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EXECUTIVE SUMMARY 

On space shuttle missions, the kinetic energy of an astronaut drifting 
away is absorbed by a nonreusable safety tether. Safety tethers limit the 
tension in the tether line to prevent damage to the astronaut’s space suit or to 
the structure of the spacecraft. For use on the space station, NASA engineers 
desire a reusable safety device. This report discusses the problem statement 
and a proposed plan, alternate designs, the design solution, and 
recommendations for design improvements. 

NASA /USRA sponsored a Mechanical Engineering Design Project 
team at The University of Texas to design a reusable kinetic energy absorber 
for an astronaut safety tether to be used during extravehicular activity on the 
space station. The device must limit the tension in the tether line, absorb the 
kinetic energy of a drifting astronaut, signal the astronaut that the safety 
device has been deployed, and allow resetting after use. 

A brainstorming session led to a large number of design concepts using 
hydraulic, pneumatic, magnetic, electrical, and mechanical methods. Six of 
the mechanical concepts were chosen as feasible and developed further. Basic 
calculations and a preliminary analysis were performed on each of the design 
alternatives, and a decision matrix was used the determine the most feasible 
candidate for a design solution. 

The design team selected a constant force spring alternative for further 
embodiment. The design consists of a pair of constant force springs 
assembled back to back to limit the tension in the tether line. The springs 
uncoil to absorb the kinetic energy of the astronaut and a grip roller 
mechanism prevents recoil of the springs and allows resetting. 

The design team completed detailed design drawings and constructed a 
prototype for testing. Testing confirmed that the device can absorb the kinetic 
energy and limit the force as required. Recommendations for design 
improvements were made after testing the prototype. 
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I. INTRODUCT'ION 

The goal of this project is to design a reusable safety device for a waist 

tether which will absorb the kinetic energy of an astronaut drifting away from 

the space station. The safety device must limit the tension on the tether line 

in order to prevent damage to the astronaut's space suit or to the structure of 

the spacecraft. The tether currently used on shuttle missions must be 

replaced after the safety feature has been enacted. A reusable tether for the 

space station would eliminate the need for replacement tethers, conserving 

space and mass. This report presents background information, scope and 

limitations, methods of research and development, alternative designs, a 

final design solution and its evaluation, and recommendations for further 

work. 

1.1 Statement of the Problem 

1.1.1 Sponsor 

The National Aeronautics and Space Administration (NASA) is an 

independent government agency charged with conducting America's space 

flight programs. The Johnson Space Center (JSC), in Houston, Texas, is one of 

the many research centers that NASA operates across the United States. The 

main purposes of JSC include the design, development, and testing of 

spacecraft for manned space flight; the selection and training of astronauts, 

payload and mission specialists; and the planning and conducting of manned 
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space flight missions [ 11. The Universities Space Research Association 

(USRA), also headquartered in Houston, is funded by NASA to encourage 

joint projects between universities and the space industry. 

1.1.2 Backmound 

NASA/USRA is sponsoring several mechanical engineering design 

project teams at The University of Texas at Austin. Our project is to design a 

reusable safety device for an extravehicular activity (EVA) waist tether. Waist 

tethers are used during EVA to attach the astronaut to the spacecraft and 

prevent him or her from drifting away, for example, in the event of a disabled 

maneuvering unit [2]. The astronaut may drift at a high enough velocity to 

damage the space suit when the astronaut reaches the end of the tether, 

placing the astronaut's life in jeopardy. Less catastrophically, the spacecraft 

structure may be damaged, or the hooks at the ends of the tether may fail. 

To prevent damage to the space suit or other equipment, a safety 

feature is designed into the waist tether. The waist tether has hooks that 

attach to tether points on the astronaut's space suit. The safety device 

currently used on space shuttle missions is a one-inch wide Nomex webbing 

strap that is doubled over and stitched together (see Figure 1) 131. This safety 

tether has five parallel rows of stitching of "B" size polyester thread. This 

stitching begins to rip apart when the load exceeds 75 pounds [4]. Each row of 

stitching tears 30 inches to absorb the kinetic energy of the astronaut. This 

prevents overloading and damage to the space suit, the spacecraft, or the 

tether hooks. The stitching is contained in a Teflon fabric sleeve to retain the 

broken threads that will result if the safety feature is ever employed. After 
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breakaway has occurred, the extended tether can withstand a load of 585 

pounds (2602 Newtons) before failing which is much greater than the force 

that the tether hooks can withstand. Therefore, the hooks will break before 

the space suit's force limit is reached. Once the safety stitching has broken 

away, the safety tether must be replaced because there is no way of resetting it. 

Tether Hooks 

Figure 1. Webbing strap used for safety tether on shuttle missions. 
Five rows of stitching break to absorb kinetic energy [3]. 

