (TBD-AEC-01) hours of maintenance required over the 3 yr span. 

Rationale: It is difficult to repair equipment during exploration missions.  Therefore, the exercise device must operate reliably for the life of the mission.  A typical mission requirement is mean time between failures, which is stated in units of time along with a percentage confidence bound.  The requirement is not stated in this form currently because it is unknown what form of exercise the device will use.  Developers should assume 5 sets at 20 cycles per set for resistance exercise and the rates given in AEC34 for aerobic exercise.


[AEC13] Egress – The device shall provide for adequate safety measures to allow the operating crewmember to disengage and egress from the device in case of an emergency or malfunction.

Rationale: Appropriate measures must be taken to protect the operating crewmember in the event of an equipment malfunction or a medical emergency.  In the event that an emergency or malfunction occurs during operation of the device, the operator (or emergency responders) needs to have the ability to quickly and safely disengage from the device. 





[AEC14] General Safety – The device shall meet the requirements in the JSC Safety and Health Manual (JPR 1700.1I) and the NASA Safety Manual (NPR 8715.3).

Rationale: The guidelines outlined in JPR 1700.1l and NPR 8715.3 should be followed to ensure that the device will be safe for operation.  


[AEC15] Loss of Power – In the event of a loss of power during operations, the device shall stop operations in a manner not causing physical harm to the operating crewmember.

Rationale: During the event of an unplanned loss of power, the safety of the operating crewmember must not be jeopardized.  The device needs to power down in a manner so that the operator is not injured and the operator can safely egress.  


[AEC16] Unpowered Operation – In the event of a loss of power prior to operations, the device shall be able to operate in an unpowered state.

Rationale: During the event of a mechanical of electrical failure on the device, or in the event that power to the vehicle is unexpectedly limited, the exercise device needs to remain operable.  All of the features of the device may not function during unpowered operation, but some level of exercise needs to be maintained by the unpowered device.  


Resistive Requirements

[bookmark: AEC10][AEC17] Types of Resistive Exercise – The device shall allow the crewmember to perform the resistive exercises defined in JSC-29558, “Resistive Exercise Description Document”.

Rationale: The device will be the only means of resistive exercise during an exploration mission.  Therefore, it will be the primary means of musculoskeletal health maintenance during these missions. 


[AEC18] Range of Motion – The device shall provide a range of motion appropriate to the exercises being performed as described in JSC-29558, “Resistive Exercise Description Document”.

Rationale: The device will be the only means of resistive exercise during an exploration mission.  Therefore, it will be the primary means of musculoskeletal health maintenance during these missions.  To properly accomplish the prescribed exercises, the device needs to allow for the appropriate range of motion for each exercise.






[bookmark: AEC08][AEC19] Resistive Load – The device shall provide a total of 600 lbf (2.67 kN) during resistive exercise.

Rationale: High resistive loads are believed to be necessary in order to provide the required stimulus to mitigate physiological deconditioning in a reduced gravity environment.  Based on the experience with the Advanced Resistive Exercise Device currently onboard the ISS, the heel raise exercise requires the highest loads, and 600 lbf of resistance is desired during heel raise exercises to maintain desired levels of musculoskeletal health.    

This requirement is intended for devices that provide resistance through a single-point interface (e.g. bar attached to a cable).  It will need to be reexamined for devices with different actuation methods (e.g. devices that provide resistance to individual joints).




[AEC21] Resistive Exercise Frequencies – The device shall meet the minimum frequencies for each exercise repetition of: (TBD-AEC-02) Hz for squats, (TBD-AEC-03) Hz for dead lifts, and (TBD-AEC-04) Hz for heel raises.

Rationale: Muscle strength, loading profiles, and machine dynamics are all affected by the velocity of the prescribed motion.


[AEC22] Constant and Inertial Loads – The device shall provide a constant and an inertial component of the desired load for resistive exercise.

Rationale: Exercise with free-weights in a 1g environment consists of two components to the load.  The acceleration due to Earth’s gravity along with the mass of the weight provides a constant force (F = m x g), which is a non-variable component.  The force imparted by the operator causes the mass to accelerate, which causes a variable, inertial component (F = m x a).  The device shall have the ability to replicate both components of 1g, free-weight exercise.


[AEC23] Eccentric to Concentric Load Ratio – The device shall allow for an eccentric to concentric load ratio of no less than 1.0 :1.0.

Rationale: Eccentric resistive exercise has been shown to be beneficial for muscle strength and effort must be made to ensure a sufficient eccentric load.  As an example, for a 1:1 eccentric to concentric ratio, the pullout force (concentric motion) would be equal to the retraction force (eccentric motion) if inertial effects are not taken into consideration.    


[AEC24] Adjustability of the Load Ratio – The device shall allow for adjustability of the eccentric to concentric load ratio.

