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Summary 
The Mechanical Components Branch at NASA Glenn Research Center hosted a workshop to 

discuss the state of drive systems technology for space exploration. The Workshop was held 
Thursday, November 2, 2000. About 70 space mechanisms experts shared their experiences from 
working in this field and considered technology development that will be needed to support 
future space exploration, for the next 10 to 30 years. 

 
Introduction 

Mechanical drives are required to perform as speed reducers to match the high speed, low 
torque output, typical of electric motors, to the low speed, high torque required to operate a 
mechanism. Space exploration applications range from nearly microscopic in size to very large 
machines that will be needed for mining on alien worlds. Speed requirements range from ultra-
slow (stiction) to tens of thousands of rpm. 

This report summarizes material presented at the Workshop and the findings of the working 
groups. These groups attempted to predict what research will be required for the drive 
mechanisms that will be a crucial part of vehicles needed for future space missions. 

 
Mechanical Components Branch Overview 

Mr. James Zakrajsek, chief of the Mechanical Components Branch, presented an overview 
of research conducted by the branch. Branch members perform basic research on mechanical 
components and systems, including gears and bearings, turbine seals, structural and thermal 
barrier seals, and space mechanisms. The research is focused on propulsion systems for present 
and advanced aerospace vehicles. 

For rotorcraft and conventional aircraft, we conduct research to develop technology needed 
to enable the design of low noise, ultra safe geared drive systems. We develop and validate 
analytical models for gear crack propagation, gear dynamics and noise, gear diagnostics, bearing 
dynamics, and thermal analyses of gear systems using experimental data from various 
component test rigs.  

In seal research we develop and test advanced turbine seal concepts to increase efficiency 
and durability of turbine engines. We perform experimental and analytical research to develop 
advanced thermal barrier seals and structural seals for current and next generation space vehicles.  

In space mechanisms, we conduct fundamental research on lubricants, materials, 
components and mechanisms subjected to deep space and planetary environments. 
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Workshop Goals, History, and Current Programs 
Mr. Robert Fusaro, coordinator for the Glenn Research Center Space Mechanisms program, 

presented the goals of the workshop, history of previous workshops and gave an overview of 
current space mechanisms work performed by Glenn Research Center. Highlights of his 
presentation are shown below. 

Following the presentation, Mr. Fusaro demonstrated the new NASA Space Mechanisms 
Handbook and Reference Guide CD ROM, which was featured as a highlight of the workshop. 
The handbook is an authoritative guide for design and testing of space mechanisms and related 
components. Over 600 pages of guidelines written by 25 experts in the field provide in-depth 
information on how to design space mechanisms and components, including: deployables, 
release devices, latches, rotating and pointing mechanisms, dampers, motors, gears, fasteners, 
valves, etc. The handbook provides details on appropriate environmental and tribological testing 
methods and practices required to evaluate new mechanisms and components. 

Distribution of the Handbook and Reference Guide is limited by ITAR (International Traffic 
in Arms Regulations). It is available only to US companies and citizens. A request form for the 
CD ROM can be found on the Space Mechanisms Project website at 
http://www.grc.nasa.gov/WWW/spacemech/. 
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Rover Robot Vehicle Technology 
Dr. William (Red) Whittaker, director of the Field Robotics Center of the Robotics Institute 

at Carnegie Mellon University, discussed design challenges, applications, robot mechanisms and 
materials used in robot manufacture. He also presented a short history of robotics technology 
including rover mechanisms developed for the Russian Lunar program. 

Rover vehicles include piloted rovers, such as the Apollo Lunar Rovers, teleoperated robots 
remotely operated by human controllers and autonomous robots that must make their own 
decisions to accomplish their missions. 

Design challenges include difficult operating environments, such as extreme temperatures, 
radiation, dust, corrosive chemicals, and vacuum or extremely dry atmospheres. Design 
constraints include severe weight requirements, low available power to overcome friction, and 
the demand for ruggedness, reliability and long life. In addition, these mechanisms have limited 
possibilities for redundancy. 

Planetary rovers face additional problems from landing on alien worlds. This introduces 
hazards including the shock of landing, deployment from a stowed configuration, righting the 
device after landing, and dealing with slopes and obstacles.  

Not all rovers use wheels for locomotion. On very rough terrain, a complicated system of 
hinges and joints is needed to keep the wheels in contact with the ground. Thus, legged rovers 
gain advantages in difficult terrain. Such “walkers” may require less power on a low-gravity 
body. Under the very low gravity of an asteroid, hopping robots become practical. 

