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TECHNOLOGY 2001 - SYMPOSIA PROCEEDINGS

Presented December 3-5, 1991
San Jose, California

TECHNOLOGY 2001 was the second national technology transfer conference and
exposition. Held at the San Jose Convention Center December 3-5, 1991,
TECHNOLOGY 2001 built upon the foundation laid by last year's initial conference in
Washington, D.C., the mission being to transfer advanced technologies developed by
the Federal government, its contractors, and other high-tech organizations to U.S.
industries for their use in developing new or improved products and processes.

TECHNOLOGY 2001 was sponsored by the National Aeronautics and Space
Administration (NASA), NASA Tech Briefs magazine, and the Technology Utilization
Foundation, with the participation of the following Federal agencies:

Department of Agriculture Department of Commerce
Department of Defense Department of Energy
Department of Health and Human Services  Department of the Interior
Department of Transportation Department of Veteran Affairs
Environmental Protection Agency National Science Foundation

In addition to an exhibit showcasing the products and technologies available for sale
or license from over 200 exhibitors, this year's conference featured 30 concurrent
technical sessions in which 120 papers were presented, agency workshops, industry
briefings, and the annual Intelligent Processing Equipment (IPE) Conference held
concurrently with TECHNOLOGY 2001.

We are pleased to provide the proceedings from the 30 concurrent sessions. This
year's program featured symposia on Advanced Manufacturing, Artificial intelligence,
Biotechnology, Computer Graphics and Simulation, Communications, Data and
Information Management, Electronics, Electro-Optics, Environmental Technology, Life
Sciences, Materials Science, Medical Advances, Robotics, Software Engineering, and
Test and Measurement.

The proceedings have been published in two volumes. Volume One contains the first
60 papers presented (in order), while Volume Two contains the last 60 papers
presented (again, in order). Proceedings from the IPE Conference Symposia are
published under separate cover.

This is Volume One. Again, the papers appear in the order in which they were
presented at TECHNOLOGY 2001. For information regarding additional copies, please
contact:

THE TECHNOLOGY UTILIZATION FOUNDATION
41 East 42nd Street, #921
New York, NY 10017
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CERAMIC SUSCEPTOR FOR INDUCTION BONDING
OF METALS, CERAMICS, AND PLASTICS

Robert L. Fox
Langley Research Center
Hampton, VA

John D, Buckley
Langley Research Center
Hampton, VA

ABSTRACT

A thin (.005) flexible ceramic susceptor (carbon) has been discovered. It was developed to join
ceramics, plastics, metals, and combinations of these materials using a unique induction heating process.
Bonding times for laboratory specimens comparing state of the art technology to induction bonding have
been cut by a factor of 10 to 100 times. This novel type of carbon susceptor allows for applying heat directly
and only to the bondline without heating the entire structure, supports, and fixtures of a bonding asscmbly.
The ceramic (carbon film) susceptor produces molten adhesive or matrix material at the bond interface.
This molten material flows through the perforated susceptor producing a fusion between the two parts to be
joined, which in many instances has proven to be stronger than the parent material. Bonding can be
accomplished in 2 minutes on areas submitted to the inductive heating. Because a carbon susceptor is used
in bonding carbon fiber reinforced plastics and ceramics, there is no radar signature or return making it an
ideal process for joining advanced aerospace composite structures.

INTRODUCTION

Induction heated Rapid Adhesive Bonding (RAB) techniques using a non-metallic susceptor for
joining plastics, metals, and ceramics have been developed at the Langley Research Center (LaRC) (1). This
process permits the heating of thermoset adhesive filled susceptors or the interface of thermoplastics directly
at the bondline. Rapid Adhesive Bonding involves an electromagnetic induction heating of thin ceramic
material (carbon susceptor) embedded in the bondline of the structure (Figure 1). Because only the
bondline and material in the immediate area are heated, thermal distortions are less severe than conventional
processes, which simplify and lower the cost of fixturing. Heating rates greater than 600_ F in 30 seconds
have been generated employing a recently discovered ceramic (graphite) susceptor using RAB procedures
(Figure 2). RAB bonds have been produced in less than 2 minutes, consuming much less power than
conventional techniques. The low amount of input electrical power required to heat the bondline can be
supplied from various sources (Figure 1).

Current state-of-the-art processes, such as press or autoclave bonding, take hours to accomplish and
have very limited heating/cooling rate capabilities. These current processes rely on the conduction of heat
from resistance heating elements through tooling, fixtures, caul plates, the structural parts and finally into the
bondline to heat the adhesive. Consequently, a heat-up rate of 10_F/min is considered high, and much
energy is consumed in bonding structures together. These bonding cycles can often take over 5 hours to
exccute.

The original objective of this bonding system was to provide low energy, portable, selfcontained,
cost-effective apparatus and method for joining thermoplastic matrix composites and other compatible
materials. This equipment was developed to fabricate structures to be used in outer space, and secondarily,
structures on earth, or in motionless surroundings. As stated above, a recently discovered ceramic
(graphite) susceptor material has been used to join pieces of metallic, ceramic, and plastic composites. In a
toroid pole piece, magnetic flux remains inside the toroid core when the system is energized. To divert the
path of the magnetic flux from the toroid to an adjacent ccramic susceptor, the toroid must be altered. This
alteration is accomplished by cutting a segment out of the toroid and placing the air gap in the toroid on the
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surface of a matrix material composite sandwich consisting of a susceptor positioned between the two
composite components to be joined (Figure 1). When using inductive heating to bond a typical plastic
composite, a toroid is first cnergized, flux will flow through the toroid, through the plastic composite (which
is transparcnt to magnetic flux) into the ccramic susceptor back through the plastic composite into the toroid.
Altcrnating current produces inductive heating instantly in the susceptor causing the plastic interfacing on
cither side of the susceptor to melt and flow into perforations made in the ceramic susceptor forming the
joint. Joining is accomplishcd in minutes.

The objective of this proof of concept study was to demonstrate the thermal efficient quality of a
ccramic (graphite) susceptor when uscd for the induction heating and subsequent joining or bonding of
plastic composites, metals, ccramics, and combinations of these materials.

SPECIMEN PREPARATION

Components of the specimens are shown in Figure 3 laid out in the order in which they would be
stacked together in the fixture. A susceptor is sandwiched between thermoplastic adherends or in a stack
containing adhesive laycrs placed between a thermoset plastic or between inorganic adherends (metal or
ceramic). The surface preparation for all lap shear specimens consisted of a methanol wash followed by a
120 grit sandblast plus a sccond wash in acetone, methanol, and trichloroethylene. Table 1 shows the
materials used in this ceramic susceptor proof of concept study.

BONDING AND TESTING

Shear Specimen Bonding

Overlap shear specimens were bonded in a configuration conforming to the American Society for
Testing Materials (ASTM) standards D1002 and D3136. The technique similar to that used for spot welding
metallic structures was used for rapid bonding of lap shcar specimens made of thermoplastic composites,
thermoset compositcs, metals, ceramics, and combination of these matcrials (Figurc 4).

The rapid bonding cquipment for laboratory shear specimens is shown in Figures 5 & 6. The press
is identical to that for conventional specimen bonding, as arc the load cell and tempcerature and load
indicators. Rcplacing the conventional heated platens is a toroidal high frequency induction heater and its
power controller. The specimen is located in a fixture for ease of alignment. The fixture was fabricated to
align the specimen components prior to bonding. It was machincd from bakelite with cutouts and location
screws for the adherend (Figurc 6). Bonding was accomplished by assembling the specimen in the specimen
fixturc, placing the fixturc in the press under the toroid head and applying pressure and the induction field.
The power used to energize the induction heater was approximately 300 watts at 60 Hz and 120 volts input
into the inductive heater circuit. When power was applicd, the induced energy from the toroid rapidly
hcated a perforated graphite susceptor which had been impregnated with a thermoplastic adhesive or was
sandwiched between thermosetting adhesive films. The power was concentrated as heat entirely within the
ceramic (graphitc) susccptor, concentrating the heat within the bond line and minimizing detrimental thermal
cffects on the composite shear test specimen. For lap-shear specimens, the ceramic, metallic, or
fiber-reinforced plastic composite matcrial adherends were placed above and below the susceptor in the
specimen fixture, and bonding pressure was applicd (Figure 1). The susceptor heated the adhesive or
thermoplastic compositc adhcrend rapidly, usually within a minute, to the bonding temperature.
Temperature within the bondline was considered to be an important requircment of this induction bonding
process since heating was concentrated in the bondling in all applications in which a susceptor was used. A
thermocouple was positioned in the bondline of each test specimen for each of the materials to be bonded
(Figure 6). The heat is maintaincd from one to several minutes to promote adherend joining. When power
is turned off, the specimen rapidly cools to a temperature below which the adhesive or thermoplastic
composite is sufficiently sct, and pressure is removed. Some of the composite materials tested are shown in
Table 1. This process is more controllable and more energy conserving than conventional bonding with
heated platens or an autoclave. (1,2).




APPARATUS AND TEST PROCEDURES

Tensile tests at room temperature were conducted in a 10 kilo pounds mechanical power screw
driven machine at a head speed of .05 inches per minute until fracture. Grips used in the tensile tests were
split collar assemblics, Maximum load was recorded from the dial indicator on the test machine, recorded
from the dial indicator on the test machine. Specimen shear area used to determine shear strength was
accomplished by measuring and taking the sum of all the hole areas in the graphite susceptor sandwiched
between the adherend tensile specimen (Figure 7).

DISCUSSION OF RESULTS

Graphite-Peck Adherends

Table 1 and Figure 8 show overlap shear strengths (per ASTM D1002) of graphite fiber polyether
etherketone (PEEK) (.004 inches thick) fabricated by rapid adhesive bonding technique using PEEK
adhesive and a 0.0005 inch perforated ceramic (carbon) susceptor (Figure 3). Data are shown for specimens
bonded at 720° F at 32 psi. Hold time under pressure at the bond temperature was 2 minutes. All shear
strength data was obtained at room temperature. Figure 8 shows the best shear strength value obtained
joining graphite/PEEK to graphite/PEEK with PEEK WAS 4,500 PSI. The bond was cohesive through the
perforated carbon susceptors and failure was observed in the adherend part of the tensile test specimen.

Titanium Adherends

Table I and Figure 9 show the overlap shear strengths (per ASTM D1002) of Ti-6AL-4V titanium
alloy adherends (0.05 inch thick) fabricated employing RAB using PEEK thermoplastic adhesive and a 0.0005
inch thick perforated ceramic (carbon) susceptor sandwiched with adhesive (similar to Figure 3). The
specimens were bonded at a temperature of 720° F and 32 psi. Hold time under pressure at the bond
temperature was 2 minutes. All shear strength data was obtained at room temperature. The highest shear
strength value obtained joining the titanium adherends was 6,500 psi (Figure 9). The bond material was
PEEK adhesive joining the two adherend components through a perforated ceramic (carbon) susceptor at
the joint interface. The failure of this specimen was in the adhesive bond.

Titanium was also bonded to titanium using Hysol EC934 thermoset adhesive. The titanium
adherends were 0.05 inches thick with a .005 inch thick ceramic (carbon) susceptor filled with the Hysol
EC934 adhesive and sandwiched between the two adherends that made up the shear specimen. Table 1 and
Figure 10 show the shear strength for this combination of material. The specimens were bonded at a
temperature of 400° F and a bonding pressure of 19.2 psi. Hold time under pressure at the bond
temperature was 2 minutes. All shear strength data was obtained at room temperature. The highest
adhesive bond strength using Hysol EC934 adhesive was 6,400 psi. The failure of this specimen was in the
adhesive.

Graphite /Epoxy Adherends

The applicability of a ceramic (carbon) susceptor used with RAB to bond graphite/epoxy adherends
was demonstrated when joining Hercules 350 graphite/epoxy thermoset adherend with Hysol EC934
thermoset adhesive. Specimens were bonded at a temperature of 400° F and a pressure of 19. Hold time
under pressure at the designated temperature of 2 minutes (Table 1, Figure 11). The highest shear strength
value obtained bonding thermoset composite to itself with Hysol EC934 thermoset adhesive was 2,250 psi
(Figure 11). It was noted that the bond maintained its integrity, and failure occurred in the adherend.

Adherends of Unlike Material

The versatility of the rapid bonding concept was again demonstrated by using the process described
in the preceeding paragraphs to bond titanium to graphite epoxy, aluminum to graphite epoxy, and aluminum



to aluminum oxide ceramic. The adhesive used was Hysol EC934. The bonding temperature was 400° F.
The average tensile strength of the 4,500 psi as shown in  Table 1 and Figures 12, 13, and 14. Figure 12
shows strength data for Titanium bonded to graphite epoxy composite with Hysol EC934. The best shear
strength value obtained for these specimens was 2,900 psi. Failure of the specimen was in the composite
material. Aluminum 6061-T6 was bonded to graphite epoxy Hercules 3501 with Hysol EC934. The
fabrication parameters and procedures for bonding the aluminum to the graphite epoxy was the same as
described carlier in the text (Table 1). The average strength of the specimens tested was 432 > psi and the
best strength value for the combination of materials was about 5250 psi. The 3501 adherend epoxy is .061
thick and the aluminum is .062 inches thick. The specimens failed in the composite part of the overlap shear
joint. The last combination of materials bonded together was aluminum 6061-T6 (062 inches thick) and
aluminum oxide (.062 inches thick). The perforated ceramic (carbon) susceptor (.005 inches thick) was filled
with Hysol EC934 thermoset adhesive and sandwiched at the joint between the aluminum and aluminum
oxide adherends. Upon completion of the bonding cycle the specimen was tensile tested and found to have
an average strength of 4,520 psi. The best shear strength value obtained from the aluminum oxide test was
5,600 psi. Failure occurred in the ceramic portion of the specimen. The low numbers obtained when testing
this group of specimens is believed to be due to the lack of mobility in the grips of the pull test machine and
the brittle nature of the aluminum oxide ceramic.

CONCLUDING REMARKS

A proof of concept study at the Langley Research Center has been conducted to evaluate a ceramic
(carbon) susceptor for use in the induction bonding of structural materials used in aerospace technology. A
thin (.005) flexible ceramic susceptor (carbon) has been developed to be used with a toroid bonder inductive
heating instrument. Preliminary tests show that this bonding process produces rapid joining of ceramics,
plastics, metals, and combinations of these materials. A typical lap-shear specimen placed in the toroid
inductive heating press produced a bond in less than 10 minutes from energizing to removal from the heating
press. Average lap shear bond strengths varied from about 6,000 psi to 2,000 psi depending on the materials
bonded. Some specimens failed in the adherend rather than the bond joint. Bonding times for laboratory
specimens comparing state-of-the-art technology to induction bonding have been cut by a factor of 10 to 100
times. .

REFERENCES
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86256, June 1980.
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APPLYING NASA'S EXPLOSIVE SEAM WELDING

Laurence J. Bement
NASA Langley Rescarch Center
Hampton, Virginia

ABSTRACT

This paper summarizes the status of a novel explosive seam welding process, invented at NASA's Langley Research
Center in the 1960's, developed and evaluated for a wide range of metal joining opportunities and now being used
commercially. The process employs very small quantities of explosive in a ribbon configuration to accelerate a
long-length, narrow area of sheet stock into a high-velocity, angular impact against a second sheet. At impact, the
oxide films of both surfaces are broken up and ejected by the closing angle to allow atoms to bond through the
sharing of valence electrons. This cold-working process produces joints having parent metal propemes allowing a

varicty of j Jomts to be fabricated that achieve full strength of the metals employed. Successful joining has been
accomplxshcd in all aluminum alloys, a wide variety of iron and steel alloys, copper, brass, titanium, tantalum,
zirconium, niobium, telerium and columbium. Safety issues have been addressed and are as manageable as many
currently accepied joining processes. The Atomic Encrgy of Canada is evaluating this process for zirconium
attachments in nuclear reactors. DEMEX International has licensed a NASA tube-joining patent and is applying it
1o tube plugging.