1.1.3 Purpose 

The purpose of this project is to design a safety device for the EVA 

waist tether that has an energy damping capacity which can be reset by the 
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astronaut after it has been used. NASA engineers are designing a 

permanently manned space station assuming a reusable safety tether will be 

available [4]. However, there is no such device in existence. A safety tether 

that could be reset by the astronaut engaged in EVA will allow him or her to 

cumplete a mission rather than returning to the spacecraft to replace the 

tether. The design may reduce weight and space as spare tethers will not be 

required. 

1.1.4 Criteria 

NASA engineers have given the following criteria for the device: 

1. Limit the force in the tether line. The space suit will be damaged if a 
force of 200 pounds (890 Newtons) is reached. To provide a factor of 
safety, the force in the line must be limited to under 100 pounds 
(444.5 Newtons). 

2. Absorb the kinetic energy of an astronaut drifting: away from the 
spacecraft. A space station crewperson in a space suit with tools can 
weigh as much as 700 pounds (317.4 kilograms) on earth [4]. The 
design team has been asked to design for a translation rate of four 
feet per second (1.2 meters per second) giving the astronaut a 

A contains calculations for the determination of the kinetic energy. 
kinetic energy of 174 foot-pounds (236 Newton-meters). Appendix 

3. Maximize crewperson safetv. Use of the safety device must not 
introduce any additional risk to the astronaut. For example, the 
energy absorbing device should not recoil and propel the 
crewperson back towards the spacecraft. 

4. The device must be resettable after deplovment. Approximately one 
EVA mission is planned per week. Current EVA equipment is 
designed to be used for 100 missions. It is anticipated that the safety 
device will be deployed once every four to five missions. Therefore, 
the life of the safety device should be at least 25 cycles. The device is 
to be reset by an astronaut with a gloved hand, so it must be within 
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his reach and easy to use. All safety devices for NASA must operate 
with two simultaneous motions performed with a single hand. 

5. Minimize mass and size. The mass and size of the device must be 
minimized to reduce the weight of the payload which must be lifted 
into orbit and to conserve space in the space station. 

6.  Use materials which are suitable to the space environment. 
Materials and components must withstand an environment which 
lacks atmosphere, has extreme temperature variation and high 
solar and other radiation. The safety device must be durable 
enough to be reused many times and retain reliability. 

7. Sinnal the astronaut. The device must signal the astronaut that the 
device has been deployed and needs to be reset. 

1.1.5 Results Required 

The design team was asked to accomplish the following tasks: 

1. Formulate several design alternatives for a reusable safety device 
for the EVA waist tether. 

2. Select a feasible design from the alternatives for development. 

3. Complete embodiment design of the selected alternative. 

4. Construct and test a prototype model of the device. 

1.2 ProDosed P lan 

1.2.1 Scope and Limitations 

Several design concepts for the tether safety device have been 

developed. The design team evaluated each concept and then chose one for 

5 



further development. The team prepared complete working drawings and 

specifications and constructed a prototype of the device. The prototype was 

then tested under loads approximating that of an astronaut during EVA. 

Appendix B contains a Gantt chart showing the schedule for completing these 

activities. 

Due to the time and facilities constraints placed on a student design 

team, there were several limitations to this project. Computer modeling, 

including finite element analysis and dynamic simulation, were not 

performed. The design team did not perform environmental tests, such as 

temperature cycling, radiation exposure, and weightless conditions. 

1.2.2 Methods 

The design process began with research on energy absorbing devices, as 

well as research on the effect of the space environment on materials. This 

study was based on available literature including books, journals and patents. 

In addition to the literature search, the Pahl and Bietz design methodology 

was used for developing alternate solutions [5]. 

This method began with the clarification of the task as presented by 

NASA and a detailed specifications list. The specifications list included the 

requirements for functioning, materials, ergonomics and safety, production 

and quality control, reliability, maintenance, cost, and schedule (see Appendix 

C for the specification list). The specification list was used to derive a 

function structure diagram, which is included in Appendix D. Through the 

use of the function structure, several different design concepts were 

formulated that satisfied the various functions. The concepts were evaluated 
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through preliminary calculations and on their ability to meet the required 

specifications. 

The design team ranked the concepts using a decision matrix to 

determine the most feasible candidate for further development. Once a 

concept was chosen, the team proceeded to complete the embodiment design. 

The embodiment design phase began with choosing working principles 

which fulfilled the required functions. Next, a scale layout of the form design 

was prepared, followed by selection of appropriate materials. The design was 

evaluated for strength and durability, considering the space environment and 

service life required. Safety, ergonomics, operation, and maintenance of the 

device were also important criteria that were assessed. Once the final form 

design was determined, detailed drafting was done. A prototype was 

constructed according to the working drawings and tested to determine its 

ability to fulfill NASA's requirements. 
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11. ALTERNATE DESIGNS 

There are four main tasks that the EVA waist safety device must 

accomplish as determined by the function structure: limit the force in the 

tether, absorb the kinetic energy of a drifting astronaut, signal the astronaut 

that the safety device has been deployed, and allow resetting after use. The 

design team examined various methods of accomplishing these tasks 

including hydraulic, pneumatic, magnetic, electrical, and mechanical 

methods. A brainstorming session led to a large number of design concepts 

covering all of these areas. However, an initial investigation revealed that 

many of these ideas were not feasible. An idea was considered unfeasible if it 

did not meet all of the criteria that were listed previously. The hydraulic, 

pneumatic, magnetic, and electrical methods were all eliminated for reasons 

that are given below. Of the mechanical concepts, six were chosen as feasible 

designs. A tabulation of 51 design ideas from the brainstorming activity is 

included in Appendix E. 