Current rovers have only one drive speed ratio, which must be optimized for climbing. This 
makes the rover slow. A variable speed drive system would be more effective for traversing 
because it could move faster on easy terrain. 

Present human piloted rover concepts use old technology, which is slow and inefficient. 
Large pressurized vehicles will be needed for long distance planetary surface exploration. These 
must be extremely reliable for life-critical missions. We need real innovations, not just 
incremental changes to existing technologies to meet mission demands. These innovations may 
replace gears and traditional mechanisms with such things as hydraulic drives, or manipulators. 

 
Space Drives Challenges 

Mr. Stuart Loewenthal of Lockheed Martin Space Systems discussed the challenges and the 
need for research to enhance design of space drives. He observed that space mechanisms are 
often implicated when something goes wrong. 

Space drives must often operate outside the range of a standard design database, such as that 
from AGMA (American Gear Manufactures Association). These drives are often made from 
non-standard materials because of the demands of the environment. Designers have inadequate 
experience with these materials to support design. Lubrication options are limited due to vacuum 
and cold temperatures. Despite these restrictions, space drives must provide long life without 
maintenance. 

Failures in space drives are often related to lubricant failure which causes scoring and excess 
wear, rather than the pitting or bending fatigue typical of terrestrial applications. Demands for 
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future long-life, lightweight drives are likely to be much tougher. This means we must develop 
special materials and design processes. We need life data to allow optimum sizing of 
components. However, the time and money to create the database will be limited. 

Space mechanisms present the designer with an extreme range of requirements in terms of 
life, speeds, and lubrication conditions. These range from release devices, which operate only 
once and at low speeds, where stiction (unwanted adhesion between moving parts) can cause 
failure, through various devices that operate under mixed, boundary, or even parched EHL 
(Elastro-Hydrodynamic Lubrication) conditions, and to very high speed, long life components 
such as gyros, which may need to operate at tens of thousands of rpm and for hundreds of 
billions of revolutions. 

Space mechanisms generally must operate with “one shot” lubrication provided at assembly 
with no opportunity for replenishment. Concerns about outgassing or contamination restrict 
lubricant choices. Devices must survive launch loads; work under hard vacuum with minimal 
torque loss due to friction. 

Solar array drives for the space station must last 15 to 20 years without added lubrication. 
Present practice is to use ion-sputtered gold as a solid lubricant. 

Planetary rovers will require ultra reliable drives systems, including motors, bearings, gears 
and seals. These systems must work in extreme cold as well as over a large temperature range. 
Friction losses and heat generation must be minimal. The devices must be lightweight and 
rugged and they must tolerate abrasive dust. 

Harmonic drives are popular choices for spacecraft designers because of their compact size 
and high gear ratio. However, in long-life applications, such as pointing solar arrays, wear can be 
excessive. Requirements for long life and low weight are pushing the capabilities of harmonic 
drives.  

A public database of materials, processes and capabilities would benefit the space 
community. The present situation, where every program must develop its own design data, is 
inefficient and wasteful. The database should include data on performance of stainless steels, 
aluminum and titanium as gear materials and effects of coatings, surface treatment and 
lubrication. To validate the database, reliable methods must be developed for accelerated life 
testing including testing actual components, not just tribology specimens. 

 
Results From the Survey on Space Drives Research Needs 

NASA has identified an ambitious program for space exploration that includes exploration 
of planets and moons of the Solar System. This program will involve new types of spacecraft, 
including the manned space station, unmanned space probes, robotic and manned “rover” 
vehicles and mining machines operating on alien worlds. 

We are concerned that some of the technology that will be required for these ambitious 
space missions is not ready. This problem is especially critical in the area of drive (transmission) 
systems. 

Fred Oswald presented results of a survey in which “Space Mechanisms Experts” were 
asked: “What will be the most critical needs for space drive systems in the next ten to thirty 
years?” Results from the survey are summarized below. 
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Working Group Sessions 

In the second half of the workshop, participants split into three groups to develop a 
consensus on the following questions: (1) What are the current space drive resources and issues? 
(2) What are the future space drive technology needs and issues? and (3) Should we hold regular 
workshops on space mechanisms and space drives? The three groups considered these questions 
from the perspective of researchers working in (1) manned spacecraft; (2) unmanned spacecraft; 
and (3) planetary surface exploration vehicles. Notes from the sessions appear below. 

 
The Manned Spacecraft Session 

Moderators: Stuart Loewenthal and Robert Fusaro  
 
1) What are the current space drive resources and issues for manned spacecraft?  