INTRODUCTION/BACKGROUND

Although the demand is increasing for highly rcliable, metal joining processes both for hazardous or inaccessible
operations and for the applications of advanced metal alloys and combinations, there is a gencral reluctance to accept
explosive welding processes because of a perception that explosive materials cannot be safely managed. This
combination of safety concern and the resistance to accepting novel joining methods has virtually reduced the
potential uscr community to those that have exhausted all other alternatives. The purpose of this paper is to
compile the history of the NASA explosive seam welding technology and provide the logic to show the practicality
of its application in modem joining requirements. This will be accomplished by introducing the principles of
explosive joining and the attendant variables, and presenting the NASA explosive seam welding process in terms of
types of joints created, capabilities, the safety issue, and the applications considered for its use.

EXPLOSIVE JOINING PRINCIPLES

Explosive welding is a cold-working process that produces metallurgical bonds, exhibiting parent metal properties,
which are impossible to achieve by any other joining process. The explosive welding process is accomplished by a
high-velocity, angular collision of metal plates, which effaces the oxide films on both surfaces to allow intcratomic
(clectron sharing) linkups. Scc references 1 through 4. The angular collision and parameters are shown in the top
sketch of figure 1. The several thousand megapascal (scveral million psi) explosive pressure drives the flyer plalc (in
a near-fluid condition) to velocities of a thousand m/sec (3.28 thousand ft/scc). On impact, the kinetic encrgy is
converted to skin-deep (less than 0.0025 cm (0.001 in)) melts, which are stripped from the surfaces and squeezed out

by the closing angle. Two explosive joining processes now exist, cladding and scam welding.

The explosive cladding process (reference 1) utilizes bulk explosive, such as dynamite or nitroguanidine, to create an
explosive pressurc input that travels at a velocity of approximately 1,300 to 3,300 m/sec (4,000 to 10,000 ft/sec) to
create the angular collision. For the lead-to-steel cladding process in reference 1, 79 kg (175 Ibs) of loose-powder
dynamite is literally shoveled onto the 1.2 x 4.9-m (4 x 8-ft), 0.3-cm (0.125-in) thick flyer plate, which is spaced in
parallcl to the base plate. The explosive is detonated along the 4.9-m (8-ft) edge. Explosive cladding is limited to
lengths of approximately 4.9 m (10 ft), due to the inability to maintain the collision parameters. The resulting
bonds exhibit parent metal properties, and are gencrally observed through polishing and ctching as the wavy weld
interface, indicated in the top sketch in figure 1. These waves are truly, "skin deep,” usually less than 0.006 cm
(0.002 in), peak-to-peak; a stainless steel flyer plate, 0.0025 cm (0.001 in) in thickness, has been successfully joined
and exhibited the full strength of the parent foil. Each set of variablcs, described later, produces a "signature”
interface, which is unique to that set of variables. This signature can be virtually free of waves to very decp
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(0.013 cm or 0.005 in), complex patterns. Microscopic analyses of this intcrface has indicated some entrapment of
oxides and a slight amount of work hardening, but the actual interface of the two plates is an indefinable line, only
as pronounced as the grain boundaries in the metals themselves. Figure 2 shows an example of an explosively
joined interface, that is impossible to achieve by any other joining process, aluminum alloys of 2024-T4 to 6061-
T6.

The NASA explosive seam welding process (references 2 through 9) differs from cladding in the explosive used and
the angular collision mechanisms. The explosive used is cyclotrimethylene-trinitramine (RDX), which is encased in
a lead-sheathed "ribbon,” as shown in table I. The explosive load is measured in gr/ft (0.0198 g/m) with 7,000
gr/lb, and has a velocity of explosive propagation of 7,900 m/sec (26,000 ft/sec). The plates are initially scparated
by approximately 0.04 cm (0.015 in), and the ribbon explosive is taped to the flyer plate. On initiation of the
explosive, the center portion is driven downward, as shown in the lower sketches in figure 1, to produce the high-
velocity angular impact, from the center outward to both sides at a 60-degree "jet” angle. The resulting joint is
highly uniform and just under the width of the ribbon explosive selected to accomplish the joining. Asa
comparison of efficiency to the cladding process described above, a 79-kg (175-1b) quantity of RDX could produce a
continuous joint in 0.32-cm (0.125-in) thick aluminum 15,000 m (49,000 (t) in length. With an approximate bond
width of 0.64 cm (0.25 in), the total bond area would be over 94 m2 (1020 ﬂz), as compared to the 3 m2 (32 fl2) in
the cladding process.

EXPLOSIVE SEAM WELDING VARIABLES
The following variables must be optimized for every joining configuration, as described in references 2 through 4.

. Plate material

. Plate thickness

. Explosive quantity

. Standoff (plate separation)

. Surface finish and clcanliness
. Mechanical shock

[« 7 -V N S N

Meutal alloy, condition and thickness present a wide range of density, mass, hardness, strength, rigidity and
malleability. These variables directly influence the quantity of explosive necessary to bend and accelerate the plates
to achieve explosive joining. As metal density, mass, strength and rigidity increase, the explosive quantity must be
increased in a non-linear progression.

Standoff, or separation between the plates, is also required for the joining mechanism; standoffs of 0.025 10 0.064
cm (0.010 to 0.025 in) are readily achievable by means such as shims, tape, or fixturing. Larger standoffs not only
reduce the efficiency of the joining operation, but also introduce fracturing of internal grain boundaries. A notch can
be machined in the surface of either or both plates to achieve the necessary separation. The plates can be configured
1o present a parallel or angular interface. Prcbending one or both plates efficiently introduces the necessary collision
angle, which results in a larger bond area. The same result is achieved by machining a V-shaped notch, as shown in
a later example.

Surface cleanliness and smoothness must be carefully managed to achieve explosive joining success. The properties
of substantial amounts of oxide films, such as rust or the thinner, harder and tougher oxide on aluminum, as well as
waler, grease or oil, prevent explosive joining. Low-carbon iron alloys must be degreased and polished to remove
corrosion-protective greases and mill scale (etching is not recommended, since rusting becomes extremely rapid).
Stainless steel alloys necd only degreasing and a final alcohol wipe. Pure aluminum has a minimal oxidc film,
requiring only degreasing. However, the oxide films on aluminum alloys require chemical etching for removal 1o
allow reliable joining under reasonable, noncorrosive ambient conditions over a several-week time frame. Since
explosive joining is a "skin-deep” process, surface finishes more than 0.008 cm (0.003 inch) in depth prevent
joining; a surface finish of 32 rms, which is rougher than virtually all sheet metal stock, is adequate.

The mechanical shock generated by the explosive pressure used w accelerate the plates along with the shock
generated by the impact of the plates are the most damaging influences in the explosive joining process. The
relative amplitude and influcnce are dependent on materials and structural configuration. These shock waves can not
only damage sensitive structure in the area of the process, but can actually destroy a bonded joint immediatcly after
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its creation. Shock waves can be reduced by placing additional structure in the area. This additional structure can be
a plate on the opposite side of a joining process (anvil), or clamping anvils in the immediate area. Adequate shock
absorption can be achieved in the structure to be joined, particularly with thicker base plate materials.

TYPES OF JOINTS

Four different types of lap joints have been demonstrated, as shown in figure 3. The dissimilar-thickness joining
process was described in the bottom illustration of figure 1. Similar-thickness joints can be achieved with the
explosive ribbon on one side, but a more reliable approach places explosive ribbons on both sides of the separated
plates. The ribbons are simultaneously initiated from a single source, such as a blasting cap, thereby balancing the
explosive pressure waves. The sandwiched butt joint combines the above two approaches. The scarf joint (reference
5) is created by shifting the longitudinal axes of the explosive ribbon to create unbalanced forces. The plates are bent
into axial alignment and joined in a single operation. These basic joints can be applied in a variety of
configurations, such as curved surfaces and tubes.

CAPABILITIES

The NASA explosive seam welding process has many capabilities which are comparable or superior to currently
accepted joining processes. The following are summaries from the detailed descriptions found in reference 4.

Simple, high performance - This process is simple, requiring little material preparation and tooling, while producing
high-strength, hermetically sealed, fatigue-resistant joints. Once the explosive joining parameters have been
established, the setup becomes purely mechanical with minimal requirements for personnel training and certification.
Explosive joining requires comparable preparations to currently accepted joining processes. Complex tooling to
assure heat sinking and the prevention of material distortion as required for fusion welding are unnecessary; the
explosive ribbon need only to be taped in place. Joints that exhibit full strength of the stock metals and parent
properties throughout the bond will be achieved with explosive seam welding by proper selection of joining
parameters. Since the joining process bonds at the atomic level, the joints achieve hermetic scals (described later in
this text). The fatigue resistance of a 6061-T6 explosively welded lap joint (reference 6) was superior to a high-
efficiency fusion welded butt joint, in spite of the asymmetry of the lap joint; the explosively welded joint was in
fact comparable 1o the parent stock.

Thin fo thick joints - This process can join very thin materials to very thick materials. Better results are achieved by
joining thin to very thick materials, due to dissipation of mechanical shock.

Variety of alloys and combinations - A wide variety of metals, alloys and combinations have been demonstrated with
this process. Table II lists the metals and range of thicknesses in which 100 percent strength joints have been
achieved. Table III lists the combinations of metals that have been joined, again achieving full strength of the
weaker of the two alloys.

Inspectable - These joints can be thoroughly inspected to assure complete integrity by using nondestructive
ultrasonic methods. Since the surfaces and thicknesses of the resulting joints are highly uniform, the bond areas can
be precisely located and evaluated.

No long-length limitations - Although an approximate 0.64-cm (0.25-inch) initial length is required to stabilize this
welding process, there are no long-length limitations for explosive scam welding. The explosive ribbon can be
manufactured in lengths of 100 m (328 ft), and can be spliced.

Remote joining capability - Explosive seam welding is ideally suited for remote operations and potentially hazardous
conditions. This process has the potential for hands-on to deep-space operations. A totally confined process is
described in reference 7. Placing the ribbon explosive inside a flattened steel tube, fully contains all explosive
products to prevent harm to personnel or surrounding equipment. Once assembled and transferred to the use site,
explosive initiation can be commanded by transmitters. This remote joining capability would be valuable for use in
environments, such as nuclear radiation, toxic gases and extreme temperatures, that are hazardous to humans.
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SAFETY

All safety aspects of the NASA explosive seam welding process can be controlled to levels comparable to currently
accepted joining methods. Safety issues include the handling of the explosive materials, initiation and management
of the explosive detonation products.

Explosive selection - Explosive materials are available that are insensitive to bullet impact and lightning, with
demonstrated temperature stabilities to over 200 C (400 F) for 50 hours, These explosives used in the ribbon cannot
be initiated by normal handling, such as cutting with scissors or a razor blade.

Initiation systems - Initiation systems must address both the prevention of inadvertent actuation, as well as reliable
firing. Blasting caps, widely used industrial explosive initiators, are sensitive to a wide variety of extraneous inputs,
such as impact, electrostatic voltages and stray electromagnetically induced or radio frequency energies. These
potential hazards can be eliminated in a number of different ways; one approach is through the use of available
exploding bridgewire (EBW) detonators rather than hot bridgewire blasting caps. Instead of a low-voltage/current
input used for hot bridgewires, the EBW requires a unique high-voltage/current to "explode” a highly conductive
bridgewire against insensitive explosive materials. Of course, interlocks and safing and arming systems for the
actual firing system are still necessary. Mechanically initiated explosive transfer lines, used in the mining industry,
are another approach.

Explosive containment - The greatest concern expressed by potential users are the products of the explosion; the
energy in the pressure wave, the sound produced, the fragments and debris, and the smoke generated. The major
advantage of the NASA explosive seam welding process is the use of very small amounts of explosive materials.
For example, the joining of 0.32-cm (0.125-inch) aluminum requires 25 gr/ft (0.5 g/m) of ribbon explosive. A 6-m
(20-ft) joint would require a total of 500 gr, or just over 28 g (1 oz) of explosive material. This small amount of
explosive material actually generates few gas molecules; consequently, the actual pressure wave created decreases
dramatically with distance from its original source (at a rate greater than the inverse distance, cubed). For example,
within the first 30 cm (1 ft distance) away from the source, the pressure is less than 70,000 Pa (10 psi), and is much
less than 7,000 Pa (1 psi) in the next 30 cm (1 ft). The debris created in the explosive joining process is primarily
small-particle lead splatter and the tape used to position the explosive. The lead is easily captured by lightweight
barriers, such as plywood. The residual airbomme particles are primarily unreacted carbon, which can be collected in
the same manner as arc welding fumes. Another approach for containment is to place the ribbon explosive inside a
flattened steel tbe, as described in reference 7; the tube fully contains all explosive products. In summary, properly
selected explosive materials, initiators, firing systems and a 1-m (3.28 ft) width, height containment volume
surrounding the length of explosive, or total confinement of the explosive at the source, will assure safe application
of this joining process.

APPLICATIONAL EFFORTS

Several developmental efforts were made to apply this process in response to requests for support. One application
is under evaluation, while another is now marketed commercially.

Sealing of Vessels

Three requests were received: the first for a method to close and seal a spacecraft vessel after collecting a sample
from the surface of another planet, the second for a thin foil to seal an X-ray source and the third for a method to

repair a puncture in the aluminum external tank for the Space Shuttle. All applications required joining a flat sheet
to a plate.

Spacecraft vessel - For the spacecraft vessel, a 0.08-cm (0.032-in) thick, 6061-T6 aluminum disc was used, placing
the explosive ribbon opposite the V-notched machined interface in the like-alloy base plate, shown in figure 4. Once
joined, the vessel was helium leak-checked through a threaded port in the base plate with no leakage, pressurized to
0.7 MPa (100 psi) dry nitrogen, and again leak-checked with no leaks. A second 0.7 MPa (100 psi) pressurization
caused the disc to burst, leaving the bond line completely intact.

X-ray source - The second request was to join a 0.0025-cm (0.001-in) thick, 300 series stainless steel foil to a
0.127-cm (0.050-in) thick, steel plate. A 5-cm (2-in) diameter bond line was accomplished in the foil, which could
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not be torn from the plate. This joint required the adhesive bonding of the foil to a 0.05-cm (0.020-in) thick sheet
stock of aluminum, which increased the mass of the flyer plate and reduced the dynamics of the operation and
prevented the crush-cutting of the foil. The adhesive shattered in the joining operation, debonding the foil from the
aluminum and leaving the foil completely exposed.

Smﬂhnﬂc_xank_mnai[ - The approach proposed for the third request, to repair a puncture in an aluminum vessel,
is shown in figure 5. In this case, the two weld plates (patches) were prenotched to a 12.7-cm (5-in) diameter circle.
Plates were to be placed on both sides of the skin to produce symmetncal loading during the joining operation. Two
mild detonating fuses (MDF) transmitted the explosive initiation signal through simple flexible electrical conduit to
the ribbon explosives. The explosive products would be contained by the firing box and acoustic chambers. The
actual process was demonstrated with Space Shuttle 2219-T87 aluminum specimens. Again, full strength, hermetic
seals were achieved.

Wire Splicing

The problem of achieving high-strength, fully conductive joining of wire to itself or to terminals is a universal
problem This explosive secam welding operation produces such joints, in the approach shown in figure 6. The
solid wires are stripped of insulation and laquers, spread into a flat plane alternating the wires from each side of the
sphcc A prebent copper (or other compauble metal) strip on which is mounted the ribbon explosive is slid over the
wires and the explosive is initiated. There is no limit on the number of wires. Splicing of 0.063 and 0.23-cm
(0.025 and 0.090-in) diameter copper wire has been demonstrated, using 0.076-cm (0.030-in) copper sheet stock.
Once joined, the strip could be rolled and swaged into a smaller diameter. Since this is an atomic-level bond,
conductivity would be expected to be very high.

