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PREFACE

The concept for a series of highly focused workshops dealing with key issues associated
with the science and technology of advanced power systems had its origin in many conversations
with outstanding technologists all over the world. It became apparent that the difference between
the state-of-the-art and what these technologists saw for future needs was so large that new
approaches to meet these needs was mandatory. There are a host of key issues which fall into this
category such as prime power, thermal management, advanced energy conversion, life support,
automated systems and advanced diagnostic techniques just to name a few. Due to the
interdisciplinary nature of power systems, any new and successful approach will likely come from
a group with diverse backgrounds rather than those schooled in the classic approaches.

Power systems offer unique challenges to engineers and application specialists. While a
capability or mission may be feasible, more often than not, the power technology available
determines the total mission profile. As the mission profile expands, the demands on the power
technology associated with the mission quickly extend beyond the state-of-the-art. For many
advanced concepts, power technology is totally enabling. It is not just the "long pole in the tent”, it
is the "tent". For example, a soldier’s rucksack weight for an average mission weighs
approximately 115-140 Ibs. This weight is approximately 50% batteries and charging devices,
which can inhibit the soldier’s mobility. Therefore, improvements are needed to provide the
frontline soldier with lighter-weight power and recharging capability since he has no source of AC
power near the frontline for recharging operations. Often promising concepts are abandoned due
to the lack of a foreseeable power technology which could remove it from being a laboratory
curiosity. It is insufficient to think totally in terms of system energy density or power density.
Due to environmental and safety concerns, the power technologist may be forced to employ non-
optimum power systems which drastically limit the performance envelope. Further, the use of
exotic materials, exotic fuels, and complexity, reliability etc. further impede the transition from
laboratory curiosity to field workhorse. Recalling that "energy and mass are neither created nor
destroyed but simply changed from one form to another”, energy carried within the system, stored
in the chemical bond or in the nucleus, must eventually be used as intended or ejected from the
system in the form of "low grade heat". Three options exist for managing waste energy. Having
changed its thermodynamic state when useful work was done with it, the excess energy can either
be radiated away to space, stored, or convected/conducted into a flowing coolant stream. Each of
these techniques has its advantages and disadvantages, almost always adding to the system mass.
Clearly, there is a set of tradeoff parameters which must be manipulated to provide an optimum
system for a given mission and it goes without saying that it is impossible to achieve the optimum
in all parameters simultaneously.

At the request of The Army Research Office, a workshop dealing with Human Powered
Systems technology was organized and held at the Washington Duke Inn & Golf Club. This
workshop, Prospector IX, is the ninth in the series. All have dealt with power technology and are
interrelated to this workshop. The following is a list of the Prospector Workshops and individual
focus:

Prospector I, Thermal Management of Space Based Assets,

Prospector I, Radioisotope Power Systems,

Prospector III, High Energy Density, High Power Density Power Sources R&D,
Prospector IV, Small Engines and Their Applicability to the Soldier Systems,

Prospector V, Microelectromechanical Systems, Their Applicability to the Soldier System,

—-
-
-




¢ Prospector VI, Electric Actuation,
e Prospector VII, Small Fuel Cells for Portable Power,

e Prospector VIII, Thermophotovoltaics, An Update on DoD, Academic, and Commercial
Research, and

e Prospector IX, Human Powered Systems Technologies.

In addition to the above Prospector series of workshops, The Army Research Office
sponsored a workshop entitled “Mobile Battlefield Power Workshop,” which was conducted in the
same format as the Prospector series. All of these workshops produced technical documents
which clearly identify key issues which must be addressed to advance the art and all have potential
Army applications.

The focus of Prospector IX is to assess whether or not Human Powered Systems are
capable of meeting some of the electrical energy needs of the Dismounted Soldier in the field. The
requirements placed on power technology by the “Soldier System” concept are as demanding as
that of any spacecraft and shares many common requirements such as extreme reliability, safety,
minimum weight and volume and, of course, the ever increasing demands placed due to
environmental concerns.

There is always something in a name. Just as the prospectors of old sometimes worked the
tailings of old diggings searching for a missed nugget, we too reviewed the current techniques
"looking for nuggets”, before embarking on a search of new ground. For this we assembled a
wide range of technologists--engineers, physicists, physiologists, manufacturing specialists, and
managers representing the government laboratories, industry and the university community. The
groups were charged with evaluating Human Powered Systems technologies which might be
relevant to the Dismounted Soldier .

In keeping with the tradition of the previous Prospectors, the workshop was patterned
after the highly successful Gordon Conferences which have formal morning and evening sessions,
leaving the afternoon free for recreation, small group discussions or laboratory tours at the
participants' discretion.