• Describe the current state of the art:  
o Current state of the art appears to be adequate for current manned projects  
o Harmonic drives used for many applications 

• Currently known space drive technology problems:  
o Trade-off between performance and robustness  
o Space shuttle turbopumps still a problem  
o RL–10 idler pump system a problem 
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o Unknowns exist for manned spacecraft going to Mars  
o Nuclear propulsion poses mechanisms problems  

• Current facilities and people working in space drives:  
o No facilities and very little technology research being conducted in space drive area  

• Missions where technology problems will be an impact:  
o Propulsion systems  
o Manned missions to Mars 

• Technology deficiencies:  
o How do we replace or service drives in space?  
o How do we qualify and how much qualification is necessary? 

��There is a need to develop accelerated life test techniques and scale factors 
that people can believe in  

��What are the life-limiting factors?  
 
2) What are the future space drive technology needs and issues for manned spacecraft?  

• Future missions are expected and drives will be needed for the following missions: 
o Space Station  

��Need improved bearings, lubricants, and gears  
��Type is dependent on application  

o Manned missions to Mars  
��Need improved bearings, lubricants, and gears  
��Type is dependent on application  

o Shuttle flights to space station  
��Cryogenic propulsion issues  

• Technology barriers for future space drive systems:  
o Inadequate qualification testing methodologies 

• Significant technology milestones we should strive for:  
o Improved accelerated life-testing techniques  
o Reliable scaling factors  
o Improved design methodologies  

• Future space drive research facilities needed:  
o Project centers to develop technology  
o Facility to develop improved robotic joints  
o Facility to develop easily replaceable systems  

• Space qualification methods needed for future space drives:  
o Developing accelerated life-testing methodologies  
o Developing scale factors that are accurate  
o Determine synergistic or combined parameter effects on life 
o Reduce the cost of qualification  

• Other issues:  
o A need for a vendors’ list for approved supply sources  
o A need for NASA to define the specifications for spacecraft more precisely  
o A need for Centers in charge of NASA missions to define the state of the art in 

technology and ensure that programs are in place to develop enabling technology 
necessary for success of the mission  

o Fracture properties of exotic materials need to be determined  
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3) Should we hold regular workshops on space mechanisms and space drives? 

• Is a space drives working group needed?  
o The general consensus was such a group would be advantageous  
o A need for a list of experts to obtain information  
o A need for an approved vendors lists  

• Other space mechanisms areas that need to be addressed in future workshops: 
o Bearing seals  
o Vibration isolation both active and passive systems  
o High-temperature applications such as those found on the X-vehicles  
o Lubricant management (supply systems)  
o Dry lubricants for gears  
o Heat rejections 
o Cryogenic lubrication 
o Space qualification techniques  
o Magnetic bearings  

• How do we communicate?  
o Yearly workshops  
o An extra day at the AMS to deal with new technology  
o Chat rooms on the Internet  
o Teleconferences or video conferences  

 
The Unmanned Spacecraft Session  

Moderators: Romer Predmore and Wilfredo Morales  
 
Summary of main conclusions reached by the group:  
 
1. NASA support for mechanisms technology and subsystem mechanism standards should be 

established using commercial standards to reduce costs.  
2. NASA should fund the technology for future space mechanisms, including MEMS devices, 

under the guidance of industry steering groups.  
3. Unless there is government support for space mechanisms research, there will be little need 

for future workshops.  
4. Industry needs to know the future needs of NASA.  
5. An immediate need is flywheel energy storage systems, in lieu of batteries, for flat 

spacecraft.  
6. Need much more work in magnetic bearings for use with small momentum wheels and for 

improvements in “control electronics.”  
7. NASA should define the performance requirements for advanced space mechanisms.  
8. NASA should increase support for MEMS technology and smart materials technology.  
 

Comments: Over 50% of the discussions focused on the need to establish space mechanisms 
standards in order to reduce costs. A number of the attendees were design engineers and not 
researchers; therefore, future workshops should be geared towards either research or design. 
Future workshops should have a single theme or objective.  
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The Planetary Surface Exploration Vehicles Session  

Moderators: Red Whittaker and Fred Oswald  
 
1) What are the current space drive resources and issues?  