Joining of Tubes and Strips to Tubes for Nuclear Reactors

Two collaborative efforts have been conducted with the Atomic Energy of Canada (AEC), a civil service organization
responsible for technology development for the design and maintenance of the Candu nuclear reactor. The reactor
generates high temperature/pressure water in 360, 10-cm (4-in) diameter, zirconium pressure tubes that are positioned
horizontally through the reactor's containment (calandria) vessel and contain the fuel rods around which the water
flows. These pressure tubes are contained within thin-walled, low-pressure (calandria) tubes that are sealed at the
interior cylindrical faces of the calandria. Secondary 400 series stainless tubes are mounted on the outboard sides of
the cylindrical calandria faces and adapted with fittings to interface to the pressure tube.

Large-diameter tube joint - The first request in 1981 was to develop a method to join a 20-cm (8-in) diameter, low-
carbon steel sleeve on a bellows assembly to a similar steel adaptor flange, as shown in figure 7. The adaptor flange
was machined to a 0.076-cm (0.030-in) thickness, V-notch interface. Full parent strength of the flange material was
achieved, even when the adaptor flange was deliberately undersized by 0.15 cm (0.060 in) on the diameter. Direct
joining of the low-carbon steel adaptor flange to the 403 stainless steel tube to replace a shrink-fit joint was also
demonstrated. The implications of this effort are presented in reference 8. The use of this process could reduce the
down time of the reactor and the radiation exposure to personnel 100 fold, compared to the currently accepted fusion
welding process.

S_mmmul&,ﬂm The second effort, initiated in 1989, focused on joining 0.046-cm (0. 018 in) thick
zirconium strips to the outside of the 0.42-cm (0.165-in) wall thickness pressure tube to act as "ion getters" for the
prevention of hydrogen embrittlement. The tubes were slipped over a close fitting mandrel to absorb the mechanical
shock introduced into the tube, as well as to eliminate deformation of the tube. Considerable effort was made to
protect both the tube and strips from damage from the explosive products. The results of these efforts are shown in
figure 8. The AEC evaluation has shown excellent bonds, better than any other process they have examined.
However, their metallurgists are concerned about stress lines that penetrate approximately 0.013 cm (0.005 in) into
the tube. Long-term evaluations are now being conducted in which the joints are subjected to hydrogen-bearing
compounds to accelerate the potential for hydrogen embrittlement.

Strip 1o tube, interior - The third effort applied the 0.046-cm (0.018-in) zirconium strips to the interior of the
0.127-cm (0.050-in) zirconium calandria tube to allow retention of ceramic spacers between the calandria and pressure
tubes. An external mandrel was employed with dunnage and tape on the interior of the tube to capture the explosive
debris. The requirements for this joining process are not as severe, since these tubes are not stressed as much as the
pressure tubes. Samples are currently being evaluated by the AEC.
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Small-Diameter Tube Joining
Two applications were evaluated, one to join tubes into fittings and the other to plug tubes.

Shuttle engine fitting - The liquid oxygen heat exchanger, located above the combustion chamber of the Space
Shuttle's main engine, converts oxygen from a liquid to a gaseous state to pressurize the Shuttle's external tank.

The assembly challenge was the joining of 316L steel tubing to Inconel 625, Incoloy 903 or Haynes 188 candidale
materials for the end fittings. Requirements were temperatures from -162 to +427 C (-260 to +800 F) with the
failure of the tubing being catastrophic. The effort was approached by using 30 gr/ft (0.6 g/m) of ribbon explosive
to bond a 0.089-cm (0.035-in) thick 316L sheet stock to sample plates of the candidate materials, as shown in figure
9. No material indicated an advantage, since parent strength of the 316L was achieved in all three specimens. Figure
10 shows the assembly of the teflon tool (reference 9) used to join tubes to fittings. The small-diameter tube was
loaded with an initiation charge, which was in turn initiated by the lead-sheathed explosive cord, projecting out of the
centerline of the tool. The ribbon explosive was wrapped around the tool with its end butted into the initiator.
Teflon tape was wrapped around the tool to assure a close fit with the tube. Figure 11 shows the joint achieved
against a V-notched internal interface in a Haynes 188 fitting with a 0.66-cm (0.260-in) OD, 0.066-cm (0.026-in)
wall tube. The upper figure shows the unsuccessful attempts to chisel/peel the tube out of the fitting.

Tube plugging - The above technology was adapted o tube plugging under a patent license to DEMEX International,
as described in reference 10. Figure 12 shows the tools with external V-notches for several diameter tubes. The
peak-1o-peak ripple of the metallurgical bond, shown at lower right, is less than 0.005 cm (0.002 in). As stated in
reference 10, in 1989 DEMEX and Southwestern Engineering Service Company "have made some 35,000 plug
installations without an operational failure." The explosive welding technology , according to Southwestern
Engineering, allows faster plugging, hence reduced down time, cuts plugging costs and increases reliability.”

SUMMARY AND RECOMMENDATIONS

The NASA explosive seam welding process has demonstrated unique joining capabilities in sheet and tubular metal
configurations, and has accumulated a history of consideration and acceptance that should provide potential users
another fabrication option.

The small amounts of explosive used in this process produces narrow, controlled, full-strength lap joints in a varicty
of metal alloys and combinations. These joints exhibit hermetic seals, as well as resistance to fatigue.

This process not only can be managed safely in close proximity to personnel, but provides a capability for remote
operation to eliminate the exposure of personnel to hazardous environments, such as from radioactive materials.

Successful demonstrations of this process in a variety of applications throughout the 20 years since its invention
have shown its credibility. Considered were the sealing of vessels, wire splicing, joining of tubes and strips to
tubes, joining of tubes to fittings and tube plugging. Its potential is being evaluated by the Atomic Energy of
Canada for nuclear reactors. DEMEX, Incorporated has obtained a patent license from NASA for tube plugging.

With so many challenging joining problems in modem industry, as many joining methods as possible should be

available; the NASA explosive secam welding process has achieved sufficient maturity to warrant its further
consideration.
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TABLE I.-CROSS-SECTIONAL DIMENSIONS OF LINEAR RIBBON

EXPLOSIVES
Explosive load, Thickness, wWidth,
grains/ft gm/m cm inch cm inch
7 .138 .051 .020 .559 .220
10 .198 .051 .020 . 760 .300
15 .296 .064 . 025 .800 .315
20 .395 .076 .030 .927 .365
25 .494 .089 .035 .940 .370
30 .593 .089 .035 1.295 .510
g — Width - - L
B W
; O Y \ A/
Thickness BRI RS
AN J
Explosive —/ \ Lead sheath

16



TABLE II.- LIKE METALS DEMONSTRATED JOINABLE BY EXPLOSIVE
SEAM WELDING (100% STRENGTH JOINTS)

Metal Range of Thickness
cm inch

a. Iron/steel
Low-carbon, 300/400 ss .003 - ,127 .001 - ,050

b. Aluminum - any fully .025
annealed alloy and all
age and work-hardened
alloys, except 2024 and

.478 .010 - .188

6061.
c. Copper/brass .025 - 0.381 .010 -.150
d. Titanium (Ti-6A1-4V) .013 - .127 .005 -.050
e. Tantalum .227 .090
f. Zirconium .160 .063
g. Columbium .081 .032

TABLE III.- METAL COMBINATIONS DEMONSTRATED JOINABLE BY
EXPLOSIVE SEAM WELDING

a. Low-carbon to series 300 and 400 stainless steel in any
combination.

b. All aluminum alloys and conditions are joinable to any
other alloy and condition, except a combination of 2024-
T3, T4, etc. to 7075-T3, Té6, etc.

c. Any combination of copper, aluminum, and brass

d. Tellurium to niobium

e. Nickel to steel
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Figure 1. High-velocity, angular impacts of the two explosive joining processes: cladding in the
top sketch and the NASA explosive seam welding in the bottom sketch.
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Figure 2. Microphotograph example of an explosively joined interface of 2024-T4 (top half of
photograph) to 6061-T6 (lower half).
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Figure 3. NASA's small-scale explosive seam welded joints.
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Figure 4. Approach for closing and hermetically sealing a vessel.
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Figure 5. Approach for repairing a puncture in a pressure vessel.
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Figure 6. Explosive joining setup for splicing wires.
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Figure 7. Setup for explosive joining adaptor flange to bellows assembly for Candu reactor.
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lower right.
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Welding Technology Transfer Task/Laser Based Weld
Joint Tracking System for Compressor Girth Welds

Alan Looney
NASA/Marshall Space Flight Center
MSFC, AL 35812

ABSTRACT

Sensors to control and monitor the welding operations are currently being developed at Marshall Space Flight
Center. The laser based weld bead profiler/torch rotation sensor has been modified to provide a weld joint tracking
system for compressor girth welds. The tracking system features a precision laser based vision sensor, automnated
two axis machine motion, and an industrial PC controller. The system benefits are elimination of weld repairs
caused by joint tracking errors which reduces manufacturing costs and increases production output, simplification
of tooling, and free costly manufacturing floor space.

INTRODUCTION

This task is a result of the technology transfer program initiated by NASA to transfer aerospace developed
technology into the private sector to improve quality and productivity.

The Marshall Automated Welding System Development Program for the shuttle external tank, advanced
solid rocket motor casings, and National Launch System(NLS) vehicle includes the development of optical sensors
to control and monitor the welding operations. The laser based weld bead profiler/torch rotation sensor has been
modified and new software developed to provide a laser based weld joint tracking system for compressor girth
welds, which utilize the Gas Metal Arc Welding Process(GMAW), for Copeland Corporation.

REVIEW OF COPELAND’S WELDING PROCESS AND TOOLING

General Information

The compressor shells are .120" thick(nominal) draw quality 1008/1010 mild steel. Copeland utilizes the
GMAW weld process. Copeland has five weld stations.

A typical weld cycle is listed below:
1) An operator loads a compressor shell onto the rotary table and actuates overhead air ram
to hold the unit in place.
2) The operator then actuates the mechanical weld seam finding arm. After the seam is
mechanically "found", a secondary arm with a hardened tracing stylus and the GMAW torch
tooling contacts the lip of the lower half of the compressor shell. The table then begins to rotate
and the weld portion of the cycle is initiated.
3) When the table completes one revolution plus approximately 3/4" for weld overlap, the table
returns to its initial preset start point.
4) The torch tooling retracts and the air ram releases and the operator pushes the welded unit onto
a section of roller conveyor ready to load another unit in place.
5) The welders average 550 to 650 weld cycles/shift.

Problem Statement

The current mechanical positioning devices are not capable of "real time" corrections due to variations in
ideal weld joints of the compressor shells. Also, the current process requires special tooling(elliptical shaped gears)
which offsets the shape of the part for the welding operation.
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OBJECTIVE

Provide a weld joint tracking system that maintains the correct weld joint path and standoff distance which
will eliminate weld defects/repairs caused by joint tracking errors during compressor girth welding operations.
Demonstrate that a direct drive turntable may be used with this system which would eliminate/reduce some of the
tooling and maintenance costs associated with the present tooling and reduce the floor space needed for a weld
station.

SCOPE OF WORK

Modify the laser based weld bead profiler/torch rotation sensor and develop the software to provide a
computer controlled weld joint tracking system which maintains the correct weld path and standoff (torch to work
distance) during compressor girth welding operations. The system must be adaptable to both the existing Copeland
tooling and a simple direct drive turntable setup.

Design and fabricate the fixturing for the weld joint tracking system to be compatible with the existing
Copeland weld station equipment.

Perform the initial testing and demonstration of the tracking system utilizing the weld system and tooling
at MSFC.

Install, checkout, and demonstrate the system at Copeland Corporation.
LASER BASED WELD TRACKING SYSTEM

System Features

The tracking system features are as follows:

1) Precision laser based vision sensor - The sensor illuminates a line across the weld joint with
a pulsed, fan-shaped beam of light from a laser diode. Light reflected from the illuminated area
is imaged in a camera, the shutter of which can be opened during times as short as 100ns. The
laser pulse is synchronized with the opening of the shutter to maximize the amount of laser light
integrated. The amount of arc light integrated is minimized as a result of keeping the opening time
short. The sensor operates in conjunction with a video digitizer and a computer. By use of a
geometric transformation based on the position and orientation of the camera with respect to the
fan of light and the workpiece, the computer controls the position of the torch with respect to the
weld joint.!

2) Automated two axis machine motion
3) Industrial PC controller
4) The system is invariant to travel rate changes.

Photographs of the system hardware features at MSFC are attached.

' NASA Tech Briefs, April 1991, Page 40
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System Benefits

As a result of the system operation capability demonstrated at MSFC, the immediate benefits which have
been identified are as follows:

1) Elimination of weld repairs caused by joint tracking errors which results in reduced
manufacturing costs and increased production output

2) Simplification of tooling, i.e. the capability to use simple direct drive turntables

3) Free costly manufacturing floor space
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WELD JOINT TRACKING SYSTEM AND TOOLING FOR THE WELDING TECHNOLOGY TRANSFER
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PRECISION JOINING CENTER

John W, Powell
EG&G Rocky Flats
Golden, Colorado 80402-0464

ABSTRACT

EG&G Rocky Flats and the American Welding Society (AWS) are proposing to establish a Precision
Joining Center (PJC). The PJC will be a cooperatively operated center with participation from EG&G
Rocky Flats, AWS, the Department of Energy (DOE) Nuclear Wcapons Complex (NWC), the Colorado
School of Mmes, and U.S. private industry. The PJC’s primary mission will be as a training center for
advanced joining technologles This will accomplish several objectives: 1) It will provide an effective
mechanism to transfer joining technology from the NWC to private industry; 2) It will provide a center for
testing new joining processes for the NWC and private industry ; 3) It will provide highly trained personnel
to support advanced joining processes for the NWC and private industry.

INTRODUCTION

A study began at the Rocky Flats Plant in the fall of 1989 to evaluate forming a U.S. Center of
Excellence (COE) in the field of joining technology. To accomplish this, the study evaluated U.S. and
European welding institutes for operating structures and research and development emphasis. In addition,
other Department of Energy (DOE) technology transfer programs were evaluated and noted for their
successes and failures. The area of need that has emerged from this study was that of training in precision
joining processes. From this has come the concept of a Precision Joining Center, with its primary mission to
be a training center for high level technicians (i.e. technologists) in the use of precision joining processes.

The American Welding Society has concurred with this material need and has joined in the work of
establishing this center. The Precision Joining Center will be a cooperative effort between EG&G Rocky
Flats, the American Welding Society, the DOE Weapons Complex, and U.S. private industry. The center
will, by the means of training, accomplish several objectives: 1) It will provide an effective means of
technology transfer in precision joining methods from the DOE complex to U.S. private industry, 2) In the
reverse case, the center will provide a testing ground for new technology for DOE complex modernization;
3) The center will fill the education gap between existing vocational schools and engmeermg collcges 4)

The center will be a resource for small to medium sized industrial companies for precision joining processes.

PROPOSED STRUCTURE

The structuring of the Precision Joining Center has several important considerations.

Curriculum

The first consideration is the curriculum. The curriculum will be established by industrial input to keep
it current with the on-going needs of industry. The initial curriculum outlined in this article is a result of an
industrial workshop held for the purpose of its development. The established curriculum will be continually
updated to meet new needs through customer contacts.
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For the center to operate successfully with industry, the time and financial impact on participating
companies must be minimized. This will be accomplished by making the core courses of the program
portable so that they can be taught at any location. The class starting times will be flexible. This will reduce
travel expenses and time away from the job for the students participating in the program.

The hands-on training will be accomplished at the center and will require travel by the participating
student.

Equipment

For an advanced joining center to be effective, it must be equipped with state-of- the- art equipment.
To accomplish this, manufacturers will be asked to participate by consignment of advanced joining
equipment. Then, as equipment needs to be updated, the older machines will be returned to the suppliers as
the new models are installed. The advantage for the suppliers will be first hand experience on their
machines by potential future customers.

Staffing

Staffing for the center will come from the U.S. joining community based on minimum qualifications.
However, staffing for the Precision Joining Center facility will be assured by EG&G Rocky Flats, and the
staffing for core courses taught off-site will be assured by the American Welding Society.