The hydraulic and pneumatic concepts are not feasible because of a 

possible problem with leakage [6] .  In the case of pneumatic or gas systems, the 

operating fluid may leak out, rendering the device useless without the 

knowledge of the astronauts. Leakage of hydraulic fluids could prove 

hazardous aboard the spacecraft because the fluids could contaminate the 

cabin and damage sensitive equipment. Also, viscous fluids needed in the 

hydraulic designs are not suited to the large range of operating temperatures 

required in space. 
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The design team considered using magnetic means to absorb the 

kinetic energy. Magnetic particle, hysteresis, and eddy current brakes are all 

common energy absorbing devices in which braking torque is derived from 

electromagnetic reactions rather than mechanical friction [7]. These devices 

require electronic controls and electrical power for their operation. The team 

eliminated these for much the same reasons that pneumatics were 

eliminated because it may be hard to tell when a battery is discharged or when 

electric power is cut, making the device useless. Another negative 

consideration is the possibility of the magnetic device interfering with 

sensitive instruments or radio communications. 

The team decided that any system that required electrical power would 

be less attractive than a self-contained mechanical system. The electrical 

systems we considered were "active" controlled servo-mechanisms and so- 

called "electric" brakes. Electric brakes are actually friction brakes that are 

electromagnetically activated [8]. The design team believes that the problem 

can be solved with a simple mechanical device. A complex electronic system 

is not necessary and may not be reliable. 

The mechanical concepts were divided into three main categories: 

plastic deformation, friction, and springs (or elastic deformation). Plastic 

deformation includes the bending and unbending of a metal and the 

extrusion of a viscous substance. The friction category includes clutches and 

brakes, Velcro, snaps, ropes, and various high friction materials. Finally, the 

spring concepts include extension, compression, and torsional springs, 

constant force springs, and elastic materials. 

Basic calculations and a preliminary analysis were performed on each 

mechanical concept to reduce the list to six designs for further development. 
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One of the designs is in the plastic deformation category, four use friction, and 

one design is in the spring category. The following sections describe the six 

design alternatives. 

2.1 Plastic Deformation and Extrusion 

All solid materials can be deformed when subjected to an external load 

[9]. Up to a certain load, a solid recovers its original dimensions when the 

load is removed. The load 

beyond which the material no longer behaves elastically is the elastic limit 

and occurs at the yield strength of the material. The yield strength is the 

stress which will produce a small amount of permanent deformation. Once 

the elastic limit has been exceeded, the solid is permanently deformed when 

the load is removed. This is known as plastic deformation or yielding. 

This recovery is known as elastic behavior. 

Only ductile materials exhibit the ability to undergo plastic 

deformation to a great degree. Brittle materials rupture before any appreciable 

elongation occurs. A ductile material absorbs the energy required to 

plastically deform it. Since the resulting deformation is permanent, the 

absorbed energy dissipates and will not be returned to the system. The force 

needed to deform a solid material depends on the volume of material to be 

deformed and its yield stress. 

Extrusion is the process of squeezing a material past its compressive 

yield strength by forcing it to flow rapidly through an orifice [lo]. A viscous 

material will flow rapidly but cannot withstand the temperature range of 

outer space. A metal can withstand the temperature range, but the force 
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needed to extrude a metal is greater than the force available. Therefore, 

extrusion was ruled out. 

2.1.1 Bending Force Alternative 

2.1.1.1 Description. The design concept involving the yielding of a material 

is based on a patent already owned by NASA (see Appendix F) [ll]. A long 

tape made from a material that tends to yield and retain its shape is wound 

from its center on the shaft of a reel so that it can be unwound from two 

directions (see Figure 2). The tape winds around the shaft so that there is 

sufficient clearance for the tape to be unwound uniformly. One end of the 

tape can be attached to the astronaut and the other to the tether line. The 

whole device is enclosed in a container with slits to guide the extending 

metal. The extended metal is rewound by a handle or a crank that is attached 

to the reel. 

The metal needs to extend for 30 inches (0.762 meters) to absorb 174 

foot-pounds (236 Newton-meters) of kinetic energy. To exert a constant force, 

the diameter of the coil must remain essentially the same. This can be 

accomplished by winding the tape around a shaft with a larger inner 

diameter; for example, two inches. 

The design disclosed in the NASA patent uses aluminum as the 

yielding material. Aluminum is soft and ductile in its high-purity form [12]. 