The workshop was directed by a group of senior scientists from the Army Research Office,
DARPA, CECOM, and The Space Power Institute at Auburn University. The broad technical base
represented by the Board of Directors resulted in a unique agenda which covered many of the
technologies relevant to Human Powered Systems. The Board members are Dr. Donna
Cookmeyer, and Dr. Richard Paur from the Army Research Office, Ms. Mary Hendrickson, from
CECOM, Dr. Robert Nowak from DARPA, and Dr. Henry Brandhorst and Dr. Frank Rose from
the Auburn University Space Power Institute.

The workshop organizers would like to express thanks to the administrative staff of the
Washington Duke Inn & Golf Club, Durham, NC, and to the Administrative Staff of the Space
Power Institute for organizing and managing the workshop. Special thanks are due to Ms. Gail
Edwards and Ms. Mickie Jacob whose efforts contributed greatly to the success of the workshop
and to this archival record.

The pages that follow contain a detailed record of the workshop procedures, an Executive
Summary, the results and recommendations of the working groups, copies of the individual
technical presentations and a list of the attendees. The attendees were key technologists from
government, industry and academia. We appreciate their willingness to give their time and
technical skills for this meeting and sincerely hope that this document represents an accurate




distillation of the workshop deliberations. It is, after all, their collective opinion which is archived
here and whatever impact this document has in the future is due to their deliberations.

We hope to see many of you at Prospector X.

M. Frank Rose, Director
For the Board of Directors







EXECUTIVE SUMMARY

With the evolutionary advances in commercial communication electronics, power
consumption of these devices has been reduced to around the 1 to 5-Watt level using power
management techniques and low power electronics. At this power level, the feasibility of
harvesting energy from the human body to power man-worn electronics is conceptually possible.
It appears possible through the use of sophisticated energy management and through low power
electronics to reduce the demand for energy by the Dismounted Soldier to a level where it is
instructive to examine the potential for the Soldier to produce enough electrical power to provide a
substantial amount of the electrical energy needed for a mission. In order to do this, it will be
necessary to convert to electricity some of the energy expended by the Soldier during everyday
actions.

The human body stores an enormous amount of energy. The energy available from a donut
is equivalent to 347 Whr. The average persons body is approximately 15% fat and represents a
stored energy greater than 11,000 Whr. The average person consumes between 2000 Kcal and
3000 Kcal per day, which is, in more familiar units, approximately 2200 Whr and 3300
Whr. Since it can take 30 minutes to consume the food with the above energy content, the
“charge rate” is about 7 kW for the higher caloric intake. Clearly the amount of energy consumed
by an individual is sufficient to provide energy for electronic devices if a suitable method can be
found to convert a small fraction of that energy to electricity.

The idea of taking some of the energy normally associated with the activities of the human
body and converting it to electricity to power external devices is novel, but not new, and has
enormous potential if it can be done with modest efficiency and in an unobtrusive manner. This
technology is unique and has significant promise for the development of portable power sources
for the Dismounted Soldier. Consequently, a workshop on Human Powered Systems was held at
the Washington Duke Inn & Golf Club, on November 2-5, 1997, sponsored by the Army
Research Office. _

To accomplish the objectives of the workshop, a group of scientists, active in technologies
relevant to the field, from government laboratories, industry and academia were invited to lecture
on a wide range of topics. The technical program consisted of plenary and state-of-the-art sessions
covering as wide a range of relevant topics as the allotted time permiitted.

With respect to the military, this field is new and innovative but there have been
applications of human power to electrical/mechanical systems for decades. Indeed, the hand-
cranked portable generator currently employed by special forces falls into this category. It is
possible to generate up to 100 watts in this fashion. Devices of this type are not passive and their
use effectively immobilizes the individual while power is being generated. The noise generated
when operating this device, often make the use of this mechanism unfeasible due to requirements
of covert activities. The weight and size of these hand-cranks makes portability less attractive in
frontline mission scenarios. A second example is the small “flashlight” which is energized by
squeezing a lever. For purely mechanical conversion, the Apollo astronauts took with them to the
moon a rotary shaver which employed a small flywheel energy store activated by pulling a cord.
Commercially, there is a wind-up radio available from Baygen, and a night vision/starlight scope,
manufactured in Russia and available from the Edge Company. Except for the items cited above,
there does not appear to be any concerted research effort aimed at exploiting in any way, for
rrllilitary purposes, the energy associated with body motion and how to convert that energy to
electricity.