Scope of Training

The scope of training will be interdisciplinary and will include the following subject matter:

Joining Technology

Vacuum Technology

Power Systems

Data Acquisition
Servo-Mechanisms and Robotics
Computer Controls

Record Keeping and Palentability
Weld Defects and Inspection
Metallurgical Considerations
Heat Flow Considerations
Fixtures and Tools

Metrology

Health, Safety, and Environment

The Welding Technologist

The curriculum will be designed to train hands-on technologists. These are the people that companies
presently develop over several years of on-the-job experiences. They are the people who understand
equipment, processes, and how to get projects done. This program will be designed to create these
individuals faster, with fewer deficiencies in their training, and with a broader range of joining knowledge and
experience.
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Entrance Requirements

With the above objectives in mind, there will be minimum requirements for entrance into the program.
These requirements are as follows:

° A graduate of a trade school, community college or equivalent.
4 Or a minimum of three (3) years of technical experience.
] Plus recommendations

Graduate Profile

The training program objective will be to produce graduates with the following profile:

L] Proven ability to:
- Operate advanced welding/joining equipment
- Communicate effectively with engineers, welders, and managers
- Understand and direct welding and support processes
- Perform joining R&D with minimal oversight

. Documentation Skills
. Analytical Skills
. Measurement Skills

The Curriculum

The curriculum will be divided into two major segments. The first segment will be composed of eight
one-week core courses. These courses will be taught at off-site locations and at the Precision Joining Center.
It is anticipated that most students would attend the core courses at a location in or near to their normal
workplace. The second segment will be composed of three two-week courses taught at the Center. These
courses will include considerable hands-on experience with state-of-the-art joining equipment.
Core Courses

The core courses will be as follows:

1. Precision Process Controls and Metrology

2. Welding Process Selection

3. Elements of Welding Metallurgy

4a.  Fusion Welding Parameters and Fusion Zone Profiles

4b.  Solid State Bonding and Brazing Processes

5. Weld Properties, Design, and Defects

6. Weld Testing and Defect Detection

7. Weld Parameter Development and Statistical Process Control

8. Welding Problem Analysis and Technical Communications
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Joining Process Courses

These courses are hands-on courses designed to give the student practical experience with process
control and design. The process course will be subdivided into three categories: arc processes, beam
processes, and non-fusion processes. Each of these categories will have three two-week sessions of classroom
and laboratory work. These hands-on sessions will cover a variety of topics including the following:

Process variables and Controls
Interactive Control Systems
Computerized Joining Systems
Data Acquisition
Support Systems

- Basic Electronics

- Vacuum Systems

- Power Systems

- Servo Mechanisms
g Tooling and Fixturing
. Application of QA Concepts

Certification

As a student progresses through the program permanent records will be maintained. In addition, a
Continuing Educational Unit will be given for each successfully completed course. After completion of the
program, the student will receive a certification of completion. His records will be accessible through the
Precision Joining Center registrar.

SUMMARY
The establishment of the Precision Joining Center will meet several current U.S. industrial needs. It
will provide a mechanism to transfer joining technology between the NWC and private industry. It will help

meet the need for trained joining technologists to operate industrial precision joining processes. And, it will
provide a resource for small and medium size companies in advanced joining systems.
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BIOTECHNOLOGY
(Session A2/Room C1)
Tuesday December 3, 1991
Cooperative Research and Development Opportunities with the National
Cancer Institute
Technologies for the Marketplace from the Centers for Disease Control

Enhancement of Biological Control Agents for Use Against Forest Insect
Pests and Diseases

Use of T7 Polymerase to Direct Expression of Outer Surface Protein A
(OspA) from the Lyme Disease Spriochete, Borrelia burgdorferi
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COOPERATIVE RESEARCH AND DEVELOPMENT OPPORTUNITIES
WITH THE NATIONAL CANCER INSTITUTE

Kathleen Sybert, Ph.D.
Deputy Director
Office of Technology Development
National Cancer Institute
Bethesda, Maryland 20892

ABSTRACT

The Office of Technology Development (OTD) of the National Cancer Institute (NCI) is responsible for negotiating
Cooperative Research and Development Agreements (CRADAs), whereby the knowledge resulting from NCIT
investigators’ government-sponsored research is developed in collaboration with universities and/or industry into
new products of importance for the diagnosis and treatment of cancer and acquired immunodeficiency syndrome
(AIDS). The NCI has recently executed a unique "clinical trials" CRADA and is developing a model agreement
based upon it for the development and commercialization of products for the diagnosis and treatment of cancer and
AIDS. NCI drug screening, preclinical testing, clinical trials, and AIDS program capabilities form the basis for this
new technology development/technology transfer vehicle. NCI's extensive drug screening program and "designer
foods" program serve as potential sources of investigational new drugs (INDs) and cancer preventatives.
Collaborations between NCI and pharmaceutical companies having the facilities, experience, and expertise necessary
to develop INDs into approved drugs available to the public are being encouraged where the companies have
proprietary rights to INDs, or where NCI has proprietary rights to INDs and invites companies to respond to a
collaborator announcement published in the Federal Register. The joint efforts of the NCI and the chosen
collaborator are designed to generate the data necessary to obtain pharmaceutic regulatory approval from the Food
and Drug Administration (FDA) to market the drugs developed, and thereby make them available to health care
providers for the diagnosis and treatment of cancer and AIDS.

INTRODUCTION

The Office of Technology Development is organizationally located in the Office of the Director of the National
Cancer Institute. The National Cancer Institute is one of the thirteen Institutes of the National Institutes of Health.
The National Institutes of Health is a part of the Public Health Service, which in tum is part of the Department of
Health and Human Services.

The mission of the National Institutes of Health is to conduct biomedical and behavioral research into the treatment
and control of disease, to positively benefit the health of the American people. As a main source of funding for
medical research in the United States, the National Institutes of Health is a national resource for the evaluation of
new disease therapies. Historically, the National Cancer Institute has been the most important effector in the
discovery and development of new anticancer agents. More recently, the National Cancer Institute has also played
a leading role in the discovery and development of anti-AIDS agents such as azidothymidine (AZT) and
dideoxyinosine (ddI).

Cancer and AIDS research efforts at the National Cancer Institute are both basic and applied. Basic biomedical and
molecular biology research being conducted include sequencing studies and studies of the molecular actions of drugs
and mutagens. Applied diagnostic and treatment research being conducted includes: methods and materials to detect
early cancer; methods and materials to detect human immunodeficiency virus (HIV) infection; and clinical trials to
determine the efficacy of anti-cancer and anti-AIDS agents.

The Office of Technology Development serves as the National Cancer Institute’s focal point for the implementation

of the laws, policies, rules and regulations related to the implementation of the Federal Technology Transfer Act
of 1986. The Office is responsible for the administration of activities related to collaborative agreements,
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confidentiality agreements, material transfer agreements, inventions, patents, licensing and royalties. Office of
Technology Development staff members provide advice, guidance and assistance to National Cancer Institute
scientists and staff, and review and analyze planned agreements to ensure that they comport with applicable National
Cancer Institute, National Institutes of Health, Public Health Service, and Department of Health and Human Services
policy and procedures.

The Office of Technology Development interacts with several other National Institutes of Health technology transfer
components. Among these are: the Patent Policy Board; the National Institutes of Health Office of Technology
Transfer; the various Institute Technology Development Coordinators; and extramural components, including the
Office of Extramural Programs. The Patent Policy Board oversees the technology transfer program for the Public
Health Service, and makes policy recommendations to Public Health Service agency heads. The Office of
Technology Transfer serves the following centralized functions for the National Institutes of Health: preparation,
filing and prosecution of domestic and foreign patent applications, utilizing the services of its own Patent Branch,
outside contract attorneys, and the National Technical Information Service; marketing and licensing of technology
and inventions, either directly or through the Center for the Utilization of Federal Technology, Department of
Commerce; and drafting of model agreements. Each of the Institutes of the National Institutes of Health has a
Technology Development Coordinator who participates in the interactive stages of patent prosecution and licensing
activities. Two Institutes also have established offices for the transfer of technology. The National Cancer Institute
has established the Office of Technology Development; and the National Institute of Allergy and Infectious Diseases
has established the Technology Transfer Branch. The extramural component includes grants, contracts, cooperative
research and development agreements, informal clinical trial agreements, memoranda of understanding, and
confidentiality agreements; for drug screening and discovery, and clinical trials with private industry. Through the
office of Extramural Programs, grantee institutions report patentable inventions developed using Federal funds, and
communicate the grantees’ decisions regarding the assignment of rights to those inventions.

The Office of Technology Development was established as the result of a series of legislative enactments that were
designed to transfer Federal technology to industry, to state and local governments, and to universities. Among these
legislative enactments are: Federal patent law; the Bayh-Dole Patent and Trademark Act of 1980; the Stevenson-
Wydler Technology Innovation Act of 1980; the Federal Technology Transfer Act of 1986; and Executive Order
125991 of 1987. Federal patent law (35 U. S. C. at §§ 200-212) authorizes the licensing of Govemment-owned
patent rights. Under it, "... Each Federal agency is authorized to ... grant non-exclusive, exclusive, or partially
exclusive licenses under federally owned patent applications, patents, or other forms of protection obtained, royalty-
free or for royalties or other consideration, and on such terms and conditions, including the grant of a license of
the rights of enforcement pursuant to the provisions of chapter 29 of this title as determined appropriate in the public
interest; ... ." The Bayh-Dole Act of 1980 allows nonprofit organizations and small business to retain rights to
inventions (patents) or other intellectual property (trademarks, copyrights) developed under Federal grant or contract
funding. This Act has been amended to allow Federal laboratories operated by nonprofit organizations to similarly
retain intellectual property rights and commercialize Federally sponsored inventions. The Stevenson-Wydler
Technology Innovation Act of 1980 establishes the policy that it is the duty of each Federal laboratory to transfer
Federal technology to industry, to state and local governments, and to universities. However, it was not until the
passage of the Technology Transfer of 1986, that Federal laboratories had effective incentives to encourage both
the Federal scientists and collaborators in the state, local and private sectors to participate and accomplish this goal.

The Federal Technology Transfer Act (15 U.S.C. § 3710, "Utilization of Federal Technology”) of 1986 amended
the Stevenson-Wydler Technology Innovation Act of 1980 to authorized Federal laboratories to enter into
Cooperative Research and Development Agreements (CRADAs), and to grant intellectual property rights in advance
to collaborators for inventions made in whole or in part by Federal employees under the CRADA. The Federal
Technology Transfer Act requires that agencies establish cash award programs for inventors and non-inventors for
their contributions to technology transfer, and that laboratory directors recognize the competitive advantage Congress
intended technology transfer to grant United States business. A 1989 amendment to the Federal Technology Transfer
Act authorizes government-owned, contractor-operated (GOCO) facilities to enter into CRADAS so that technology
developed for the government by private parties can also be transferred. Executive Order 12591 of April 10, 1987,
"Facilitating Access to Science and Technology”, orders Federal laboratories to transfer new knowledge from the
research laboratories to universities and to the private sector (to "privatize” Federal research inventions), assisting
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them in the development of new products and processes, thereby broadening our national technology base, and
strengthening United States manufacturers’ competitive position in the international economic arena.

Legislation is pending that would further enable technology transfer from the Federal sector. Currently, Federal
employees are prohibited from copyrighting any work developed as part of their official duties. Under consideration

is the protection by copyright of computer software and other material developed by Federal employees under a
CRADA.

MODEL COOPERATIVE RESEARCH AND DEVELOPMENT AGREEMENT
AND RELATED POLICY

The National Institutes of Health/Alcohol, Drug Abuse and Mental Health Administration (NTH/ADAMHA) Model
Cooperative Research and Development Agreement is a contractual mechanism for technology transfer, under which
information and materials are exchanged between collaborators. The Articles and Appendices of the
NIH/ADAMHA Model Agreement are as follows, with National Cancer Institute additions indicated:

Article 1. Introduction

Article 2. Definitions

Article 3. Cooperative Research

Article 4. Reports

Article 5. Financial and Staffing Obligations
Article 6. Title to Property

Article 7. Intellectual Property Rights and Applications
Article 8. Licensing

Article 9. Proprietary Rights and Publication*
Article 10. Representations and Warranties**
Article 11. Termination

Article 12. Disputes

Article 13. Liability

Article 14. Miscellaneous

Article 15. Duration of Agreement

Appendix A NIH/ADAMHA Policy Statement on CRADAs and Intellectual Property Licensing
Appendix B Research Plan

Appendix C Financial and Staffing Contributions of the Parties

Appendix D Exceptions or Modifications to this CRADA

* NCI adds "Intellectual Contributions of the Parties” to this Article
ik NCI adds "Potential Patentability of Subject Inventions” to this Article

Several NTH/ADAMHA policy considerations impact upon the terms agreed to by the Government under a CRADA.
National Cancer Institute investigators are free to choose their research topics, provided their choices are consistent
with the mission of the Institute and the program of their particular laboratories. This research freedom cannot be
constrained by the conditions of a CRADA or a related licensing agreement. Nor can the scientists’ participation
in a cooperative research plan restrict his ability to disseminate research results freely in both publications and public
fora. Provision is made for reasonable delays in this dissemination only for the purpose of filing patent
application(s), which filing is, in fact, encouraged.

Under a CRADA there is an exchange between the collaborators of intellectual and/or technical resousces that are
not otherwise reasonably available. Provision is made for personnel, services, facilities and equipment to be
exchanged between the collaborator and the National Cancer Institute. Funds may flow from the collaborator to the

National Cancer Institute; however, in no case may funds flow from the National Cancer Institute to the
collaborator.
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The CRADA collaborator is chosen on the basis of scientific expertise and commercialization capabilities. When
the Government has the intellectual lead, a Federal Register notification may be appropriate. NTH/ADAMHA will
give special consideration to entering into CRADAs with small business firms and consortia involving small business
firms. Further, preference will be given to businesses located in the United States, or which agree to manufacture
substantially in the United States products which embody inventions developed under CRADAs.

Proprietary information may be exchanged and maintained as confidential under a CRADA, since Freedom of
Information does not require the release of "trade secrets and commercial or financial information ... [that] are
privileged and confidential”. Secrecy is routinely maintained under National Cancer Institute drug screening
programs and during the Food and Drug Administration regulatory approval process. Proprietary information under
CRADAs is maintained as confidential as long as is necessary to accomplish the research plan. However, in no case
will secrecy be maintained once an invention has been patented.

The time-limited right to exclude others from making, using, or selling an invention, which is conveyed by a license
is used as an incentive for collaborators to invest in product development under a CRADA. Time-limited options
to negotiate non-exclusive, partially exclusive, or exclusive licenses may be granted in advance to CRADA
collaborators. When granting licenses to inventions developed wholly by NTH/ADAMHA investigators or jointly
with a collaborator under a CRADA, the Government retains a nonexclusive, irrevocable, paid-up license to practice
the invention or to have the invention practiced throughout the world by or on behalf of the U.S. Government. The
Government also requires the grant of a research license for inventions made wholly by a collaborator under a
CRADA. Further, NTH/ADAMHA reserve the right under any license granted to the collaborator, to grant research
licenses to third parties.

Requests for exclusive commercialization licenses must include a development and commercialization plan. After
an exclusive license is granted, reports on progress toward utilization of the invention are required. NTH/ADAMHA
reserves the right to grant several, separate exclusive licenses in various fields of use. Exclusive licenses will have
"best effort” clauses, and may be terminated when a licensee is not actively engaged in an effort to produce product,
or a licensee cannot meet market demand. Exclusive licensees must not unreasonably deny requests for sublicense
in unused fields of use, or requests for cross license rights from future CRADA collaborators when derivative rights
are necessary for a CRADA to go forward, and the exclusive licensee has been given a reasonable opportunity to
be a party to the CRADA.