The 1000 series of aluminum is 99 percent or higher in purity. These 

compositions have excellent corrosion resistance and workability as well as 

the ability to withstand a large temperature range. 
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Appendix G shows some initial calculations for this design using a 

one-inch wide aluminum tape. To bend the aluminum with a force of 75 

pounds (333.6 Newtons), the thickness of the tape needs to be 0.036 inches 

(0.09 centimeters). Thirty inches (0.762 meters) of tape will coil around a two- 

inch shaft approximately five times, for a total diameter less than 2.5 inches 

(0.0635 meters). The calculations were performed at hot and cold temperature 

extremes. The very cold aluminum has a higher yield strength, but still 

limits the force to just over 100 pounds (445 Newtons). The ultimate tensile 

strength of this aluminum is at least double its yield strength so there is little 

worry of the extended tape failing. These initial calculations indicate that this 

design is a feasible one. Aluminum was used in the NASA patent and the 

design team's initial calculations, however, other materials may be sufficient 

or even more suitable . 
Strain hardening moderately increases the strength of high purity 

aluminum, and this must be taken into account in the design. Fatigue will 

also occur as a result of cyclic stresses. In the first stage of fatigue, crack growth 

occurs at a very low rate. The life of this design is based on the endurance 

limit of the metal and will be limited to the first stage of fatigue. 

2.1.1.2 Evaluation. 

Advantages: 

1. The device is small and lightweight. 

2. The yielding material is a metal having a large temperature 
range and resistance to corrosion. 

3. The strength of the extended tape depends on the ultimate 
strength of the metal used, which can be well above the yield 
strength. 
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4. The device can be easily reset by the astronaut using a power 
wrench or a crank. 

Disadvantages: 

1. Strain hardening that will occur after repeated bending cycles 
must be taken into account 

2. The fatigue life, or endurance, of the material will affect the 
number of cycles that this design can withstand. 

3. The metal tape may have sharp edges. 

Aluminum Strip 

Hook 
Reel 

Figure 2. Bending force alternative design. 
(a) The material is spooled around a reel. 
(b) The material is unwound. 

2.1.1.3 Reauirements Satisfied. The bending force design limits the tension 

in the line by plastically deforming when 75 pounds (333.6 Newtons) of force 

is applied. The force will remain essentially constant as the material yields. 

All the kinetic energy of the astronaut will be absorbed if 30 inches (0.76 

meters) of the material is unwound from the reel. Due to its yielding, the 
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tape will remain extended until the astronaut rewinds it, eliminating the 

problem of recoil. The astronaut is signaled by the extension of the tape, 

which can be made clearly visible with brightly colored warning labels. To 

reset the safety device, the astronaut can rewind the tape with a power 

wrench or other tool. Because of its spooled design, the system has low mass 

and volume. 

2.2 Friction 

When two solid surfaces slide over each other, the resistance force they 

encounter is called friction [13]. The friction force is proportional to the 

normal force between the two surfaces. By controlling the normal force, the 

friction force can be held constant to limit the tension in the tether line. 

Kinetic energy can be transformed to heat energy by the friction. The 

following alternatives using friction include a brake, two concepts using 

Velcro, and a ball pulled through a constriction. 

2.2.1 Brake Alternative 

2.2.1.1 Description. Brakes seem to be well suited to our purpose. The 

function of a brake is to absorb kinetic energy, convert it to heat by friction, 

and dissipate this resulting heat [14]. There are four main classifications of 

friction brakes: disk brakes, cone brakes, drum brakes, and band brakes. These 

classifications are based on the geometry of the brake. The brake alternative 

consists of a spool of safety line connected to a friction brake which operates 

in much the same way as the drag mechanism of a fishing reel. The brake 
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torque, or drag, can be set such that the safety line will unreel when the 

tension in the tether reaches 75 pounds (333.6 Newtons). The torque is set by 

adjusting the force that actuates the brake. The safety device can attach 

between the astronaut and the tether line. After the safety line has extended, 

the astronaut can release the brake, then reel in the line to reset the device. 

For our preliminary design concept we chose the cone brake (see Figure 31, 

although other types of brakes could be used. The cone brake is very efficient 

due to the wedging action of the brake shoe into the cone [15]. The required 

actuating force of a cone brake is only about one-fifth of that of a 

corresponding disk brake with one friction surface. 

In preliminary calculations, (see Appendix H), assuming some 

approximate dimensions, it was determined that an actuating force of about 

50 pounds (222.4 Newtons) is required to absorb the kinetic energy of an 

astronaut. Given a more detailed design analysis, we believe the required 

actuating force can be lowered. A lower actuating force will allow the use of 

lighter components and require less force to release the brake. From these 

general calculations, we can conclude that this concept is feasible. 

2.2.1.2 Evaluation. 

Advantages: 

1. The fact that similar devices already exist reinforces the 
feasibility of this design. 

2. Since this device will not be used repeatedly, wear on the 
surfaces in contact is not of great concern, and it should be able to 
withstand the anticipated number of cycles. 