Recent advances in the technologies relevant to harvesting human power, as presented at
the workshop, suggest that unobtrusive systems might be built in the range from microwatts to a
few watts. As the Army becomes more mobile, a premium is to be paid for capability, reliability,
autonomy and minimal mass systems. The frontline soldier, more often than not, does not have
access to energy for recharging his power sources and therefore, must carry all his required power
sources to complete his mission. The ability to harvest human energy, if favorable in terms of
reliability, size, weight, and energy efficiency might translate immediately into increased autonomy
time, increased capability, reduce or eliminate certain logistics items, and, perhaps, reduced cost.
Fieldable technology rarely equals laboratory prototype or theoretical capability. Obstacles
sometimes are fundamental and perhaps can be finessed through appropriate R&D, innovative

~ . techniques, and skillful engineering. This workshop attempted to explore some of the

possibilities. As confirmed by the plenary speakers and the working groups, there are a number
of potential applications where harvesting of human energy could be applied. Typical are:

Personal battery chargers
Medical sensors

Display power sources
Gun sight power
Rangefinder

This subject is certainly multi-disciplinary. For example, appropriate electrical converters
must be combined with mechanical converters, which in turn must couple to the human body.
Further, the need for non-interfering operation is paramount for acceptance. The ultimate utility of
harvested energy may not reside in the fundamentals of the techniques used to harvest but in such
issues as: can it be manufactured in mass from affordable materials; can it be made robust enough
and provide the reliability needed to function in a hostile environment, can it be engineered into a
package with minimal signature, can it be made non-interfering with the soldiers normal
functioning, and will it provide an enhanced capability to the Soldier in the field.

As the workshop progressed, several pacing ideas emerged which were used to guide the
workshop process. These are:

* There is a growing civil market for human powered systems with several
products already available on the open market;

* Itis only necessary to convert a small portion of the energy consumed as food
by the soldier to power some applications.

* There does not appear to be any “fundamental physical reasons” why
Human Powered Systems cannot be built with modest efficiencies;

* There is a definite lack of engineering experience with Human Powered Systems
of the type of interest to the Military;

* A concerted program could produce laboratory devices for evaluation within 3-5
years.

* There are a large number of relevant disciplines such as MEMS, etc. which
should have impact as the field emerges.

* However the energy is harvested, it must not interfere significantly with the
normal activities of the soldier and must not impede his mobility.




Assessment of the State-of-the-Art of Human Powered Systems by Characterizing

Techniques and Determining Their Applicability to ARMY/DARPA/Civil
Applications

The amount of power associated with physical activity was estimated by the Workshop
participants. The table below lists some estimates for the power levels associated with physical
activity typical of that for the Dismounted Soldier.

Activity Power in Watts
Sleeping 81
Standing at ease 128
Walking 163

Brisk Walk 407

Long distance running 1048
Sprinting 1630

The Workshop considered several potential sources of energy associated with the human body
which might be utilized for conversion to electricity. The most promising are shown in tabular
form below. '

Source Est. Max. Power Maximum estimated

~ available Watts Conversion efficiency
Body heat 116 ~3% assuming total capture
Breath 1.0 40% based on turbine eff.
Blood pressure 0.9 about 2%
Upper limb motion 24-60 a few percent
Walking (heel strike) 67 PZT converter ~7%

Generator ~50%

Body waste (urine) 1-5 Fuel cell ~ 50%

From the above, limb motion and the heel strike associated with walking and running are
attractive potential sources of energy as long as the requirements are for levels of a few watts or
less. The conversion mechanism will determine the level of power available for a given scheme.
Since physical activity is inherently intermittent, it is necessary to have a storage mechanism.
Rechargeable batteries, electrochemical capacitors, pneumatics, springs, and flywheels are
candidates. Rechargeable batteries and electrochemical capacitors are the most promising with
batteries offering higher specific energy and capacitors offering higher specific power. The energy
density using spring metals is on the order of 0.4-1.0 joules/gram, making them an attractive
candidate. Conversion to electricity still requires a generator of some sort. Numerous candidate
mechanisms for harvesting heel strike and limb motion were discussed, however, the state-of-the-
art is not advanced enough to determine their efficiency or ultimate utility. Human powered
shavers, radios, flashlights, watches, and night vision scopes are currently
available on the civil market. All convert human motion to electricity to power
the respective devices.

Referring to the table above, the energy available from the human is in several forms. The
workshop participants examined a representative sample of possible conversion mechanisms in
order to analyze the advantages, disadvantages, and appropriate uses for each. The participants
chose not to concentrate on conversion mechanisms for thermal energy due to the distributed nature
of the heat source and its “low quality.” The technologies examined in some depth were
electrostrictive polymers, piezoelectric devices, electrostatic force arrays (also called integrated
force arrays), inertial energy scavenging combined with a generator and storage element, fuel cells
(based on use of urine), and electromagnetic generators.