Technology of today such as on Sojourner Rover and the Mars ‘03 Rover, (originally called 
Athena or Fido) uses commercial brush-type motors (manufactured by Maxon) with harmonic or 
multistage planetary drives. Typical transmission ratio: 80:1 to 250:1  
Sojourner Mass = 11 Kg, Power = 10 W. Athena/Fido Mass = 32 to 60 Kg  
Power level of typical antenna or solar-array pointing mechanism ~8 W 
 
Russian Lunokhod used radioisotope heater/generator and brush-type motors in sealed enclosure.  
The Apollo Moon Rovers used brush motors and harmonic drives operating in a sealed enclosure 
with a 7.5 psi nitrogen atmosphere (for heat transfer). The performance of the Apollo rovers was 
seriously degraded by dust by the end of their missions (about 3 Earth days).  
 
Small positioning mechanisms may use ultrasonic motors, for example, camera focus mechanism 
and robot joints. These employ a polymer that changes dimension in an electrostatic field. This 
produces wave motion in a ring, which acts like a motion transducer. Contacts for more 
information: Hari Das or Paul Schenker at JPL. 
 
MEMS: Micro Electronic Mechanical Systems (solid-state switch) can replace brushes in motors.  
 
Problems:  
 

• Life of present motors and transmissions is too short for long-duration missions.  
• Dust interferes with cooling, contaminates seals, and causes wear.  
• Brushes are no good in vacuum. Current technology must use pressurized chamber in vacuum.  
• Extreme temperatures (on Moon, range from ~40 K in craters at poles to ~400 K at noon 

on equator with dark soil.  
• Present technology cannot endure heat of day or cold of night on Moon.  
• Present technology not adequate for long duration missions, especially when using solid 

lubrication.  
 
2) What are the future space drive technology needs and issues? 

Needs and Problems:  
• Long-duration missions will require new technology. Mars environment is “easy” compared to 

Moon and Mercury. However, 2-year mission means equipment must be extremely reliable.  
• Possible mission to Jovian moon Europa may require a submarine.  
• Mars reference mission calls for power plants ~2 Km from base. Laying power cable is 

difficult job for rover vehicles.  
• Burrower robots may be needed on Moon (underground habitat for radiation shielding).  
• For more information, contact Wilxox at JPL. 
 
Promising Technology:  
• Reversed electrostatic field may repel charged dust.  
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• Variable reluctance motors provide for start and run power requirements.  
• Motion measurement encoders are heavy. Hall effect sensors are an alternative.  
• Most current actuators do not have torque sensors. They operate in on/off mode.  
• NASA should issue RFP for studies to identify technology needs.  
• Need studies to examine tracked versus wheeled vehicles (efficiency and reliability issues).  
 
An interesting concept: The lifetime range of a device is related to its size (within limits). 
Consider range of ant versus deer. However an elephant's range is not much greater than a deer's.  
 
3) Should we hold regular workshops on space mechanisms and space drives? 

There were only 12 people in this discussion group (the smallest group). All favored holding 
regular Space Mechanisms Technology meetings, possibly every year. We should investigate 
operating a “listserv” discussion group for ongoing discussions.  

The 1-day meeting was too short and people did not arrive prepared to make the best use of 
the limited time available. Prior communication (preparation) would help improve the focus of 
the discussions.  

Possible future topics: motors, commutators, wheels, suspensions, materials, manipulators, 
and antenna/solar-array pointing. 

 
Workshop Summary 

Participants at this workshop considered whether space mechanisms technology, particularly 
for drive systems, is adequate to support future space exploration for the next 10 to 30 years. 
They considered critical problem areas in this technology and what research is needed to address 
the problems. Several critical technology deficiencies were identified and are summarized below. 

Space drives must operate reliably at high-power densities, under extreme environmental 
conditions, usually without maintenance or replenishment of lubricants. This means that 
nonstandard materials and lubricants must be used to meet the requirements. However, the 
experience database for these nonstandard materials is much more limited to support design. In 
order to develop this database, we need better techniques for accelerated life testing and accurate 
methods for scaling test data to design requirements. 

To compound the difficulty of meeting these challenges, we are losing our space 
mechanisms experience as present-day experts retire and not enough researchers of the future are 
being adequately trained. 

“Rover” and mining vehicles required for manned planetary exploration will impose 
particularly severe requirements. Some of these vehicles will be life critical whenever they are 
operated beyond “walk back” range of the base. 

Workshops such as the one discussed here help to identify needs and problems and help 
researchers to share information. In addition to workshops, we should conduct teleconferences 
and Internet discussion groups.  

Editor’s note: A new discussion group for space drives has now been established. For 
information, see http://www.grc.nasa.gov/WWW/5900/5950/Space-drives-list.html or contact 
the editor at fred.oswald@grc.nasa.gov. 
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