3. The brake release mechanism will allow easy rewinding of the 
safety line. 
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Disadvantages: 

1. It may be difficult to accurately set the drag. If the drag is set too 
low, the device will activate at a lower force and will not absorb 
enough energy. If the drag is set too high, the device will not 
limit the force at a safe level [16]. 

2. This is a fairly complex design with a number of parts. 

3. The safety line may have to be wound evenly across the reel to 
prevent tangling. 

Friction Material Release Lever 

- Inner cone and hub 
Outer cone 

Figure 3. Friction cone brake alternative design. 

2.2.1.3 Requirements Satisfied. The friction brake alternative limits the force 

to 75 pounds and will dissipate the kinetic energy by converting it to heat. A 
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line will unwind from a reel as the energy is absorbed, signaling the astronaut 

that the device has been activated. A brake release mechanism will allow the 

line to be easily wound when resetting the safety device. 

2.2.2 Velcro Reel Alternative 

2.2.2.1 Description. Velcro is a fastener that consists of two woven strips. 

One strip is covered with tiny, stiff hooks and the other with pliable loops [17]. 

When the strips are pressed together, the hooks and loops fasten and can be 

opened by pulling the strips apart. There are several varieties of Velcro, 

including a flame resistant type made of Nomex that can withstand a wide 

temperature range. 

Velcro gets its strength from the area of engagement as well as the 

closure pressure. Side to side movement or vibration can increase closure 

performance. Also affecting the strength of a Velcro closure is the way that it 

is pulled apart. Figure 4 shows Velcro being separated in shear, in overlap 

shear around a curved surface, in dynamic tension, and lengthwise peel and 

also gives the minimum strength for each. The surface area required to attain 

a force of 75 pounds (333.6 Newtons) is calculated in Appendix I. 

The design team thought of several different design ideas using Velcro. 

After a few calculations, most of these ideas were eliminated. The peel 

strength of Velcro is very low, only 0.5 pounds per inch of width. To support 

the required force of 75 pounds (333.6 Newtons) by peeling, a width of 150 

inches (3.81 meters) would be needed. Shearing Velcro provides significantly 

more strength. A simple design would be to merely overlap ten square 

inches (64.5 square centimeters) of Velcro and pull them apart in shear. 
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However, the strength reduces as the area of contact decreases. For this 

reason, a design that has a constant area of contact is required. The shear 

strength of Velcro is doubled if the shearing takes place around a circular 

surface. This configuration is used in the following design alternative. 

P = 7.5 lb/in 

P = 3.0 lb/in 

t 

P = 15.0 lb/h 2 

P = 0.50 lb/in of width 

Figure 4. Strength of Velcro fastener in various configurations. 

The Velcro reel alternative is shown in Figure 5. It consists of a coil of 

loop Velcro and a 3.2 inch (8.1 centimeter) diameter cylinder wrapped in hook 

Velcro, or vice-versa. This provides five square inches of contact area. The 

location of the hooks and loops may depend on which configuration gives 

the best durability. The free end of the coil wraps around the cylinder, 
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providing the maximum shear strength of the Velcro and then attaches to the 

tether line. A ratchet locks the cylinder when the tether line is in tension and 

allows the cylinder to spin when reeling in the extended Velcro. This design 

will limit the force in the tether to 75 pounds (333.6 Newtons) and extend the 

reel of Velcro to absorb the kinetic energy. If the strength of the extended line 

of Velcro is not enough to prevent failure, the Velcro can be sewed on a 

stronger material such as the Nomex webbing used in the current safety 

device. 

2.2.2.2 Evaluation. 

Advantages: 

1. This design is small, lightweight, and has a simple 
configuration. 

2. Velcro can be used at temperatures as high as 3000F. 

3. The area of contact between the Velcro hooks and loops is fixed, 
providing a constant force. 

4. The ratchet mechanism allows easy resetting of the device. 

Disadvantages: 

1. Since the area of contact is relatively small, there may be a high 
rate of wear on the material around the cylinder. 

2. Velcro has a limited extreme cold temperature range of -700F. 

3. The life of this device depends on the durability of the Velcro in 
shear. 

4. Because of the lack of information on the durability of Velcro in 
shear, it must be determined experimentally. 
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Velcro hooks on 

7 

Figure 5. Velcro reel alternative design. 

2.2.2.3 Reauirements Satisfied. Because the five-square-inch area of contact 

is fixed, the tension in the tether will be limited to 75 pounds (333.6 

Newtons). The reel of Velcro will extend for 30 inches (0.76 meters) to absorb 

the 174 foot-pounds (236 Newton-meters) of kinetic energy of the astronaut. 

The extension of the Velcro line will signal the astronaut that the device has 

been deployed. Olive green is the standard color of this Nomex composite 

Velcro, but, ideally, it could be brightly colored to catch the astronaut's eye. 

The Velcro covered cylinder can rotate freely when unlocked to allow 

resetting of the device. 