Converter Mechanisms

Electrostrictive polymers: These materials were compared to piezoelectrics, although
they function by harnessing the energy created when mechanical strain is applied to the material
after dipole induction with a high voltage charge. They are more flexible than the piezoelectric
polymer PVDF, and are capable of producing more energy (reasonable estimates suggest about 1-3
Watts). However, a large voltage (1000V) must be applied to the polymer to get electrical energy
out when mechanically stressed. A battery and an appropriate high voltage power supply must
accompany any system design. The large voltages inherent in this approach to conversion also
creates the requirement for power conditioning from approximately 1000V down to 10V (output),
possibly creating an undesirable EM signature in the conversion process. The energy from
Electrostrictive polymers comes from a very large change in area (approx. 200%) and a large strain
to the material (approx. 100%). Such deformation may impact the durability of the material, as
well as affecting the surrounding device. The use of this material for harvesting power has not yet
been demonstrated, i.e. no prototype device of this nature has been built or tested.

Piezoelectric devices:  Piezoelectric materials generate electrical energy from
mechanical strain, like Electrostrictive polymers, but do not require the application of a high
voltage since they possess a permanent dipole moment. Piezoceramics were not considered, in
detail, because of their fragility and the need for a hard strike to generate mechanical strain. The
polymeric piezoelectric material PVDF is more promising, but lacks the elasticity of electrostrictive
polymers, making it difficult to generate the amount of mechanical strain needed to produce a
significant amount of power. Conservative estimates suggest that with current technology,
piezoelectric devices would only be useful for low power applications, in the 10-20mW range.
However, the requirement for power conditioning is much less than for electrostrictive polymers
(from 100V down to 10V) and there is no need for a battery to provide a bias voltage. PVDF is
also a well characterized material and prototype devices have been created.

Electrostatic force arrays: (Also called Integrated Force Arrays) This technology is in
the very early stages of development and relies on mechanical strain and voltage biasing much like
the electrostrictive polymers. It has the advantage of being able to be sized for a particular
application, using MEMs technology for mW power demands and mesostructure design for power
demands in the range of watts. Cost is an issue and the manufacturing process is still under
development. There are also issues of durability. The use of this material for harvesting power has
not yet been demonstrated, i.e. no prototype device of this nature has been built or tested.

Inertial energy scavenging: This technique was based on the paradigm of the “Seiko
watch mechanism”, using displacement of a proof mass to drive a small generator. The electrical
energy produced is stored in a small battery or capacitor which consequently drives the watch
mechanism. The level of energy that can be obtained from this approach by conservative estimates
is in the mW range, but there is no proof of concept for devices that deliver more than a few
microwatts. However, the design and engineering of such a system is further along than the
systems based on the converters described above. In the microwatt range, this technique is well
characterized and commercial products are available.

Urine-based fuel cell: A fuel cell based on the hydrolysis of urine to generate urea is,
in principle, possible. The individual elements of the converter system, such as enzymatic
hydrolysis of urea to carbon dioxide and ammonia, and oxidation of ammonia to nitrogen and
water, have been demonstrated, but no working prototype for the whole fuel cell yet exists. One
problem with the system is the need for alkaline conditions that may require transport of sodium
hydroxide, a hazardous compound. Also, to achieve power generation in the range of 0.5 - 1W, a
system to concentrate the breakdown products of urea, such as reverse osmosis, will be necessary.
One attractive feature of this fuel cell concept is the production of water as a by-product of the
system.




Electromagnetic generator: Two different systems were discussed within the
workshop context, with different types of energy input - i.e. using conventional gear trains and
using a hydraulic or pneumatic system. In both cases, however, the goal is to generate power in
the range of 3W, taking advantage of our large muscular groups (such as in the legs) and simple
motions against gravity. There is a wealth of material and applications for small DC permanent
magnet motors. These units can be “run backwards” to produce a small generator. Typically these
generators are less than 80% efficient while larger devices, designed as generators, are greater than
00% efficient. There is little or no efforts within the scientific community to design efficient small
generators of the type needed for harvesting of human energy. Several commercial products are
available which utilize these small generators in a human powered mode.

While intriguing, the state of the art for conversion mechanisms is such that it is impossible
to estimate military system performance in units such as W/kg.

Within the numerous organizations interested in Human Powered Systems, there is a wide
range of individual components whose principles have been demonstrated on the laboratory scale
that would appear to be ready for rapid maturity if the applications are real. Examples of
intermediate storage units include flywheels, springs, electrochemical capacitors, phase change
materials, and shape memory alloys. To date, a few of these components have been assembled
into laboratory systems which indicate feasibility and provide marketable products. The most
prominent examples which can be purchased are the Seiko electric watch and the “wind-up radio”
from Baygen. Numerous examples of storage mechanisms were discussed within the workshop,
the most promising are discussed below.