A pricing clause will be found in every CRADA since policy states that "DHHS has a concern that there be a
reasonable relationship between the pricing of a licensed product, the public investment in that product, and the
health and safety needs of the public. Accordingly, exclusive commercialization licenses granted for NTH/ADAMHA
intellectual property rights may require that this relationship be supported by reasonable evidence.”

COOPERATIVE RESEARCH AND DEVELOPMENT AGREEMENTS
FOR THE CLINICAL DEVELOPMENT OF ANTI-CANCER AND/OR ANTI-AIDS AGENTS

When a compound is discovered or developed by the National Cancer Institute that shows promise as an anti-cancer
or an anti-AIDS agent, the involvement of a private firm is sought, since the National Cancer Institute does not take
drugs to market. The early involvement of a pharmaceutical firm permits substantial cost sharing between the
Government and the private sector, and can speed the commercial availability of effective agents. Industry is asked
to invest its resources to bring an agent from the discovery stage through subsequent development, clinical trials,
regulatory approvals, and ultimately into commercial production. An exclusive license may be granted to the
industrial collaborator in cases where substantial additional risk, time and cost must be undertaken prior to
successful commercialization. An option to negotiate such a license may be granted in advance under a CRADA
for the clinical development of an agent.

Under a CRADA for the clinical development of an agent, national, multicenter clinical trials in various rescarch

settings, and trials in combination with other agents, can be planned and coordinated. Efforts to investigate and
evaluate alternative sources of the agent can also be planned and coordinated.
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In addition to standard CRADA provisions, a CRADA for the clinical development of an anti-cancer or anti-AIDS
agent may also contain terms regarding:

The formation and functioning of a Clinical Research Team, or Steering Committee

Provision for supply of drug up to New Drug Application (NDA) filing, including amounts for
compassionate use

Provision for Investigational New Drug Application (IND) sponsorship, and for cross-referencing of INDs
Summary of completed and ongoing preclinical and clinical testing and data

Provision for data collection

Provision for New Drug Application (NDA) filing

Provision of support staff for Group C distribution

Conveyance of orphan drug status

License of pre-dating compounds or methods of use apart from CRADA

Publication clause: "Nothing shall prevent the timely publication of the results of clinical trials or pre-
clinical research.”

A recently executed example of a CRADA for Clinical Development is one for the clinical development of taxol.
Taxol is a promising new drug for the treatment of refractory ovarian cancer. Taxol was discovered during the NCI-
sponsored screening of extracts of over 35,000 plant species. It is a natural product that is in short supply. In retumn
for the significant financial investment of procuring sufficient taxol for clinical trials, and for exploring alternative
natural and synthetic sources, and for prosecuting the NDA, the collaborator has been given exclusive access to the
clinical data, and conveyance of the orphan drug status that was granted taxol by the FDA. This is an unusual
CRADA, since taxol is not patented, and other companies are, therefore, free to work on taxol, as well as its
analogues.

NCI’S UNIQUE RESEARCH CAPABILITIES

NCI has research capabilities uniquely suited to cooperative research for the clinical development of anticancer and
anti-AIDS agents. NCI has the largest staff and funding among the Institutes of the National Institutes of Health,
and possesses unique capabilities in support of clinical development efforts. NCI’s drug screening and development
programs include acquisition and synthesis of novel compounds, in vitro screening, in vivo assays, preclinical
testing, clinical trials, and AIDS program capabilities.

NCI’s Clinical Therapy Evaluation Program (CTEP), within the Division of Cancer Treatment, is researching the
uses of therapeutic compounds supplied by intramural as well as extramural researchers and pharmaceutical
companies. CTEP designs and implements the development plans for new agents; it files INDs with FDA,
permitting DCT to act as a drug sponsor; and it is responsible for the contracts and cooperative agreements under
which most clinical testing takes place. Through grants, contracts and cooperative agreements, NCI funds a large,
multicenter clinical trials network, including cooperative groups, new drug development contractors, and other
investigators at cancer centers and university hospitals. More than 500 investigators and approximately 500
institutions are involved; and over 100 compounds are currently in various stages of clinical testing.
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NCI oversees the only Government Owned Contractor Operated (GOCO) facility at NIH, at the Frederick Cancer
Research and Development Center (NCI-FCRDC). Five separate NCI-FCRDC contract operations provide: basic
research, operations and technical support, computer services, library services, and animal production. The
following NCI Divisions have intramural, extramural and clinical activities at NCI-FCRDC: the Division of Cancer
Etiology (DCE); the Division of Cancer Treatment (DCT, including the Developmental Therapeutics Program and
Biological Response Modifiers Program); the Division of Cancer Biology, Diagnosis and Centers (DCBDC), and
the Division of Cancer Prevention and Control (DCPC). GOCO contractors at NCI-FCRDC are engaged in basic
research into the causes and biology of cancer, and furnish the following technical support services: support for new
DCT programs for in vitro screening of antitumor and anti-AIDS compounds, including the development of large-
scale natural products extraction capability; support for the Biological Response Modifiers Program’s experimental
clinical trials at a nearby outpatient facility and an inpatient capability located at a local hospital; support for AIDS
vaccine development program efforts at NCI-FCRDC and an outside subcontract network; repositories for cell lines,
natural product compounds, and other research materials; managing the NCI Supercomputer Center, with special
emphasis on mathematical biology in biomedical research.

NCI's Cancer Network includes: Cancer Information Service (CIS), a national toll-free telephone service that
provides immediate answers to cancer-related questions from cancer patients, families, the public, and health
professionals; Cancer Centers, a program of cancer research centers across the country which significantly
contributes to progress in basic research, clinical studies, and cancer prevention and control; Community Clinical
Oncology Program (CCOP), a program affording community physicians and their patients the opportunity to
participate in NCI-approved cancer treatment and cancer prevention and control clinical trials; Physicians Data
Query (PDQ), an on-line computer system that provides state-of-the-art information on cancer detection, diagnosis
and treatment; Cooperative Group Outreach Program (CGOP), designed to increase patient enrollment in clinical
trials and to upgrade the skills of community physicians and other health professionals; Surveillance, Epidemiology,
and End Results (SEER) Program, population-based cancer registries that permit monitoring of cancer incidence,
mortality and survival, and is a key tool for assessing progress against cancer.

RESEARCH INITTATIVES WITHIN THE DIVISIONS OF THE NATIONAL CANCER INSTITUTE

Research initiatives within the Divisions of the National Cancer Institute of interest to potential CRADA
collaborators are as follows. Research initiatives within the Division of Cancer Etiology (DCE) include dietary
mutagen studies, and an investigation of the relationship between human papilloma viruses and cancer risk. Within
the Division of Cancer Biology, Diagnosis and Centers (DCBDC), new discoveries are providing new strategies
for potentially inhibiting cancer invasion metastasis formation and growth. Using a panel of about 60 human tumor
cell lines, the Division of Cancer Treatment (DCT) is routinely screening about 20,000 synthetic compounds and
natural products extracts annually for anticancer activity. Screening of potential anti-AIDS drugs also has been
carried out in HIV-infected cells at a rate of about 20,000 synthetic compounds and natural products extracts
annually. DCT’s research activities also include: clinical strategies to overcome multi-drug resistance; human gene
therapy; clinical development of taxol; adoptive immunotherapy; and tumor suppressor genes.

NCI PRECLINICAL AND CLINICAL TREATMENT RESEARCH EFFORTS

Pharmaceutical industry interactions with NCI for the testing and joint development of agents are possible at all
stages of antitumor screening, preclinical toxicology, and clinical testing.

NCTs preclinical research efforts include new drug discovery through natural product screening and rational drug
design; and the preclinical discovery and development of biological response modifiers, including such research
areas as monoclonal antibodies, cell-mediated cytotoxic therapy, targeting of growth factor oncogenes and tumor-
tumor suppressor genes, and hematopoietic growth factors

NCI’s clinical research efforts include: enhancement of the effectiveness of chemotherapy; immunotherapy; gene
therapy; differentiation therapy; radiation oncology; diagnostic imaging; and clinical trials, including investigational
drug and chemoprevention trials.
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RECENT/CURRENT NATIONAL CANCER INSTITUTE CRADAS

AIDS Vaccine Development: HIV gp160

Generation and Characterization of Monoclonal Antibodies to Carcinoma Associated Antigens
Retroviral-Mediated Transfer for AIDS Therapy

Retroviral-Mediated Gene Transfer into Bone Marrow Cells and T and B Lymphocytes
Research in the Field of Early Detection of Lung Cancer

Evaluation of cDNA Clones Related to Cancer Metastases

Transforming Growth Factor-a/Pseudomonas Exotoxin Hybrid Proteins

Cytokines for Enhancing Drug Delivery and Pharmacologic Action

Clinical Development of Taxol

Interleukin-2/Pseudomonas Exotoxin

Development of Methods for PCR Amplification of DNA Sequences Directly from Clinical Specimens
Human Cytochrome p-450 cDNA Expression and Mutagenesis

Clinical Development of PALA

Testing of Antigens for Improvement of IL-2 Therapy

Immunoglobulin and Immunotoxin Therapeutics for HIV Infections and AIDS

The Function of Two Novel, Inducible Proteins Secreted by Activated T Cells

Novel CD4 Targeted Anti-HIV Agents

Construction of a Multiwell Cell Settling Chamber

AIDS Vaccine

Single Chain Bispecific Antibody

Hair Follicle Cell Biology, Biochemistry and Molecular Biology

Human Papillomavirus (HPV) Infection and Cervical Dysplasia

Development of Nontoxic Aqueous Chemiluminescent Systems for Use in Photodynamic Therapy
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RECENT/CURRENT NCI CRADA COLLABORATORS

Abbott Laboratories/Johns Hopkins University
American Cyanamid Company
Amgen Incorporated
Bristol-Myers Squibb

Cetus Corporation

Creative BioMolecules

Dow Chemical

Genetic Therapy, Inc.

Gentest Corporation
Hoffmann-LaRoche
Immuno-U.S.

Integrated Genetics

Lofstrand Labs .

Merck

Molecular Oncology
Molecular Vaccines

Neuro Probe, Inc.

Sandoz Forschungsinstitut
U.S. Bioscience

Upjohn Company

Virogenetics
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ABSTRACT

The Centers for Discase Control, a Public Health Scrvice agency, is responsible for the prevention
and control of disease and injury. Programs rangc from surveillance and prevention of chronic and infectious
diseases to occupational health and injury control. These programs have produced technologics in a varicty
of fields, including vaccine development, new mcthods of discase diagnosis, and new tools to cnsurc a safer
work environment.

Development of a vaccine against hepatitis A, a common viral illness in day-carc centers, is now
possible due to techniques that produce large quantitics of the viral agent. A rccombinant rabics vaccine
may assist in eradicating wildlife rabies. This vaccine is generated by inserting the rabics gene that clicits
protective antibodies into a mammalian virus that does not produce discase in human beings. Similar
technology has also produced the protein critical to the laboratory diagnosis of rabics, climinating the current
need for using infectious virus. Legionclla species-specific monoclonal antibodies for the detection of
legionellae in environmental samples and clinical specimens have been developed. A rapid method to
diagnose human cysticercosis, a disease caused by consuming contaminated pork, is also availablc for
commercial application. Finally, concern over worker safcty has stimulated development of devices such as
one that controls waste anesthetic gases in veterinary surgical units.

Consistent with the objectives of the Federal Technology Transfer Act, CDC is committed to

transfer these and other technological innovations from the laboratory to the marketplace, so new products
can be available to augment the control and prevention of discasc and injury.
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INTRODUCTION

The C enters for Disease Control (CDC) is one of seven Public Health Service agencies.
Established in 1946, the Communicablc Disease Center, as it was known then, grew out of the Office of
Malaria Control in War Arcas (MCWA) headquartered in Atlanta, Georgia. From its early work with state
and local health officials to fight infectious diseases, CDC has grown into five centers/institutes. CDC has
become a leader in:

1. prevention of disease, disability, and premature death
caused by infectious and chronic diseases;

2. injury or disease associated with environmental, home,
and workplace hazards; and

3. controllable risk factors such as poor nutrition,
smoking, lack of exercise, high blood pressure, stress,
and drug misuse.

As you know, in 1986, Congress passed the Federal Technology Transfer Act of 1986 (FTTA-86) to
improve the link between the Federal laboratories’ technology base and U S. businesses. This law and
related legislation authorized Federal laboratories to patent and exclusively license inventions to, and
collaborate with, businesses on research and development. Until 1986, the principal methods used by CDC
to transfer technology outside the Government were training, education, and information dissemination; CDC
scientists presented information about technological developments in papers and at professional meetings and
trained other scientists in new technologics.

In 1988 CDC established the Technology Transfer Office (TTO). TTO staff are responsible for the
patenting and licensing of CDC inventions and, with CDC’s Office of General Counsel (OGC), negotiating
the language and licenses of the Center’s Cooperative Research and Development Agreements (CRADAs),
Biological Materials Licensing Agrecments (BMLAs), and Materials Transfer Agreements (MTAs).
Additionally, the TTO staff develop technology transfer training material, and conduct and sponsor seminars
to educate and update CDC’s scientific community on technology transfer issues. We also actively participate
in the local biomedical/biotechnical community through our membership in the Clifton Corridor Council
(CCC). The CCC, a Georgia-based non-profit organization, was founded in 1989 to promote Georgia’s
biomedical research institutions and to attract biotech companies to our state. Some of CCC’s 34
institutional members are the American Cancer Society, Emory University School of Medicine, Georgia
Institute of Technology, Morchouse School of Medicine, and the Medical College of Georgia. In addition,
the CCC has more than 100 corporate and numerous individual members.

CDC’s TTO staff have developed a technology licensing document highlighting our patented and
patent-pending licensable technologies. This document is updated frequently and includes a statement on
CDC’s CRADA policy, as well as a model BMLA. Additionally, the CCC has put together a licensable
technologies document, featuring available technologies from its member institutions. Both documents are
available at our exhibit booth.

The Office of Technology Transfer (OTT), National Institutes of Health (NIH), coordinates the
technology transfer activity for the PHS agencics, including NIH; the Alcohol, Drug, and Mental Health
Administration (ADAMHA); the Food and Drug Administration (FDA); and CDC. As a part of their PHS-
wide effort to offer "one-stop-shopping,” OTT packages related groups of patented and patent-pending
inventions from PHS laboratories, thus allowing licensing of complementary or interrelated technologies.
OTT’s profiles database is a mechanism whereby companies desiring to be contacted about new PHS
inventions as they become available can share information about their corporate interests. Additionally,
PHS-OTTO (Office of Technology Transfer On-Line) is a computer database providing modem access to
data that can be copied into the user’s own computer files. This electronic bulletin board includes
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descriptions of patents and patent applications available for licensing and brief descriptions of existing
CRADAs. Names and telephone numbers of PHS scientists interested in CRADAs and their individual
areas of expertise are highlighted. Also included are directories of PHS resource people, forum and
conference announcements, model technology transfer agreements, and technology transfer guidelines.
Standardization of documents used by PHS agencies has further contributed to the one-stop-shopping
concept. By easing the transfer of technology into the marketplace, OTT’s efforts benefit not only public
health, but the U.S. economy as well.

From implementation of FTTA-86 through September 1991, CDC has processed more than 100
employee invention disclosures resulting in 44 filed patent applications and 3 issued patents. CDC currently
has 27 active CRADAs and has negotiated 24 BMLAs. Combined income from these activities has been
significant.

A sample of the technologics developed by CDC and available for licensing follow; they span the
realm of infectious disease diagnostics and vaccine candidates to worker health and safety devices. Many
other technologies are available or are in development; these eight examples have been selected to show the
range and variety available from CDC. '

1. A number of promising technologies associated with hepatitis A (HAV) vaccine development and
diagnosis have been generated at CDC. Among other qualities, efficient yields of large quantities of
hepatitis A virus are needed for the commercial development of vaccines and diagnostic tests for the
disease. A vaccine candidate HAV strain can now be collected in appropriately large volumes.