2.2.3 Lavered Velcro Alternative 

2.2.3.1 Description. The layered Velcro design uses the hook and loop 

fastener in tension as shown in Figure 6. The tensile strength of Velcro is 3.0 
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pounds per square inch (2.07 Newtons per square centimeter). Therefore, a 

five-by-five inch panel of Velcro will support up to 75 pounds (333.6 

Newtons) of force in tension. In this design concept, a series of these panels 

connected together like an accordion, pull apart one at a time to absorb the 

kinetic energy of the astronaut. The device will be reset by pressing the layers 

back together. A feature will be included to keep the panels in alignment 

during resetting, such as a nesting design of the panels. 

Connecting 
Material 

Figure 6. Layered Velcro alternative design. 
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2.2.3.2 Evaluation. 

Advantages: 

1. This is a simple design that will limit the force in the tether to 75 
pounds (333.6 Newtons). 

2. Velcro in tension has better endurance than Velcro in shear. 

Disadvantages: 

1. A large number of layers may be needed to absorb the required 
energy, making this design large and bulky. 

2. Since the force provided will not be constant, a greater length of 
line may be needed. 

3. The shock from one layer of Velcro breaking away may cause the 
next layer of Velcro to pull apart sooner. 

4. There is a possible problem with a weakness where the Velcro 
layers are attached together, lowering the strength of the 
extended layers.. 

5. A device may be needed to press the Velcro firmly together for 
maximum force. 

2.2.3.3 Requirements Satisfied. Twenty-five square inches (1.6 square meters) 

of Velcro pulled in tension will withstand 75 pounds (333.6 Newtons) of 

force. After the Velcro has separated, the tension in the tether quickly drops 

until the next layer catches, and the process repeats until all the energy is 

absorbed. This causes a sawtooth shaped energy curve. Because the force is 

not constant, the length over which the energy is absorbed must be increased. 

The astronaut will be signaled by the shocks and vibrations transmitted 
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through the tether line as well as the extension of the device. Pressing the 

layers together resets the system 

2.2.4 Ball Throuzh - Tube Alternative 

2.2.4.1 Description. In this design concept, a ball attached to a line is pulled 

through a tube of smaller diameter than the ball (see Figure 7). For our 

preliminary calculations, the ball is made of steel, and the tube is made of 

thin aluminum. The tube will yield as the ball passes through it, and a 

friction force will resist the movement of the ball. The kinetic energy is 

absorbed by .pulling the ball from one end of the tube to the other. When the 

ball has reached the end of the tube, the tube may be turned around to be 

reused, or the ball may be pulled completely through and then be returned to 

the entry end. This design will require a stop to prevent the ball from pulling 

completely out of the device. The force required to pull the ball must be fairly 

constant over a wide temperature range. 

If the force is limited to 75 pounds (333.6 Newtons), the length of the 

tube must be at least 30 inches (0.762 meters) in order to absorb enough kinetic 

energy. The design team decided that the overall length should be as short as 

possible. Therefore, the force limit was increased to 100 pounds (445 

Newtons). At this force, the tube need only be 18 inches (0.547 meters) to 

absorb enough kinetic energy. Assuming an aluminum tube with a one inch 

(0.0254 meters) inside diameter and a .050 inch (0.0013 meters) wall thickness, 

a ball of 1.00024 inch (0.025406 meter) diameter is required (see Appendix J). 

Therefore, meeting tolerances is essential. 
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\ 
Flexible tube 

-+ 
Ball connected to line 

Figure 7. Ball through tube alternative design. 

2.2.4.2 Evaluation. 

Advantages: 

1. The concept is a simple design, with few parts. 

2. A constant force is supplied due to the surface contact. 

Disadvantages: 

1. The ball and tube may wear due to the surface friction. This will 
affect the tolerances that are essential in maintaining this design. 

2. Resetting the device is difficult. The ball may have to be 
reloaded or the device turned around for reuse. 

3. At 18 inches (0.547 meters), the device is too long and 
cumbersome. 
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2.2.4.3 Reauirements Satisfied. The ball through tube alternative will limit 

the force to 100 pounds (445 Newtons). In order to absorb 174 foot-pounds 

(236 Newton-meters) of kinetic energy, the tube will be about 18 inches long 

(0.547 meters). The astronaut will have to see the extension of the line from 

the tube in order to know that the device has actuated. Again, the line could 

be brightly colored for high visibility. Resetting the device is possible, but it 

will be somewhat difficult. 

2.3 Springs 

Springs are elastic devices that exert forces or torques and absorb energy 

which can be stored and later released [IS]. Springs are usually made of metal 

but can be made of plastic if the load is light. Rubber blocks can constitute 

springs as well as pneumatic springs using compressed gases and hydraulic 

springs using compressed liquids. A torsion bar is a simple form of a spring. 

Helical tension or compression springs can be thought of as a torsion bar 

wound into a helix. 