Energy Storage Technologies

High Rate Rechargeable Batteries. The state of the art in high rate rechargeable
batteries was discussed at “Power ‘97.” In general, very thin lead acid cells can have specific
power levels on the order of 10 KkW/kg in sizes comparable to “D” cells. The Lithium technologies
can provide specific power levels in excess of 1 kW/kg if specially designed. The trade off for
high specific power in batteries is decreased specific energy and much reduced life. At the high
rates, the useful specific energy is diminished by factors of 3-5 over that for normal operation.
Typical specific energy for rechargeable batteries is between 40 and 100 Whr/kg, with the larger
number being associated with large cells and normal discharge rates. Appropriate batteries for use
in harvesting and storing at modest rates exist in a multitude of sizes ranging from button cells to
large packs made up of many cells in series/parallel arrays. The technology is mature with
numerous suppliers in a multitude of chemistries and sizes. Due to reduced cycle life, high specific
power batteries may not be appropriate for harvesting and high specific energy batteries may have
to be used in conjunction with other technologies( if power is an issue) in human powered
systems.

Electrochemical Capacitors. High rate electrochemical capacitors are just now
emerging from the laboratories. In general, devices based on aqueous electrolytes can have
specific power in excess of 15 kW/kg with excellent scaling to small sizes. Specific energy is
usually factors of 5-10 less than batteries but comparable to “high rate” batteries. The best specific
energies for electrochemical capacitors are in the range of 5-15 Whr/kg, with the higher number
being laboratory prototypes. Cycle life in excess of one million has been demonstrated in several
embodiments. Devices based on hydrous amorphous ruthenium oxide, invented at the Army
Research Laboratory, offer the best promise for high specific energy and specific power. The
mechanisms and control of leakage currents are not well understood. There are several
manufacturers of both prototype and commercial devices which could be used in demonstration
systems.




Springs. Springs have been used for decades as intermediate energy storage
mechanisms. All of these materials store energy due to reversible elastic distortion, with the
amount of energy stored proportional to the distortion. In general, the specific energy is on the
order of 0.1-0.3 Whr/kg. Note that when the energy stored in a spring is retrieved, it is
“mechanical” in form and requires conversion to electrical format. Spring technology is mature
and it is doubtful if the specific energy can be increased significantly without compromising life
and safety. There are numerous manufacturers who will custom design to specification. Springs
form the storage mechanism for the “wind-up” radios from Baygen.

Inertial/Flywheels.  Flywheels are a well established method of inertial energy
storage. In large sizes, flywheels are mature and form an integral part of many advanced systems.
The amount of energy stored in a flywheel is proportional to the mass and physical
dimensions(moment of inertia) and the angular velocity at which the flywheel is spinning. In
modest sizes, energy storage densities approach that of batteries (>50 Whr/kg) but much of the
advantages are lost in small sizes due to poor scaling of windage, bearing, and friction effects.
Further, flywheels have large gyroscopic effects which tend to interfere with an individuals
freedom of motion. The technology is mature and there are numerous manufacturers who will
custom design to specifications. Energy is retrieved in mechanical form requiring the use of a
mechanical-electrical converter.

Gravitational. Storage of energy in the gravitational field of the earth is also a well
established art in many forms. Pumped hydroelectric, “pile drivers,” and grandfather clocks are
classical examples. From the perspective of human energy harvesting, the energy density is
proportional to the amount of mass that a human can lift and the distance within the field that he can
lift the mass. The work done lifting a 100 kg mass 2 meter against the earth’s gravitational field
results in 2000 joules being stored in the mass. In mechanical form, this energy can be retrieved
with high efficiency making the energy storage density on the order of 20 joules/kg(mechanical), a
rather low specific energy. Utilizing the appropriate converter, approximately 1.5 watts could be
retrieved for 1000 seconds with each repetitive lifting of the mass. Power is converter specific and
higher rates can be achieved for shorter times.

Identify the Key Research Issues Pacing the Development (or Limiting Full
Development) of Efficient, Human Powered Systems

- The state-of-the-art is such that useful devices can be built with existing technology.
The consensus opinion was that it is feasible to harvest some of the “waste” energy from a soldier,
however, that does not answer the question of practicality or desirability. The research and
development issues necessary to make these judgments can be divided into those which effect the
human in the system, the materials technologies of the converter/storage technologies, their
operating environmental response, and those which influence the manufacturing/packaging
technologies. The reseadrch issues associated with the human in the system are:

e What source on the human do we tap into
e How do we tap into the source unobtrusively
® What is the effect on the human performance as a result of harvesting

® What are the human metrics to be employed in evaluating harvesting
- Physiological factors
- Psychological factors
- Body morphology
- Field experience by soldiers




e Missions/work profiles

Numerous converter technologies were discussed within the workshop. The most promising have
numerous research issues associated with their development to the point of optimum performance.
Research issues associated with the most promising converter candidates are:

Mechanical to Electrical - Generators

e There is an enormous “impedance” mismatch for miniature generators. Generators operate
efficiently at high rpm but the human input is orders of magnitude slower necessitating high
gear ratios or unique hydraulic systems.

e For geared systems, loss mechanisms get worse as the systems become smaller.

e For generators, the design rules and physics are well known but not widely applied to small
systems. State of the art for small motors is mature. Technology is relevant but not totally
transferable.

e New magnetic materials may impact design rules.