2. An hepatitis A virus found in cynomolgus monkeys appears to be nonpathogenic for humans.
Studies with this strain indicate that low-level infections characterized by minimal virus shedding may
occur. Thus, this virus could be used for an "infection permissive” vaccine, resulting in the induction
of lifelong immunity, no clinical illness, and very little shedding of virus into the environment.

3. A new, rapid, and sensitive diagnostic test to detect hepatitis A is now available. The test uses
specific primers and the polymerase chain reaction (PCR) to detect hepatitis A in serum, food, or
environmental samples.

4. An oral rabies recombinant vaccine has been developed using raccoon poxvirus as the expression
vector. The vaccine confers protection against rabies to a number of wild and domestic animals.
Because humans are not a natural host for raccoon poxvirus, other veterinary vaccines have been
produced using this expression vector system.

5. Recombinant rabies N protein produced by the baculovirus expression vector system offers a safe
substitute for infectious rabies virus now used in the direct immunofluorescent test to diagnose
rabies. The protein can be used as an immunogen to produce antisera and as adsorbent material for
a specificity control reagent. It may also have value in the development of rabies vaccines.

6. A set of three monoclonal antibodies has been developed that, alone or in combination, react
specifically with a protein found in all Legionella. These antibodies do not react with bacteria from
other genera and can be used as reagents to detect Legionella in environmental samples and clinical
specimens. ‘

7. Antibodies to Taenia solium directed against one of seven diagnostic larval antigens can be
detected in serum or cerebrospinal fluid by an immunoblot assay. This test is useful in the diagnosis

of active cases of neurological disease caused by the organism.

8. An example of a device available for licensing is one that enables removal of 95% of the waste
anesthetic gases associated with small veterinary surgical units. These harmful substances are
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removed by a relatively compact cartridge containing activated charcoal connected to a conventional
anesthetic administration system. Gases of vaporized anesthetic substances are selectively directed
through the activated charcoal without the need for motors, blowers, or other powered devices.

SUMMARY

CDC has made substantial, rapid progress in implementing provisions of the technology transfer
legislation. CDC’s achievement in this regard is significant, both because of what has been accomplished,
and because of the opportunities offered by future activity. Three of CDC's five centers/institutes are active
participants in technology transfer. Continuing education of CDC investigators in the technology transfer
process, combined with their desire to control and prevent discase and injury offer fertile ground for
additional collaborative research and the development of patentable technologies. NIH experts in the areas
of patent and license execution have made CDC’s task easier with a staff of patent and licensing portfolio
managers who coordinate like technologies from participating PHS laboratories for licensing purposes.
Electronic bulletin boards, computerized databases, licensing documents, and conferences, both at CDC and
'OTT, are additional tools being used to expedite the transfer of technology.

The technologies presented today represent a growing commitment by CDC to put into practical use

those inventions developed by its scientific and engincering staff to help ensurc a better quality of life
through more accessible health care products and processes.
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ABSTRACT

Research and development efforts in our research group are focused on the generation of more efficacious
biological control agents through the techniques of biotechnology for use against forest insect pests and discases.
Effective biological controls for the gypsy moth and for tree fungal wilt pathogens are under development. The
successful use of Gypchek, a formulation of the Lymantria dispar nuclear polyhedrosis virus (LANPV), in gypsy
moth control programs has generated considerable interest in that agent. As a consequence of its specificity,
LdNPV has negligible adverse ecological impacts compared to most gypsy moth control agents. However,
LdNPYV is not competitive with other control agents in terms of cost and efficacy. We are investigating several
parameters of LANPV replication and polyhedra production in order to enhance viral potency and efficacy thus
mitigating the current disadvantages of LANPYV for gypsy moth control, and have identified LANPYV variants that
will facilitate these efforts. Tree endophytic bacteria that synthesize antifungal compounds have been identificd
and an antibiotic compound from one of these bacteria has been characterized. The feasibility of developing tree
endophytes as biological control agents for tree vascular fungal pathogens is being investigated.

INTRODUCTION

Chemical pesticides and fungicides are the preferred control agents for forest insect pests and fungal diseases.
In excess of 350 billion pounds of these agents are used annually in the United States to control pests and
diseases in forestry, agriculture, and in residential areas. Rachel Carson’s Silent Spring, focused widespread
attention on the environmental hazards linked to pesticide use. Broad spectrum insecticides and fungicides have
adverse impacts not only on their target organisms but also on beneficial insects and fungi, and consequently on
the entire ecosystem. In addition, chemical residues may cause health problems among the human population.
Interest in biological insect and fungal control agents is growing as a consequence of these concerns regarding
chemical pesticide use. A number of bacteria synthesize antifungal compounds, and over 1500 microorganisms
or microbial products have been identified that are insecticidal. Generally, natural control agents have little
adverse ecological impacts due to their specificity for the target host. Long term environmental hazards and
health concerns are not a factor with biological control agents since chemical residues are not present.
Unfortunately, biological control agents suffer from several disadvantages in comparison to chemical pesticides,
including cost of production, efficacy, and stability. The techniques of biotechnology offer a means of mitigating
some of the disadvantages inherent in biological control agents. Efforts in our research work unit focus on the
enhancement of an insect virus and a bacteria for control of a defoliating moth and fungal tree pathogens.

GYPSY MOTH CONTROL THROUGH AN INSECT VIRUS

The Lymantria dispar nuclear polyhedrosis virus (LANPV), which is pathogenic to Lymantria dispar, the
gypsy moth, was selected as a model system for the enhancement of a biological control agent for a forest insect
pest. The gypsy moth was imported from Europe into North America near Boston in 1869. Since then the arca
of gypsy moth infestation has increased to include almost the entire New England area, New York, Delaware,
Maryland, New Jersey, Pennsylvania, Virginia, West Virginia, Ohio, and Michigan (1). Several chemical
insecticides have been used for gypsy moth control, including DDT which was one of thc most effective.
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Undcrstanding of the cnvironmental impacts of DDT and other chemical insecticides caused a shift to the use
of primarily Dimilin and Bacillus thuringiensis (Bt) for current gypsy moth control efforts. LANPV has the
significant advantage over other control agents of specificity for the gypsy moth. Consequently, LANPV is the
agent of choice for use in environmentally sensitive areas. LANPYV is not used extensively for gypsy moth control
primarily as a consequence of high production costs and low efficacy. Efforts are being made to mitigate these
problems inherent in LANPV by gencrating viral strains that are competitive in terms of cost and efficacy with
othcr gypsy moth control agents.

LdANPYV replication and production for field use.

Two forms of LANPV arc produced during viral replication, occluded and nonoccluded virus (2). Early after
infcction nonoccluded virus is produced that leaves the cell and is responsible for secondary infections within the
hemocoel of the host insect. A different form of virus is produced late in infection that is occluded into a protein
matrix composed primarily of a viral encoded protein termed polyhedrin. These structures, approximately 1 to
3 micrometers in diameter and polyhedral in shape, are termed polyhedral occlusion bodies or polyhedra.
Nucleocapsids within polyhedra are protected from most environmental conditions with the exception of
ultraviolet light. Virus is applied through sprayers in the field in the form of polyhedra, which are ingested by
gypsy moth larvae feeding on trec foliage. Once within the alkaline environment of the insect midgut, polyhedra
dissolve, releasing nucleocapsids which infect the insect midgut cells thereby initiating the infection process.

LANPV is currently produced in gypsy moth larvae at a cost of approximately $30.00 for enough polyhedra
to treat an acre of forest. Production is the most expensive component inherent in the use of LANPV.
Limitations exist in increasing the efficiency of production of polyhedra in larvae. Efforts to produce polyhedra
in ccll culture systems are being made to generate a more economical production methodology. In comparison,
production costs of Dimilin and Bt are approximately $3.00 per acre equivalent. LANPV
can be made cost compeltitive by cither increasing viral potency, thereby allowing treatment with fewer polyhedra
per acre, or decreasing production costs. We have initiated investigations to gain an understanding of polyhedra
production and the molecular basis for viral potency with the goal of enhancing polyhedra production in cell
culture and viral potency.

Enhancement of LANPYV polyhedra production and potency.

A LdNPV variant has been identified that differs from wild type virus in several characteristics, including
polyhcdra production and potency (3). This variant, isolate 5-6, was isolated after approximately twenty passages
in cell culture (in Lymantria dispar 652Y cells, 4). In comparison to wild type LANPV (isolate A21), isolate 5-6
produces fewer polyhedra both in cell culture and in vivg (Table 1).

Tablc 1. Polyhedra production in fourth instar gypsy moth larvae and in 652Y cells.

[solate  Polyhedra/larvae  Polyhedra/652Y cell

5-6 8.6 x 107 44 + 09

A21 2.1x10° 51.0 + 6.0

The relative number of virions present within polyhedra synthesized by these isolates was investigated.
Polyhedra were produced in gypsy moth larvac and prepared for examination by electron microscopy. Polyhedra
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were sectioned, and the number of virions present in cross sections was quantified by counting and expressed
as the number of virions per square micrometer of polyhedra cross section surface area (Table 2). Polyhedra
produced by isolate 5-6 were found to be almost devoid of occluded nucleocapsids. The relative potency of
LANPV isolates 5-6 and A21 were examined through bioassay in second instar gypsy moth larvae (Table 3).
Isolate 5-6 was found to exhibit very low potency in comparison to isolate A21.

Table 2. Number of virions present within cross sections of polyhedra produced by isolates 5-6 and A21 in fourth
instar gypsy moth larvae.

# of Polyhedra Average Diameter Total Number Number of Virions

Cross Sections  of Polyhedra of Virions Per Square
Isolate Examined Cross Sections Counted Micrometer
5-6 59 1.4 um 14 0.13
A21 25 2.0 um 941 122+ 55

Production of few polyhedra, few virions occluded within polyhedra, and extremely low potency are traits
exhibited by few polyhedra (FP) viral variants. FP variants have been identified in a number of baculovirus
species (4), and have been found to arise during in vitro viral replication as a consequence of insertion of DNA
sequences into preferential locations in the viral genome. FP mutations are generated with a high frequency
during passage in cell culture, which places limitations on production of polyhedra in cell culture systems.
Current investigations on isolate 5-6 are directed to an understanding of the molecular basis that gives rise to
the FP phenotype. Once this is understood, a means of increasing the number of virions occluded into polyhedra
may be devised which could enhance potency. In addition, if preferential DNA insertion sites exist that give rise
to the FP phenotype, site directed mutagenesis could be used to create a viral strain lacking these sites which
would preclude the genesis of the FP mutant. This viral strain would enhance cost effective polyhedra production
in cell culture systems.

Table 3. Lethal Concentrations of A2-1, 5-6, and LDP 226 for second instar
gypsy moth larvae.

Isolate  LCqo(95%FL)? LCyy(95%FL) Slope®  PR®

A2-1 9.90(7.29-13.47) 29.67(20.80-49.6) 268 + 035 094
5-6 > 7400 - - <0.0013

LDP 226 9.31(6.46-13.50) 48.61(30.37-97.42) 179+ 023 -

a Polyhedra/ml diet X 103, FL= fiducial limits.
b + SEM.
¢ Potency ratio = LCsy LDP 226/1LCq isolate.
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Enhancement of LANPV polyhedra production in cell culture.

Another characteristic of in vitrg viral replication under study is the decrease in polyhedra production that
occurs with viral passage. Cells in culture infected with nonoccluded virus isolated from hemolymph of virally
infected gypsy moth larvae were found to produce the greatest number of polyhedra per infected cell (Table 4).
After several passages in cell culture, the number of polyhedra produced per cell dropped approximately 3 fold.
This observation has also been noted during the passage of other baculoviruses in ccll culture, and appears not
to be related to FP viral mutations. The basis for the observed decrease in polyhedra production is under
investigation. A recently discovered LANPV variant, MPV, may aid in the investigation of this characteristic.
This isolate was obtained during passage of isolate A21 in cell culture, and was found to maintain a high level
of polyhedra production after several passages in cell culture (Table 4). In addition, infection of cells with isolate
MPV generates a greater percentage of cells containing polyhedra in comparison to isolate A21. Restriction
endonuclease analysis of the genome of isolate MPV is being performed to determine if this isolate was
generated by mutation of isolate A21. The economics of polyhedra production in cell culture would be enhanced
if a means of maintaining a high level of polyhedra production over repeated passages could be devised.

Table 4. Polyhedra production in 652Y cells.

1st Passage Polyhedra Production
Production Per Cell After More Percentage of Cells

Isolate per Cell than 5 Passages Containing Polyhedra
A21 510 38.0
A21 ' 14.7 343
MPV 879 90.0

Identification of LANPV genotypic varlants exhibiting a range of potencies.

The identification and analysis of viral isolates exhibiting a range of biological activity may lead to a means
of enhancing potency through a natural viral characteristic. Several LANPV isolates were obtained from
Gypchek, an LANPYV product currently used for control of the gypsy moth. Viral lines were generated through
infection of gypsy moth larvae with amounts of polyhedra that result in from 5 to 10% larval mortality (6). At
this mortality level, there is a high probability of generating an infection by a single virion or virion bundle which
would generate a population of virus with one or a limited number of genotypes. The degree of genotypic
heterogeneity in the LANPV isolates was assessed by analysis of restriction endonuclease fragment
polymorphisms after genomic restriction endonuclease digestion with the enzyme Bgl I. Gypchek was found
to be composed of a number of LANPV genotypes as evidenced by the identification of twenty-two genotypic
variants. These variants were grouped into classes on the basis of similarities in the number and length of
genomic fragments generated by digestion with the restriction enzyme Bgl II (Table 5).

The biological activity of some of the LANPYV isolates described above were determined through bioassay
in gypsy moth larvae. The isolates were found to exhibit a range of potencies in relation to Gypchek, which was
used as a standard (Table 6). Several of these isolates were selected for further studies designed to elucidate
the basis for observed potency differences.
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Table 5. Grouping of Variants According to Similarities in Genomic Bgl II restriction Patterns.

II

ITI

v

VIl

# Of
Isolates Fragments

151 20
A2l

201 18-20
203

201-1

203-1

203-2

203-8

203-10

m 20
163-3

141-2

123 19-20

121 19
122

141

163

B21

B21-2

131

1211 19

162 20

# Of
Matching

Fragments
17

13

17

16

35

Genomic

Size

162.05
162.1

164.6
164.65
164.2
163.5
163.1
163.15
164.55
162.0
161.8
162.0

160.3

161.6
161.5
161.7
161.8
161.7
161.7
161.7

164.5

163.6



Table 6. Relative potencies'of viral isolates.

ISOLATE LCsy(LIMITS)?

203
A21
201
111
163
121

151
123
141
B21
131

1.5 (1.0-22)
9.9 (7.3-13.5)
59 (39-88)
88 (63-12.3)
37 (2.2- 6.0)
12.4 (89-17.3)
89 (6.0-13.3)
77 (5.1-11.4)
15.6(10.6-23.1)
33.8(23.0-50.0)
21.8 (9.9-43.4)
35.3(17.9-69.9)

LCgy(LIMITS)?

69 (44-141)
297 (208- 49.6)
434 (25.7- 958)
357 (23.5- 67.0)
613 (32.3- 155.4)
485 (322- 89.9)
486 (333- 103.8)
528 (32.0- 10822)
1023 (61.7- 212.7)
216.1 (130.9- 444.8)
277.1 (117.6-1132.4)
648.9 (270.6-2606.3)

1.9 (0.3)
2.7 (0.4)
1.5 (0.2)
2.1 (0.3)
1.1 (0.1)
2.2 (0.3)
18 (02)
15 (0.2)
16 (0.2)
16 (0.2)
12 (0.1)
1.0 (0.1)

44
0.9
18
11
3.0
08
1.0
12
0.6
03
03
03

SLOPE (SEM) PRg> PRy

4.6
20
15
1.5
11
11
1.0
0.9
0.5
0.2
0.1
01

1. IN VIVO BIOASSAY IN 2ND INSTAR GYPSY MOTH LARVAE

2. POLYHEDRAL INCLUSION BODIES x 10° / ML DIET

3. RATIO OF LCsy STANDARD TO LCs, ISOLATE

4. RATIO OF LCy, STANDARD TO LGy, ISOLATE

5. STANDARD GYPCHEK PREPARATION

Enhancement of LANPYV efficacy.