Calculations that were performed on a compression spring with a 

typical wire diameter and spring diameter are included in Appendix K. These 

calculations indicate that for a compression spring to limit the force between 

75 and 100 pounds (333.6 and 445 Newtons), the free length must be over 19 

feet (5.79 meters) and, it needs to be compressed 6 feet (1.82 meters) to preload 

it to 75 pounds (333.6 Newtons). It will compress two feet (0.61 meters) 

further to absorb the required kinetic energy. Obviously, a device that used 

such a spring would be very large and heavy. From these results, a helical 

compression spring is not feasible for this design. 
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2.3.1 Constant Force SDrinn Alternative 

2.3.1.1 Description. Constant force springs were originally patented under 

the name "Neg'ator" [19]. A strip of prestressed spring material is formed 

into a coil with a virtually constant radius and mounted on a freely rotating 

shaft [20]. Because of the nearly constant radius, the coil resists unwinding 

with a force that remains constant throughout any extension. The force is 

determined by the thickness and width of the material and the diameter of 

the coil. These springs have a long extension capability and have very little 

intercoil friction. 

A design idea for the safety device uses two constant force springs as 

shown in Figure 8. The springs are available as a stock catalog item from 

Hunter Spring Products (see Appendix L). Each spring is 2.7 inches (0.069 

meters) in diameter and withstands a load of 40 pounds (178 Newtons) for a 

total resistant force of 80 pounds (356 Newtons) [21]. The springs can extend 

45 inches (1.14 meters) to absorb the kinetic energy of the astronaut, and they 

have a fatigue life of 2500 cycles. 

The two springs will be housed in a box with a slit to guide the 

extension of the springs. The free end of the springs will attach to the tether 

line, and the opposite end of the device will hook to the astronaut. A ratchet 

device must be mounted to the device to prevent sudden recoil of the 

astronaut. The device would automatically reset when the load is removed, 

and the ratchet is released. 
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Figure 8. Constant force spring alternative design. 

2.3.1.2 Evaluation. 

Advantages: 

1. 

2. 

3. 

4. 

The constant force spring alternative is a simple but effective 
design. 

The springs have a small diameter and a long extension for 
absorbing the kinetic energy. 

The springs are made of 301 stainless steel which has a 
temperature range well beyond the range required for use in 
space. 

With a rated fatigue life of 2500 cycles, the constant force spring 
will withstand repeated use. 

Disadvantages: 

1. A device is needed to prevent recoil of the springs after they 
have been extended. 

2. A mechanism to slow the spring return when resetting will 
have to be included in the design. 
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2.3.1.3 Requirements Satisfied. The two constant force springs as described 

will limit the tension in the tether to 80 pounds (356 Newtons). Above 80 

pounds (356 Newtons), the springs will extend up to 45 inches (1.14 meters) to 

absorb the kinetic energy while providing a constant force. The astronaut is 

signalled that the device has been activated by the extension of the springs, 

which can be labeled with bright warning labels. Release of the ratchet will 

allow the springs to rewind to reset the safety device. 
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111. DESIGN SOLUTION 

The design team selected the constant force spring alternative for 

further embodiment. This section presents the final design that was 

developed as well as a discussion of the decision process the design team used 

to choose a design solution. An overall description of the device is given, 

and the construction of a prototype is discussed. Finally, a detailed discussion 

of each design component is presented. 

3.1 Evaluation of Alternate Designs 

3.1.1 Decision Criteria 

The design team decided on eight design parameters to be considered 

in determining a choice for the final design solution. Presented below is a 

brief description of these eight parameters. 

1. Number of cvcles. This is the number of times that the safety device 

A life of 25 cycles was can be reset and perform accurately. 

considered the minimum acceptable level. 

2. Ease of resetting. The device must be reset by an astronaut with a 

gloved hand. NASA requires all safety devices to be operable using 

only one hand. A simultaneous release mechanism is required so 

the device does not accidentally activate. 

3. Space materials. The material used on the device must be 

compatible with the harsh space environment which has extreme 

temperature variations and high solar and other radiation. 
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4. Extended strength. This is the strength that the device has once it 

has been fully extended. The design should be stronger than the 

tether hooks or space suit. 

5. Size and weight. A design that is small and lightweight is optimal 

for taking into space. 

6. Signal astronaut. This is the ability of the device to alert the 

astronaut that the safety feature has been employed and needs 

resetting. 

7. Simplicitv. The simplicity of the design affects production time and 

cost. 

8. Reliabilitv. This represents the accuracy of the device once it has 

been reset. 

3.1.2 Decision Matriz 

The design team constructed a decision matrix to evaluate the alternate 

designs and determine the final solution. A decision matrix uses "weighting 

factors" to indicate the relative importance of each design parameter [21]. The 

"Method of Pairs" procedure was used to assign weighting factor values to 

each of the design considerations. In the Method of Pairs, every possible 

combination of design parameter pairs is considered. The parameter that is 

deemed to be of greater importance in each pair is given a tally mark. The 

criteria with the greatest number of tally marks will be the most important 

factor in the selection of an alternate design while the criteria with the second 

largest number of tally marks will be the next important factor and so on. 
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Weighting factors were determined by dividing the number of tally marks 

that each parameter had by the total number of tally marks (see Appendix M). 