Rationale: Eccentric resistive exercise has been shown to be beneficial for muscle strength and effort must be made to ensure a sufficient eccentric load.  Even though eccentric overloading is required, it may not be desirable for all resistive exercises.  It may also be desired to adjust the eccentric to concentric load ratio for different exercise or for different crew members.  The resolution of adjustability is defined by AEC25. 


[bookmark: AEC12][bookmark: LoadAdjustability][AEC25] Resistive Load Adjustability – The device shall have load adjustability increments of less than or equal to 2.5 lbs (11.1 N) ± 1.0 lb (4.4 N) maximum for the constant force component (F = m x g) over the entire resistance range.

Rationale: The device should provide enough load resolution to target the desired loads for the given exercises.  An infinitely adjustable load is the ideal case.


[AEC26] Time Allotted for Resistive Load Adjustment – The device should allow the load to be adjusted by the operator in 30 sec or less from any resistive exercise configuration.

Rationale: Crew time will be limited during any envisioned mission.  In addition, long pauses during resistance training are not desirable.  Large amounts of time should not be required change from one load setting to the other during exercise.



[AEC27] Static Constant Force Accuracy – The device shall have an accuracy of the constant force component (F = m x g) of ±1.0 lb (4.45 N) for resistances 100 lbs (445 N) or less, and accuracy of ±2.5 lb (11.1 N) for resistances greater than 100 lbs (445 N) in a static configuration.
Rationale: A reasonable amount of accuracy is desired to ensure the desired loads are being delivered during each exercise.





[AEC28] Force Fluctuations during Exercise – The device shall prevent fluctuations greater than ±10% of the prescribed constant force (F = m x g) during the performance of resistive exercises.
Rationale: A reasonable amount of accuracy is desired to ensure the desired loads are being delivered during each exercise.  From previous device design experience, ±10% fluctuation is a reasonable band for an ISS demonstration device.


[AEC29] Inertial Force Accuracy – The device shall have an accuracy of the inertial force component (F = m x a) of ±25% of the desired inertial force for a given acceleration with the prescribed mass.
Rationale: A reasonable amount of accuracy is desired to ensure the desired loads are being delivered during each exercise.


[AEC30] Symmetric Loading – The device shall provide symmetric loading for bilateral exercise with a precision of ±2% at the point of load application without crew adjustment.
Rationale: Many resistive exercises will be performed bilaterally.  During these exercises, it must be ensured that the load seen by one side of the body is not different from the load on the contralateral side. 


Aerobic Requirements (for non-treadmill devices)

[bookmark: AEC17][AEC31] Aerobic Work Rate – The device shall provide a minimum aerobic work rate of 700 W over a 30 sec interval and 300 W for 30 min of continuous exercise.

Rationale: Both high intensity, anaerobic intervals and longer duration, aerobic training are desired during exploration missions.  These minimum guidelines will ensure that the crew will be able to adequately perform both interval training and continuous exercise at an adequate level.   


[AEC32] Aerobic Power Adjustability – The device shall provide resistive (power) adjustability in increments of a maximum of 25 W for all aerobic exercises.

Rationale: The device should provide enough resistive resolution to target the desired resistances for the given exercises. 


[AEC33] Time Allotted for Aerobic Power Adjustment – The device shall allow the resistive power to be adjusted by the operator in 5 sec or less with the operator is positioned in the device.

Rationale: Crew time will be limited during any envisioned mission.  In addition, sprint/interval exercises will be performed as part of the exercise protocol.  Large amounts of time should not be required change from one resistive setting to the other during exercise. 


[bookmark: AEC25][AEC34] Aerobic Exercise Frequency – The device shall allow for rates up to 120 revolutions/min for cycling, , and 75 strokes/min for rowing.

Rationale: The device should allow for activities similar to exercises performed on the ground.  The exercises listed are example target rates for the most common aerobic exercises.  Other rates can be established, if necessary, if other aerobic activities are envisioned, but any proposed exercise should accommodate large muscle groups as opposed to small, targeted groups.


[AEC35] Impact Loading – The device should provide a dynamic response frequency such that impact loading to the lower appendicular skeleton is possible.  Impact loading is defined as impulses of a least (TBD-AEC-05) lbf-s at a frequency of at least (TBD-AEC-06) Hz.

Rationale:  Impact is defined as an impulse acting at a prescribed frequency, and is an important component to bone maintenance.  This requirement is based on the ground reaction forces seen during nominal treadmill running.  In order to generate these ground reaction forces, the device must provide a consistent dynamic response for the full range of exercise frequencies.  


[bookmark: AEC19][AEC36] Power Regeneration – During aerobic operation, the device should provide a mode of power generation.