Mechanical to Electrical - Piezoelectric and Electrostrictive
Optimum coupling coefficients

Adaptive ensembles of elements

Compliant electrodes

New materials

Fatigue properties/cycle life

e o o o o

Thermal to Electrical

e While there is ample energy, the temperature at which the energy is available is low and
consequently the delta T over which thermoelectrics would function is small.

e Energy is distributed over the surface of the human. How do you capture the available energy
without disturbing core body functions?

e New thermoelectric materials are needed to have any reasonable hope of utilizing waste
thermal energy (DARPA has programs in this area).

Chemical to Electrical

¢ Biofuel cells not well developed or characterized
e Scaling of composters and digesters and methods of speeding up the processes
e Appropriate catalysts

The research issues associated with storage technologies are:

Electrochemical

e Improved low temperature performance
¢ Internal loss mechanism understanding and mitigation
¢ Ruggedization




e Manufacturing technology

Inertial

e Miniature bearings

e New materials

e Miniature gear mechanisms
e Loss mitigation

Mechanical/Springs

e New lightweight spring materials

Gravitational

¢ Methods for implementing

Identify the Major Limiting Factors Which Must Be Addressed as Part of Overall
Human Powered System Design

From the perspective of the Dismounted Soldier potential applications, as described within
the workshop working groups, should be scrutinized from the viewpoint of desirability,
probability of successful development, and potential impact to the Soldier if successful. From an
Army perspective, cost, reliability, maintenance, power capability, energy storage capability,
human non-interference, etc., are key issues to any large scale introduction into the inventory. The
appropriate technologies are immature for Army applications and as such it is difficult to assess
how successful human powered systems will be and how well they will function in the Army
environment. All of the equipment for the Dismounted Soldier must be enormously compact and
rugged. Consequently, issues such as energy density, power density, minimal signature (both
thermal and acoustic), orientation-independence, ruggedization, simplicity of operation, and
reliability are the major limiting factors from an operational point of view. Cost is always a
limiting factor. These limiting factors translate to the materials issues discussed above as critical
research issues. Since human powered systems are just beginning to emerge, there is little data
which can be used to judge performance within system configurations. These limiting factors are
critical and a data base must be established before any meaningful applications scenarios can be
evaluated. The limiting factors are:

Amount of energy which can be harvested without becoming a load factor for the soldier
Interference with the normal functioning of the soldier

Absolute power levels needed for powering the electronic suites

Reliability in a battlefield environment

Integration into the soldiers battle dress

Distribution System




Prioritize Research Issues, Indicating the Impact if Research is Successful

The following are typical of the tasks which could impact human powered electrical systems:

e Efficient lightweight intermediate storage units, optimized to the particular harvesting
technology employed

e Analysis of the motion of humans when doing routine tasks and how to couple converters to
this motion in an unobtrusive manner

o Laboratory prototypes employing small electromechanical converters and piezoelectric devices
e New converter technologies

Human Powered Devices are at a stage where there are modest commercial successes as
witnessed by several products with wide scale availability. The workshop unanimously agreed that
the technology exists to allow demonstrations of potential to Army applications. Many of the
components necessary to build a significant system have been demonstrated separately. There is
sufficient capability in several R&D organizations to build prototypic systems which could be
evaluated in the field. Only in that mode can priority R&D issues be identified within the
framework of application. Research is needed to accurately characterize the capability of each
system concept within the framework of the application to the Dismounted Soldier. The successful
application of human powered systems must result in weight savings, cost effectiveness, added
capability, and reliability. At the component level, the priorities are:

« Demonstration of a human powered system designed for a specific Army task
 Development of optimized storage and converter technologies, and;

o Integration of the system into the battle dress of the dismounted soldier.

Provide Milestones for Research Teams to Attain to Assure Significant

Improvements in Human Powered Systems Technology Over a Near-term_and
Long-term Development Program

The workshop participants identified several potential applications for the Army. The most
promising were:

» Personal battery chargers in the “few watt” category
o Stand alone power for medical sensors, some displays

« Utilizing the appropriate high power intermediate store, high power burst mode
communications/data transmission

« Combination exercise/generator devices for the special forces

Given sufficient funding, the technical community should be able to produce prototypic
devices for evaluation within three years. An engineering prototype could be built within one year
thereafter. The most promising devices appear to be those which would harvest energy from the
“hee] strike” or utilize gravitational energy in the same mode as the “grandfather clock” for battery
charging. For medical sensors, the “Seiko clock” mechanism is ready to apply in the microwatt
range.