Another disadvantage of LANPV in comparison to chemical pesticides is that the virus requires from
approximately 10 to 14 days to kil its host. During this time period, the virally infected larvae continue to feed,
causing defoliation. Alterations to the virus that would either enhance viral killing speed or cause feeding
cessation would provide greater protection to tree foliage. The efficacy of the Autographa californica nuclear
polyhedrosis has been enhanced through the insertion of neurotoxin genes from the straw itch mite Pyemotes
tritici (7) and the scorpion Androctonus australis (8) into the viral genome. In both of these cases, insects
infected with the recombinant viruses died in less time compared to insects infected with wild type virus. The
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neurotoxin genes from P. tritici and A. australis will be inserted into the LANPV genome and the efficacy of the
recombinant viruses assessed through bioassay.

Through the approaches described in the previous sections, it is anticipated that LANPV strains will be
developed with enhanced control properties that mitigate current disadvantages of LANPV for gypsy moth
control, providing an ecologically sound control agent with commercialization feasibility.

CONTROL OF FUNGAL VASCULAR WILT TREE PATHOGENS

The fungal vascular wilt pathogens Qphiostoma ulmi and Cryphonectria parasitica have decimated American
elm and chestnut trees in North America. Chemical fungicides have proven effective in control of these fungal

pathogens when administered through injection. This labor intensive and expensive control strategy is acceptable
on a limited basis, but is not feasible for treatment in a forest setting. Treatment of tree fungal pathogens is
especially difficult due to the need for delivering the control agent to the vascular system of the tree, thus
precluding aerial application methods.

As an alternative to chemical fungicides, the feasibility of using host tree bacterial endophytes is being
assessed. Strains of Bacillys and Psgudomonas bacteria that synthesis antifungal compounds have been isolated
from tree vascular systems. The structure and activity of an antibiotic of the iturin group has been characterized
that is produced by B. subtilis (9,10). This antibiotic is effective against Q. ulmi and C. parasiticg in in vitro
assays. If the bacteria is to provide effective fungal control either the concentration of B. subtilis resident in the
xylem of the tree and/or the amount of the antibiotic produced by the bacteria need to be increased. Whether
this is possible remains to be determined. Recent studies on control of fungal wilt pathogens by Pseudomonad
species suggests that an elicitation of natural tree defense mechanisms was the primary determinant in
overcoming fungal infection (11, R. Scheffer, personal communication). These results highlight the complex
fungal-host tree interactions that occur upon infections, and suggest the need for obtaining a better understanding
of these interactions. Additional research may lead to the development of efficacious and cost effective controls
for tree vascular wilt pathogens that can be used in a forest setting.
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ABSTRACT

The ospA gene from a North American strain of the Lyme disease Spirochete, Borrelia burgdorferi, has
been cloned under the control of transcription and translation signals from bacteriophage T7. Full-length OspA
protein, a 273 amino acid (31kD) lipoprotein, is expressed poorly in Escherichia coli and is associated with the
insoluble membrane fraction. In contrast, a truncated form of OspA lacking the amino-terminal signal sequence
which normally would direct localization of the protein to the outer membrane is expressed at very high levels
(= 100mg /liter) and is soluble. The truncated protein has been purified to homogeneity and is being tested to
see if it will be useful as an immunogen in a vaccine against Lyme disease. Circular dichroism and fluorescence
spectroscopy has been used to characterize the secondary structure and study conformational changes in the
protein. Studies underway with other surface proteins from B. burgdorferi and a related spirochete, B. hermsii,
which causes relapsing fever, leads us to conclude that a strategy similar to that used to express the truncated
OspA can provide a facile method for producing variations of Borrelia lipoproteins which are highly expressed
in E. coli and soluble without exposure to detergents.

INTRODUCTION

Lyme disease is caused by the spirochete Borrelia burgdorferi and this complex disorder is the most
common vector-borne infection in the USA. Specific diagnostic tests and ultimately a vaccine for Lyme disease
are of major importance. In this regard, the outer surface lipoproteins (OspA and OspB) are of interest because
they are unique to B. burgdorferi and not shared with other Borrelia or spirochetes. These proteins are highly
immunogenic in experimental animals, however, the antibody response to these antigens occurs late in the course
of natural infection and only in a small minority of patients (<5%) [1-3]. While the exact functions of these
proteins are unknown, Osp-enriched fractions have been utilized as immunodiagnostics for late disease and in
the design of "selective Westerns". The genes for these two proteins (osp4 & ospB) are encoded in tandem in
a 2KB stretch of a 49 kB linear plasmid separated one from the other by only 12 base pairs and co-transcribed
from the same promoter [4, 5]. The deduced amino acid sequences of OspA and OspB begin with N-terminal
sequences believed to constitute signal sequences which normally direct localization of the protein products to
the spirochetes outer membrane.

We have chosen OspA as a model system for studying expression of B. burgdorferi proteins, particularly
surface proteins, in E. coli. These proteins most likely affect the antigenicity, immunological reactivity, host cell
interactions of the spirochete, invasion of the host, and development of symptoms; information about these
proteins is expected to be useful in the diagnosis, treatment and prevention of the disease. Our goal is to use
recombinant DNA techniques to overexpress these proteins to standardize immunoassays and other diagnostic
screening tests and to serve as potential antigens for a vaccine.

METHODS
T7/pET m
B. burgdorferi OspA protein was expresscd using the T7/pET expression system developed at

Brookhaven [6] in which the RNA polymerase of bacteriophage T7 is used to drive transcription of a cloned
target sequence. Bacteriophage T7 RNA polymerase is a single-polypeptide enzyme that is highly selective for
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specific promoters that are rarely encountered in DNA unrelated to T7 DNA. Efficient termination signals are
also rarc, so that T7 RNA polymerase is able to make complete transcripts of almost any DNA that is placed
under control of a T7 promoter. A very active enzyme, T7 RNA polymerase elongates chains about five times
faster than docs Escherichia coli RNA polymerase. These propertics, together with the availability of the cloned
gene have been exploited as the basis of expression systems in E. coli and other cell types, including mammalian
and yeast cclls.

Target genes arc cloned in pET plasmids downstream from a strong T7 promoter and adjacent to
cfficient translational initiation signals from the phage. A host strain containing a chromosomal copy of the gene
for T7 RNA polymcrasc under control of the IPTG-inducible JacUVS5 promoter is used for protein production.
The T7 polymerase is so selective and active that, after IPTG induction, almost all of the cell’s resources are
converted to target gene expression; after a few hours, the desired protein product can constitute more than 50%
of the total cell protein. The host strain we use, BL21(DE3)/pLysS, also contains a plasmid which specifies low
Ievels of T7 lysozyme, a natural inhibitor of T7 RNA polymerase. In uninduced cells, lysozyme reduces the basal
activity of the T7 RNA polymerase and increases the range of target genes that can be stably maintained in the
expression host. We used a pET vector, pET9 that has a kan gene, conferring resistance to the antibiotic
kanamycin, as the selectable marker instead of the more commonly used pET vectors with a gene conferring
resistance to ampicillin, bla. Ampicillin is not used during growth, so ampicilloyl-target protein conjugates cannot
be formed. Such conjugates would complicate projected immunological studies [7]. The host E. coli strain,
BL21, lacks the ompT outer membrane protease that can degrade proteins during purification [8], and it is
deficient in the lon protease that can degrade recombinant proteins as they are being synthesized [9].

Polymerase Chain Reaction

Polymerase chain reaction (PCR) technology [10] has made cloning of genes into the pET vectors
efficient and straightforward. Not only does PCR permit targeted amplification of specific DNA sequences
starting with very small quantities of template, but also it provides an efficient means to fuse signals, such as new,
unique restriction sites, to the 5" and 3’ ends of a target sequence. Synthetic oligonucleotide primers are designed
to be complementary to a limited portion, typically about 15 nucleotides, at each end of the target sequence and
to include the desired restriction enzyme recognition sequences near their 5’- ends. During amplification the
DNA sequences of the primers are incorporated into the product, thereby, allowing new sequence information
in the 5’ ends of the primers to be fused to the target sequence. After cutting with the appropriate restriction
endonuclease, the resulting amplificd DNA is ready for inscrtion directly into the pET expression plasmid. The
natural ATG initiation codon in the vector is part of an Ndel site (CAITATG), so coding sequences are easily
inscrted directly at the initiation codon by including an appropriately positioned Ndel site in the forward PCR
primer. Other vectors in the pET set have an Ncol site (CICATGG) at their initiation codon in case the target
gene has an Ndel site(s) in its scquence. PCR-mediated cloning also can be used to split a gene into regions
that code for individual domains and antigenic epitopes and these segments can be expressed individually to
climinate cross-reacting antigenic domains. It is important to note that PCR amplification can be used to
climinate endogenous B. burgdorferi promoter signals in front of a protein coding sequence. In all likelihood
these prokaryotic promoters would be recognized by the host polymerase and the plasmids containing them
would be unstable due to significant levels of basal transcription of the foreign gene by E. coli RNA polymerase.
Too high a level of unregulated basal expression probably explains why Isaacs and Radolf [11] were unable to
clone the cndoflagellar sheath protein gene from a related spirochete, Treponema pallidum, in E. coli if they
included the native promoter in front of the coding sequence.

RESULTS

We have used two sequence specific sets of oligonucleotide primers to amplify and clone related forms
of the ospA gene under the control of transcription and translation signals from T7 [12]. One set allowed the
entire ospA sequence to be cloned, while the other primed amplification of a truncated form of ospA4 lacking
the first 17 codons specified by the wild-type structural gene, i.e. the residues believed to act as a signal sequence
to dircct association of OspA with the Borrelia membrane. On the basis of its similarity with E. coli signal
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sequences it seemed possible that the full-length OspA protein would be lipidated in E. coli and become
membrane associated. Typically such proteins have poor solubility properties and consequently detergents are
required to solubilize them.

The recombinant version of the full-length osp4 gene was expressed at a low level, a few % of the total
protein, even when the coding sequence was placed under control of the strong transcription and translation
signals from bacteriophage T7 in the pET vector. The low level of expression presumably is due to the
accumulated toxic effects of OspA protein localizing at the E. coli cell membrane during expression and, as
expected, the full-length protein remains associated with the insoluble E. coli membrane fraction unless
solubilized by detergents. In contrast, the truncated form of the OspA protein lacking the 17 amino acid long
signal sequence is expressed at very high levels, greater than 50% of the total protein, and it is highly soluble.
We have developed an efficient procedure for purifying large amounts of recombinant OspA to homogeneity;
more than 100 mg of protein can be obtained from 1 liter of induced cells. The recombinant OspA is highly
soluble in aqueous solution (> 50 mg/ml) and it elutes from a gel filtration column as a monomer under
nondenaturing conditions. The molar extinction coefficient at 280 nm of purified OspA has been determined,
simplifying quantitation in immunological testing.

The recombinant protein begins with two amino acids from the vector (Met Ala) fused in frame to
Lysine18 of the OspA sequence. Amino-terminal sequencing of purified protein demonstrates that the first
methionine residue is removed, therefore, the recombinant protein is referred to as OspA-257. Western blotting
demonstrated that, although the OspA-257 protein is missing a lipidated N-terminus, it still reacts with antibodies
present in the synovial fluid of a patient with Lyme-induced arthritis and is recognized by a variety of polyclonal
and monoclonal antibodies raised against whole B. burgdorferi cells. Thus, it seems highly likely that the protein
will be useful in immunochemical analysis for detection of Lyme disease.

We of course would like to know the three-dimensional structure of OspA since such information would
assist in elucidation of antigenic sites and eventually may lead to development of a peptide-based vaccine. X-ray
diffraction is still the only method for determining the exact three-dimensional structure of proteins in the size
range of OspA and attempts to crystallize OspA are in progress. In lieu of a crystal structure, we are using other
methods to characterize the structure of OspA such as circular dichroism (CD) spectroscopy. Unlike X-ray
diffraction, CD can be applied to proteins in solution, under physiological conditions. Each type of sccondary
structure is characterized by a distinctive CD spectrum, and recent work by Johnson [13] showed that when CD
spectra of proteins are extended below 200 nm to 178 nm, five types of secondary structure can be predicted with
accuracy comparable to X-ray diffraction: a-helix, anti-parallel B-sheet, parallel B-sheet, B-turns (all types) and
aperiodic structures (including random coil).

We used the CD spectrometer at the National Synchrotron Light Source at BNL to measure the CD
spectra of OspA to wavelengths as short as 175 nm; conventional CD spectrometers measure spectra reliably in
the wavelength region > 200 nm. The spectra were analyzed with a computer program supplied by C.W,
Johnson, Jr. This algorithm uses matrix techniques (singular value decomposition) and statistical procedures
(variable selection) to fit the CD spectra of the protein to a linear combination of orthogonal CD spectra derived
from a library of reference proteins, whose secondary structures are known from X-ray diffraction. The results
[14] show that OspA contains mostly B-sheet (27% anti-parallel, 9% parallel) configurations, B-turn (21%), and
random coil (34%), but little a-helix (11%). These values are quite different from those obtained using purely
predictive methods based solely on the amino acid sequence of OspA, which predict a much higher percent of
a-helix than is present (Table 1).
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Type of structure %
Description of
Method a-helix B-all others
types
UV-CD (our work) 1111 5712 34:1
PCGene | 4 22 (21) 54 (52)
Chou-Fasman 45 (40) 28 (34) 27 (26)
Garnier-Robson 54 (53) 17 (18) 29 (29)

* (predicted values for full-length, unprocessed OspA)
TABLE 1.

We have also used steady-state and time-resolved fluorescence to investigate the static and dynamic
aspects of OspA conformation. OspA contains a single tryptophan residue at position 200 (residue 216 in the
full-length protein). Tryptophan can be selectively excited at wavelengths > 295 nm and its fluorescence emission
is particularly sensitive to the local environment. The fluorescence signal provides a probe for changes in protein
conformation since changes in protein conformation are expected to cause changes in the environment of
tryptophan. The emission peak (330 nm) of OspA and its response to various ionic and nonionic quenchers
indicate that Trp200 is buried within the native protein in a relatively hydrophobic environment. Trp200 is
completely exposed to the solvent, as expected for a random coil, when OspA is denatured by high temperature
(= 80°C) or guanidine.

Both CD and fluorescence measurements reveal that the native conformation of OspA is highly stable;
no significant changes are seen from pH 3-11, and the protein is stable at low and high salt concentrations. The
protein returns to its native state, as reflected by CD and fluorescence measurements, after being held at 100°C
for up to 10 min. Interestingly, the OspA-257 protein is exceptionally resistant to digestion by trypsin and human
plasmin, even though it is rich in lysine residues (16 mol %) which are distributed rather uniformly throughout
the protein, but it is extremely susceptible to proteinase K.

The same strategy used to clone ospA was used to clone recombinant versions of ospB directly into a
pET vector with similar results i.e. the full-length lipidated protem is poorly expressed while its truncated
counterpart is overproduced!. The truncated OspB protein is currently being characterized by CD and
fluorescence; it also has a single tryptophan.

In a related spirochete, B. hermsii, antigenic variation is the consequence of sequential expression of
genes for a set of variable outer surface proteins known as Vmps [15]. Recently, it has been demonstrated that
the Vmp genes have many features in common with the B. burgdorferi Osp gene family including N-terminal
sequences that are typical of lipoproteins and evidence has been presented that the Vmp proteins are recognized
and processed as hgoprotcms in E. coli [16]. As mlghl be expected, full-length Vmp’s are expressed at relatively
low levels in E. coli* presumably because the protein is toxic when it becomes anchored in the membrane. Vmp
overproduction was possible if the region of the gene encoding the hydrophobic 51§nal sequence was excised
before the recombinant gene was placed under control of T7 signals in a pET plasmid”. Moveover, the truncated
Vmp protein is soluble and it can be readily purified to homogeneity without the use of detergents.