Rationale: The operator will be generating energy during aerobic activities.  Technologies should be used to harness this energy to either feed the power requirements for the device in real-time or to power external devices.  At a minimum, the created energy should be used to power any electronics used on the device itself (sensors, data acquisition, etc.).  It is also possible to retrieve energy from resistive exercise, and that possibility should also be explored.  This requirement is a "should" statement, indicating that it is desired but not required.


Data Measurement and Storage
[AEC37] Data Recording and Storage – The device shall record and store data regarding the exercises performed by each crewmember.

Rationale: Data collection is an important part of the crew exercise protocol.  It is desired for the device to collect and store data for transmission to the ground.






[AEC38] Data Transmission – The device shall allow performance data regarding the exercises performed by each crewmember to be analyszed on the ground weekly..

Rationale: Data collection is an important part of the crew exercise protocol.  It is required that data be transmitted to the ground to monitor and evaluate the performance of the device during the demonstration period.


[AEC39] Measurement of Applied Resistive Force – The device shall measure the force applied to the user during exercise.

Rationale: In order to assure that the expected load is actually being delivered to the operator, it is necessary to measure the applied load during each exercise. 


[AEC40] Measurement Accuracy (5-100 lbs) – The device shall measure applied force with an accuracy of ± 1.0 lb over the 5 to 100 lbs range.

Rationale: It is important to be assured that the measured load accurately represents that actual load imparted to the operator.


[AEC41] Measurement Accuracy (101-600 lbs) – The device shall measure applied force with an accuracy of ± 1% over the 101 to 600 lbs range.

Rationale: It is important to be assured that the measured load accurately represents that actual load imparted to the operator.


[AEC42] Measurement Accuracy of Displacement – The device shall measure displacement of the load application point with an accuracy of ± 0.3% (full range).

Rationale: In order to assure proper measurements to assess the exercise and the performance of the device, accurate displacement measurements must be made. 


[AEC43] Data Collection Frequency – The device shall measure and record force and displacement at a minimum sampling rate of 200 Hz.

Rationale: To capture data in a dynamic environment such as on an exercise device, the minimum sampling rate need to be set high enough in order to capture all of the relevant data during the exercise. 





Visual Feedback
[bookmark: AEC10new][AEC44] Visual Exercise Display – The device shall provide a visual display to the operator indicating the current exercise being performed. 

Rationale: It is important for the operator to know both performance metrics from the exercise as well as the current settings of the equipment.  A display is needed to relay this information in an easy to see and understand manner.


[AEC45] Visual Load Display – The device shall provide a visual display to the operator indicating load settings.   

Rationale: It is important for the operator to know both performance metrics from the exercise as well as the current settings of the equipment.  A display is needed to relay this information in an easy to see and understand manner.


[AEC46] Date and Time – The device shall display elapsed time (from log-in to log-out) and system date and time.   

Rationale: It is important for the operator to know both performance metrics from the exercise as well as the current settings of the equipment.  A display is needed to relay this information in an easy to see and understand manner.
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The project intent is to design and build prototype exercise devices for eventual development and deployment in future exploration missions.  The design requirements for these devices are presented in the document above.  They are focused on the development of an exercise device for a transit vehicle providing resistive capabilities, aerobic exercise, or a combination of both.  

This verification plan establishes the methods for verifying the above requirements as well as the verification process, leading to certification of the prototype hardware.  This appendix also defines the verification activities required to show that the prototype device complies with its requirements. 

Verification Methods

The hardware developers will verify all the requirements imposed on the prototype system.  The methods used to complete the verifications, which are described below, are analysis, test, inspection, and demonstration.

Analysis 
Analysis is a technical evaluation that relates equipment design and use parameters for prediction of actual design and operation.  Analysis may be used to verify requirements, provided established techniques used are adequate to yield confidence, or where testing is impractical.  Included in this category is analysis of similarity to items previously verified to the requirement or more stringent criteria. 

Test 
Test is actual operation of equipment under simulated conditions or the subjection of equipment to specified environments to measure responses. 

Inspection 
Inspection is a physical evaluation of equipment and associated documentation.  Inspection may be used to verify construction features, drawing compliance, workmanship, and physical condition.  It includes determination of physical dimensions.

Demonstration 
Demonstration is the qualitative determination of compliance with requirements by observation during actual operation or simulation under preplanned conditions and guidelines.  All demonstrations shall be documented in a logbook or equivalent and shall include photos and/or video where applicable.

Implementation

The test plans and procedures should be written before hardware development begins.  Plans and procedures should use exact language from the requirement sources to convey the objective of the test as completion of these verifications.  A test matrix should be developed, and this matrix should group together similar requirements that can be completed in a single test.  

Inspections should be done at the time of hardware assembly and will be done on prototype hardware or prototype drawings.  Analyses will be done using the prototype configuration of hardware for the calculations.  Demonstrations will be done on the prototype hardware.
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