Identify Operational/environmental Constraints Such as Materials, Signatures,
Manufacturing, and Pollution Which Might Influence Applications or
Improvements Envisioned

Within the framework of the Workshop, the participants identified the following
operational constraints due to the peculiar nature of the requirements for the Dismounted Soldier:

* Human powered systems must not have a signature which can be exploited by a
hostile force

* Human Powered Systems must be capable of orientation independent operation
in many scenarios

* Human Powered Systems must be robust and capable of sustaining mechanical
shock typical of that associated with the battlefield environment, and

* Human Powered Systems must offer an operational advantage over current
methods of supplying electrical energy to the soldier

* Human Powered Systems must offer minimal interference to the normal
operational mode for the soldier

It was the general consensus of the participants that Human Powered Systems shows
substantial promise as useful power sources for both civil and military applications. It is not
possible to judge the ultimate utility or the degree to which these devices can replace current
technology. Clearly as the levels of energy and power needed by the soldier diminish, human
powered systems become more feasible, desirable, and perhaps practical.
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INTRODUCTION

Prospector IX is the ninth in a series of workshops dealing directly with advanced
technologies applied to the individual soldiers needs. Technology projections for the energy
demands for electronic systems relevant to the Dismounted Soldier, as discussed in the NRC report
“Energy Efficient Technologies for the Dismounted Soldier,” 1998, suggest that some of the
energy necessary to power the soldiers electronic suite might be harvested from the individual. As
the Army becomes more mobile, a premium is to be paid on autonomy, reliability and minimum
mass systems. Improvements in power technology and systems in terms of reliability, cost and
maximum energy/power density translate immediately to increased capability and reduced cost.
Human Powered Systems could have major impact by providing essentially unlimited autonomy
time for the electronic systems in the field. Further it should simplify or eliminate certain items
from the logistics chain.

In November, 1990, the first workshop on Mobile Tactical Battlefield Power Technology
was held at the request of the Army Research Office. One of the major findings from this
workshop was the need for research and development to improve the Army power technology at
the low end of the scale. Power technology up to about 500 W and man portable is absolutely key
to the effectiveness of the Armies mobility. Further, issues of autonomy time, reliability, scaling
and cost were not clearly defined and pointed to the need for other workshops dedicated to subsets
of the Armies power needs. The second power workshop on key issues in Electrochemical Power
Technology was held at the Auburn University Hotel and Conference Center on May 27 - 28,
1992. That Workshop was requested by the Department of the Army, Assist. Secretary of the
Army for Research, Development and Acquisition (ASARDA), and was sponsored by the Army
Research Office. The focus for that workshop was the peculiar challenges for power technology
associated with the Soldier as a System and the ability of electrochemical power sources to meet the
requirements. The enormous energy stored in the nucleus is an attractive source if means can be
invented to access this energy in a cost effective and environmentally safe way. To assess this
technology, Prospector II studied Radio isotope powered (RTG) systems with emphasis on
whether they could meet any of the Army’s needs. Since small combustion driven engine-
generator systems also appear capable of performance within the requirements for the soldier
system, the focus of Prospector IV was on the capability of these small engine-generator systems
and the problems which must be solved prior to placing in the inventory. Within the scope of the
Soldier as a System, there is a wide range of power requirements depending upon the mission
duration and the capability needed for the mission. At Prospector IV, it was pointed out that there
was a new and emerging technology of miniature machines or "systems on a chip" which could be
applicable to all of the technologies discussed in the Prospector series of workshops and further,
might provide new capability. For that reason, Prospector V explored the application of “MIMS”
technology to Army needs with special emphasis on the Soldier System. Prospector VII focused
on small fuel cells which are even now being evaluated for use in a battlefield environment. If
fueled systems are to be introduced into the inventory, it would be desirable to have them function
on the current battlefield fuels. Since ThermoPhotoVoltaics(TPV) is emerging and could use
battlefield fuels, a workshop, Prospector VIII, was held to assess the potential of TPV and to put
its attributes in perspective with respect to competitors such as batteries, fuel cells and small motor-
generator sets. If the energy demands for the electronic suite for the Dismounted Soldier decrease
substantially, it becomes possible to harvest some or perhaps all of the energy from the waste
energy available from the soldier himself. Hence Prospector IX was held to examine the potential
of Human Powered Systems. The goals of the workshop were to draw the participants’ attention
toward three major sets of criteria -- requirements, key research issues, and projected capabilities
and development opportunities. The specific goals, as determined by the Board of Directors, are
to:

*  Assess the state-of-the-art of human powered systems;
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Characterize innovative technologies which might be relevant;

Identify the key research issues pacing the development of efficient human powered
systems;

Identify the key issues which must be addressed as part of overall human powered
system;

Distinguish the limitations imposed by technology from those imposed by nature;

Establish parameters for the consistent evaluation of human powered sources within an
overall system concept for comparison with other technologies;

Identify the power conditioning technologies appropriate for matching human powered
systems to loads within the constraints of cost, weight, and volume;

Identify the power/energy regimes for which human powered sources are applicable;

Identify the physiological limits to the human to power systems.