1 Duray, P., Lade, B.N. and Dunn, J.J. (unpuplished).
2 Barbour, AG (personal communication).
3 Bundoc, V.G., Barbour, A.G., Lade, B.N. and Dunn, J.J. (unpublished)
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SUMMARY

The T7 based pET expression system is a powerful and versatile system for cloning and expression of
recombinant proteins in E. coli. PCR technology complements the pET system since it permits precise, sequence
specific amplification of coding sequences which, when used in conjunction with appropriately designed primers
allows amplification of DNA tailored for direct insertion into a pET vector. The net result is a more highly
efficient method to rationally engineer and express open reading frames. In certain instances, the target protein
may contain sequences which limit overproduction. If the sequence is a specific domain of the target protein
then it may be possible to remove it without destroying the protein per say. A good example of such a domain
is the class of hydrophobic leader signal sequences found at the beginning of Borrelia lipoproteins (OspA, OspB
and the Vmp’s). Elevated expression of the full-length proteins is toxic to the overproducing strains and they
stop making the protein after a short period of time. In contrast, these same proteins without the hydrophobic
leader sequences continue to be synthesized at high rates for hours following induction and they accumulate to
very high levels. The ability to produce these recombinant proteins in large amounts and in a highly purified
state without using detergents raises the possibility that they may be useful in immunoassays and as possible
immunogens in vaccines. Such studies are currently in progress.
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ABSTRACT

NASA's Jet Propulsion Laboratory is currently developing the Advanced Communications Technology Satellite
(ACTS) Mobile Terminal (AMT), which will provide voice, data and video communications to and from a vehicle
(van, truck, or car) via NASA's geo-stationary ACTS satellite using the K- and K,-band frequency bands. The AMT
is already planned to demonstrate a variety of communications from within the mobile vehicular environment, and
within this paper a summary of foreseen commercial application opportunities is given. A critical component of the
AMT is its antenna system, which must establish and maintain the basic RF link with the satellite. Two versions
of the antenna are under development, each incorporating different technologies and offering different commercial
applications.

INTRODUCTION

The ACTS satellite is scheduled for launch in 1993, and the first demonstrated use of the satellite will be made
by the AMT [1]. From a van and a car that will travel along roads and highways a demonstration of voice, fax, and
compressed video communication will be made. The communication is two-way, between the vehicle in Los
Angeles, California and a base station in Cleveland, Ohio via the ACTS satellite as shown in Figure 1. The AMT
antenna which mounts to the vehicle roof with a diameter of 8 inches and height 3 inches must track the direction to
the satellite as the vehicle moves about. The antenna is designed with a wide enough elevation coverage so that only
azimuthal tracking is required, and a thin microprocessor-controlled, pancake-shaped motor drives the antenna
azimuth angle. Two versions of the antenna are being developed and both will be the same size and use the same
motor for tracking.

The requirements to which the antennas are being designed ensure that the overall AMT will provide a high
performance measure. In addition to simply operating in a mobile environment for which shock and vibration are
characteristic, the antenna must adhere to both RF and tracking requirements.

For the uplink transmit link from the mobile vehicle, the AMT must generate 22 dBW EIRP minimum power.
The transmit power density must be large enough to accommodate the required communications rates but low
enough that the transmit beam is not a hazard for people standing near the vehicle. For the downlink receive link to
the vehicle the AMT must provide sufficient receive sensitivity to accommodate the downlink communications rates.
The minimum requirement is -8 dB/K, and typically losses within the antenna must be minimize 10 make the
sensitivity this high. The tracking requirements are that the AMT compensate for a maximum vehicle yaw (turn)
rate of 45 deg per sec. When the communications link has not yet been established, and the AMT must acquire the
satellite, the requirement is that acquisition be complete and the link established within 10 sec. While the vehicle is
traveling and the antenna tracking the satellite, the required tracking accuracy is 0.8 deg rms. Since the ACTS
satellite will be in geostationary orbit, the AMT tracking system must achieve essentially an inertially-stabilized
antenna pointing system. As the host vehicle tums, the position of the antenna is adjusted to insure that the antenna
continuously points towards the satellite. An embedded microprocessor controls the antenna's movements.

REFLECTOR ANTENNA
The reflector antenna is the first version of the AMT antenna to be developed. It represents a relatively low risk

development for the short available schedule. The reflector requires that the AMT incorporate TWT (tube)
technology, in order 1o meet the uplink transmit EIRP requirement. A single TWT is employed to generate the 1-3
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walts requircd to maintain the mobile satellite uplink. Although not normally required, the reflector anlenna is
capable of handling the full 15 wails that the TWT can generate at 30 GHz. A single low noise amplifier (LNA)
unit with 2.5 dBNF cnsures a sufficient reccive system sensitivity at 20 GHz. Waveguide plumbing connects the
reflector antenna to the TWT and LNA with minimum loss, so that the overall RF performance is not significantly
degraded.

The reflector shown in Figure 2 consists of a waveguide feed horn assembly and a reflecting surface. The feed
assembly consists of a diplexer, orthomode transducer (OMT), and a feed homn, which faces the reflecting surface.
The diplexcr has a coaxial port which connects to the RF transceiver of the AMT through a rotary joint, and two
waveguide ports (REV & XMT) which connect to the OMT. The OMT combines the signals from the two diplexer
ports into a single waveguide port with the proper waveguide modes at the two ACTS frequencies so that a single
fced hom may be used to properly illuminate the reflector surface. The reflector surface is a section of a parabolic
surface of revolution, with its boundary defined by the intersection with a cylindrical ellipsoid. The projecied view
of the reflecting surface appears nearly elliptical both from the view of the feed horn and the direction of propagation.
The reflector is only a few wavelengths across both its dimensions, and so is electrically much smaller than the
simple reflector anicnna application, and its beam less collimated in the same regard.

COMMERCIAL APPLICATIONS OF THE REFLECTOR ANTENNA

Commercial applications which would make use of the reflector antenna are those which need to rely on
technology which has already been extensively tested and proven. The reflector with its TWT & LNA represent a
classical systcm which has for decades been used and proven in radar applications, although the AMT does not utilize
these technologies in the same (radar) manner.

One such application would be remote news gathering vehicles which now depend on cellular systems for
communication in urban centers; those systems do not operate in rural areas and could be supplemented by use the
AMT system. This application would support video and audio from the most remote rural sites, world-wide. This
service would not complete with existing cellular telephone systems, but supplement them instead. Within
metropolitan arcas more usc would be made of the cellular system, while the direct satellite link could be exploited
in rural arcas.

Another such application might be emergency communication vehicles, which could respond immediately to
disaslter sites and provide needed communication via satellites independent of local power outages.

PLANAR ARRAY ANTENNA WITH MMICs

The planar array antenna will be developed after the reflector antenna, although its design has already begun.
This antenna offers MMIC technology which is more advanced, yet less proven, than that of the reflector antenna.

The planar array antenna shown in Figure 3 utilizes solid state MMIC transmit (power) and receive (low-noise)
amplificr circuits. These MMICs are integrated into the antenna on the array itself so that minimal transmission
line length exists between the MMIC LNAs and the array antenna elements. The short lengths of transmission line
keep the losses very low and the antenna efficiency and sensitivity high. The array is organized into 12 columns
(groups) of antenna clements, and cach column is directly connected to a receive or transmit amplifier. This
arrangement provides for a direct spacial combination of the receive signal or transmit power. In this manner the
transmit power amplificr in cach column must only provide a fraction of the power that is radiated by the entire
array, and this power level (= 0.1 watt) can be supplied by MMIC circuits. Since the MMICs are integrated very
ncar the antenna elements, the short interconnecting transmission lines present a smaller amount of loss, and the
anlenna as a whole is more power efficicnt than an antenna system which must distribute all transmit power from a
single high-power source through longer transmission lines to each of the antenna elements.

COMMERCIAL APPLICATIONS OF THE PLANAR ARRAY WITH MMICs

Commercial applications of the planar MMIC antenna require a more costly initial investment that the reflector
because of the need to achieve mass production of a presently more expensive technology. Once mass production is
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established and a market is available, it is expected that the commercial markets will eventually allow the overall
costs to reduce even below that of the reflector antenna.

One exciting commercial application is in the new and growing field of personal communications. Today a
wrist watch can be purchased that contains a beeper to notify the user of calls. The planar MMIC array is a first step
toward the development of a miniaturized personal satellite communication handset. Such a handset would allow
communication anywhere in the world.

Because of the modular design of the planar MMIC array antenna, its MMIC circuits may be readily enhanced to
include electronic phase control, allowing phase-array electronic azimuthal steering, without having to modify the
basic antenna design concept. Such a commercial application would be capable of tracking a high-speed vehicle such
as a plane flying across the field of view at a relatively constant elevation angle.

CONCLUSION
The launch of the ACTS satellite will bring about new commercial opportunities, which the AMT antennas
will begin to demonstrate, the AMT reflector antenna provides a system based on proven technologies, and the
AMT planar MMIC array provides a "state-of-the-art” antenna system which points the direction to the future of
personal, hand-held satellite communication systems.
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ANTENNAS FOR MOBILE SATELLITE COMMUNICATIONS
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ABSTRACT

A NASA sponsored program, called the Mobile Satellite (MSAT) system, has prompted the development
of several innovative antennas at L-band frequencies. In the space segment of the MSAT system, an efficient, light
weight, circularly polarized microstrip array that uses linearly polarized elements has been developed as a multiple-
beam reflector feed system. In the ground segment, a low-cost, low-profile, and very efficient microstrip Yagi
array has been developed as a medium-gain mechanically steered vehicle antenna. Circularly shaped microstrip
patches excited at higher-order modes were also developed as low-gain vehicle antennas. A more recent effort
called for the development of a 20/30 GHz mobile terminal antenna for future-generation mobile satellite
communications. To combat the high insertion loss encountered at 20/30 GHz, series-fed MMIC (Monolithic
Microwave Integrated Circuit) microstrip array antennas are currently being developed. These MMIC arrays may
lead to the development of several small but high-gain Ka-band antennas for the Personal Access Satellite Service
(PASS) planned for the 2000s.

INTRODUCTION

The Mobile Satellite (MSAT) system is a satellite-based L-band communications network that is capable
of providing telephone and data services to mobile users throughout a vast geographical area. Studies in the early
1980s by NASA, Canada, private sector, and others all point to the fact that the high capacity mobile satellite
systems are viable only if certain high-risk enabling technologies are developed". Currently, the Jet Propulsion
Laboratory (JPL) has completed the managing of the development tasks” for the NASA sponsored MSAT program
initiated in 1984. It is now the responsibility of the private industry to further develop, manufacture, own, and
operate the MSAT as a commercial system.

One of the concentrated areas of technology development by JPL is antennas for satellite and land vehicles.
In the space segment, since both the satellite and land vehicles are power limited, it is essential to develop a high-
gain and efficient satellite antenna system. A circularly polarized microstrip array composed of simple linearly
polarized elements® has been developed as an efficient, compact, and light-weight array feed for a high-gain
multiple-beam reflector antenna system®, In the ground segment, the vehicle antenna not only needs to be
affordable to users in price but also should be aerodynamically and aesthetically appealing. Both a mechanically
steered medium-gain microstrip Yagi array'” and a low-gain higher-order mode circular microstrip patch!” have been
developed as the low-profile and low-cost vehicle antennas.

For the NASA’s Advanced Communication Technology Satellite (ACTS) to be launched in 1992, various
experiments have been planned to demonstrate communication technologies at Ka-band frequencies. One of the
AMT’s (ACTS Mobile Terminal) high risk technologies that are currently being developed at JPL is a compact and
low-cost mobile antenna system. This is a mechanically steered series-fed microstrip array using active MMIC
components. This antenna development, along with other Ka-band technologies, will lead to the development of
several compact hand-held terminals in a future Personal Access Satellite Services (PASS) system!".

Both the above mentioned L-band and Ka-band satellite communication antenna developments and concepts
are individually described in the following sections.
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CIRCULARLY POLARIZED ARRAY COMPOSED OF LINEARLY POLARIZED ELEMENTS

Very large multiple-beam reflector antennas in the 20 to 50-meter range have been proposed for the MSAT
satellite!”, From 40 to 90 contiguous beams covering continental U.S. (CONUS) are to be generated from the
reflector via an overlapping cluster feed array!*? with dimensions up to 6 meters. A structure of this size should
have the capability of being folded and stowed in a space-limited satellite launching vehicle. As a consequence, the
feed array should be low in profile and light in weight. Microstrip radiator was selected to meet these challenges.
In order for the array to cover both the downlink frequencies (1545 to 1559 MHz) and the uplink frequencies (1646
to 1660 MHz), either a single patch with relatively thick substrate (0.5 inch) and 4 feeds or a dual-stacked patches
with two feeds are needed to meet the bandwidth and circular polarization (CP) requirements. For a large array,
such as relatively complicated element would increase the complexity of an already complex beam-forming feed
network. Circularly polarized array composed of single-feed linearly polarized microstrip elements'™ has been
developed to counter this complexity problem. The CP is achieved by having a basic 2x2 subarray, as shown in
Figure 1, with elements’ angular orientation and feed phases arranged in the sequential 0°, 90°, 180°, 270° manner.
With such a system, not only is the feed complexity reduced, but also the bandwidth performance is improved. It
has been found, however, that the basic 2x2 array does not generate acceptable CP away from principal planes
(worst in the diagonal planes). Large cross-pol radiations (approximately -5 dB below main beam peak) are found
in the off-broadside region due to amplitude and phase imbalances. This high cross-pol in the diagonal planes can
be suppressed in a large array due to array factor’s narrower beam and due to an averaging effect so that the
imbalances are averaged out.

One of the arrays that have been fabricated and tested to demonstrate the above achievement is a 28-clement
microstrip array' as illustrated in Figures 2 and 3. It is only a single cluster array out of the many cluster arrays
to be used in the multiple-beam reflector feed system. Amplitude taper is introduced in the array to suppress the
grating lobes caused by large element spacings and to generate proper edge taper for the reflector. Each element
is a single-probe fed half-inch thick honeycomb-supported square patch. Measured spinning-dipole patterns in the
diagonal plane of the array are given in Figure 4 where excellent CP performance can be observed within the
bandwidth (7.5 %) of the uplink and downlink frequencies.

One important note on this antenna concept is that, even in a large array, if the element spacing becomes
large (>0.55 wavelength) the antenna will start to lose gain'® (up to 3 dB) due to the high cross-pol and grating
lobes formed in the diagonal planes. Consequently, when designing this antenna concept, careful attention should
be given to the element spacing. One other note is that this array concept of generating CP by using LP elements
can be applied not only on microstrip patches but also on other types of radiators such as dipoles, homns, helixes,
etc.

MICROSTRIP YAGI ARRAY

A major element of the MSAT program has been the development of several types of medium-gain L-band
vehicle antennas. These antennas are required to generate CP with 10 dBic of minimum gain within the angular
region of 20° to 60° above the horizon and shall be able to track the geostationary satellite while the vehicle 1s
moving about in the CONUS. Previously, two types of medium-gain antennas have been developed and field tested
with successful results. One is electronically steered planar phased array™™ and the other is the mechanically steered
1x4 tilted microstrip patch array!"”. The phased array offers the advantages of low-profile (1.0-inch thick) and beam
agility at the expense of very high production cost (several thousand dollars per unit). On the other hand, the
mechanically steered 1x4 array antenna offers a low production cost (several hundred dollars per unit) with a high
profile (6-inch tall).

To combat the disadvantages of high cost and high profile of the above antennas, a new antenna concept,
called the microstrip Yagi array'®, has been developed, which not only offers low profile and low cost but also
shows excellent efficiency in its beamforming circuitry. This antenna system, as depicted in Figure 5, is a
mechanically steered low-profile array composed of twelve parasitic director and reflector patch elements and four
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