To accomplish these goals, a group of scientists and engineers, active in relevant
technologies, were invited to present current perceptions of the state-of-the-art in Human Powered
Systems and the relevant technologies. A plenary session was organized to present a government
and industrial perspective on needs and possible scenarios which might benefit from human
powered devices. The plenary agenda is shown in figure 1.

OVERVIEW SESSION - 1

Chairwoman: Dr. Donna Cookmeyer

e “Soldier System in 20 Years”, Robert O’Brien (NATICK)

“Future Power Requirements for the Dismounted Soldier”, Rudolf Buser (CECOM)
“Power for the Dismounted Soldier - A Summary of the NRC Study”, Frank Rose (Auburn)
“DARPA Perspective on Power Technology”, Bob Nowak (DARPA)

“Special Operations Perspective”, Sal Raineri (Special Forces)

OVERVIEW SESSION - 2

Chairman: Dr. Dick Paur

e “SUO Power Profiles - CECOM Perspective”, Jim Stephens (CECOM)
o “NASA Investment in Spacecraft Systems Technology”, Joe Sovie (NASA LeRC)
e “Rudimentary Physics of Man-Powered Systems”, ~Art Ballato (CECOM)

e “History and Status of Personal Power Devices for the Commercial Market”, John Hutchinson
(BayGen)

e “Physiological Factors that may Limit and Techniques that may Enhance Human
Performance”, Ellen Glickman-Weiss (Kent State University)

Figure 1.
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As confirmed by the plenary speakers, the interest in novel power technology and its
application to the soldier is high and that it appears possible to develop numerous human powered
systems both for commercial and military applications.

To accurately determine the utility of human power, it is necessary to attempt to define the
state-of-the-art in the relevant technologies. Therefore, to assist in the workshop process,
scientists and engineers, active in relevant technologies, were invited to present technology
summaries describing the state-of-the-art, near-term-state-of-the-art and give their opinions of
ultimate limits with some considerations for practicality. The agenda for the technology sessions is
shown in Figure 2.

TECHNOLOGY SESSION - 1
Chairman: Dr. Bob Nowak

e “Electrostatic Integrated Force Arrays”, Scott Goodwin-Johansson

e “Energy Conservation and Alternative Energy Sources for Wearable Electronics”, Dan
Siewiorek (Carnegie Mellon”

e “Energy Storage/Conversion Materials”, Ralph Zee (Auburn)
e “Electrochemical Capacitors”, Steve Merryman (Auburn)

e “Compact and Lightweight Energy Conversion using Electrostrictive Polymers”, Roy
Kornbluh (Stanford Research Institute)

e “Lunar/Mars Space Suit Requirements”, Anthony Wagner (NASA/JSC)

TECHNOLOGY SESSION -2

Chairman: Dr. Steve Merryman

o “Integrated Power Management for Microsystems” Dwayne Fry (ORNL)

e “Seiko Human Powered Quartz Watch” Seiko - Epson Staff
Overview Masakatsu Saka
Details of the Device Kinya Masuzawa
Applications of AGS Kinya Masuzawa

e “Overview of Developments in South Africa” Etienne Rijkheer (Syzygy)
e “Technological Challenges for Human Powered Systems” Eric Tkaczyk (GE)

Figure 2

The remainder of the workshop was spent in small working groups centered around:

e Potential Applications, Specific Mission Needs, State-of-the-Art
e Key Research Issues, Major Limiting Factors, Constraints

e Strategies & Technologies, Priorities, Near & Long-Term Developments, Milestones to
Achieve Priorities

13




In a final session, the working group chairman presented a summary of their group's
deliberations and findings to the general assembly of participants. As usual, considerable lively
discussion attended each report and was incorporated as accurately as possible in the executive
summary results.

The 45 participants were drawn from Industry (15), Academia (10), and Government
laboratories/National Laboratories (20) and represented an adequate cross-section of scientists and
technologists working, or interested, in the field or in relevant technologies. The remainder of this
document is a collection of the workshop presentations and summaries from the working groups.
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“SOLDIER SYSTEM IN 20 YEARS”

Mr. Robert O’Brien

Soldier Systems Command
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“FUTURE REQUIREMENTS FOR THE DISMOUNTED
SOLDIER”

Mr. Rudolf G. Buser

CECOM
Ft. Monmouth, NJ 07703-5201
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