Next, each alternative was evaluated according to the eight design 

parameters and given a score from one to ten. A score of ten is superior, and 

a score of one is poor. The scores were multiplied by the weighting factors 

and summed to give the total number of points for each alternate. Appendix 

N contains the decision matrix performed on the six alternative designs for 

the safety device. The constant force spring alternative ranked highest in this 

decision matrix and has been further developed and modified. 

3.2 Design Configuration 

The configuration of the final design is shown in Figure 9. The design 

consists of a pair of constant force springs assembled back to back to make the 

sum of their forces available at a single point. The free end of the springs 

attach to the tether and limit the tension in the line by uncoiling when the 

force reaches 80 pounds (356 Newtons). The springs are coiled around spools 

that are mounted in an aluminum housing. The housing provides structure 

for a tether attachment ring and a grip roller mechanism that prevents recoil 

of the springs. The device will mount on a waist tether that attaches to the 

tether points on a space suit. 
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Tether r I ng Hous I ng - 

Figure 9. Final design configuration. 

3.2.1 Constant Force Surinjzs - 

A constant force spring is a strip of prestressed spring material which is 

formed into a coil with a nearly constant radius [22]. When the spring is 

deflected as shown in Figure 10, a resisting force, P, results which does not 

increase with increasing extension as with a conventional spring. Figure 11 

compares the force versus deflection curves for conventional extension 

springs and constant force springs. The material is straightened from its 

original curvature over a short distance, x. The straightened material stores 

energy but does not add to the resisting force. 
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Figure 10. Deflection in a constant force spring. 

The constant force springs are made of flat strips of 301 stainless steel 

that are coiled tightly around Delrin spools. The stainless steel strips are 0.031 

inches (0.8 millimeters) thick, two inches (5.08 centimeters) wide, and 58 

inches (1.47 meters) long. The springs are connected to each other at their free 

ends where they are riveted to a tether attachment ring. The center spools are 

2.71 inches (6.88 centimeters) in diameter. As long as one turn or more of the 

material remains on the spool, the springs hold on by a natural gripping 

action. Each spring provides 40 pounds (178 Newtons) of force +/- 10 percent. 

When mounted back to back, the springs provide a total force of 80 pounds 

(356 Newtons) +/- 10 percent. With this force, the springs will extend 26 

inches (0.66 meters) to absorb the kinetic energy of the astronaut. This leaves 

approximately three turns of spring material around the spools. However, as 

a safety precaution, the springs can be attached to the spools at the inner end. 
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Constant Force Spring 

Deflection 

Figure 11. Force vs. deflection curves comparing 
constant force and conventional springs. 

3.2.2 Mounting Structure 

The spools are mounted inside of an aluminum housing. The sides of 

the housing fit closely to the sides of the spools in order to guide the springs 

and prevent misalignment during rewinding. The free end of the springs 

will exit the housing through a slit on one side. Adjacent to this slit there is a 

grip roller mechanism to prevent the spring from recoiling when the device 

is deployed. On the opposite side of the device is a ring for attaching a tether. 

3.2.3 Grip Roller Mechanism 

To prevent the spring from recoiling after the kinetic energy is 

absorbed, a grip roller mechanism is provided. The mechanism consists of a 

spring loaded roller in contact with the side of the constant force spring. The 

roller is situated inside a groove with angled sides. When the spring is pulled 

out of the housing, the roller is pushed to the wide end of the angled groove. 
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The roller is free to rotate when it is in this position, and the spring is allowed 

to extend without resistance. When the spring begins to return into the 

housing, the roller is forced into the narrow side of the angled groove. The 

roller becomes wedged in the groove and provides a friction force on the 

spring to keep it from recoiling. 

After the device has been deployed, the grip roller mechanism will 

allow easy resetting of the device. To reset the device, the crewman will 

depress a lever to manually pull the grip roller out of its wedged position, and 

the spring will return automatically. By depressing the lever slowly, the 

astronaut can control the amount of friction applied and slow the rate of 

return of the spring. To prevent depressing the lever accidentally, a locking 

device can be included. For example, a button may have to be pushed before 

the lever can be moved. 

3.2.4 Warning Feature 

The feature to warn the astronaut that the safety device has been 

deployed will be high visibility warning labels attached to the sides of the 

springs. The extension of the springs will expose the warning labels and thus 

signal the astronaut. 

3.3 Prototype Desim and Assembly 

As part of this project, the design team chose to design and build a 

prototype of the constant force spring device. A set of detail drawings and an 

assembly drawing are included in Appendix 0. The prototype was designed 
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to be easily produced using common machine shop equipment. For example, 

the housing is made of built-up plates which can be produced on an end mill. 

A cast housing could be used in the final production device. A cast housing 

would have thinner and more uniform wall sections, and the walls could 

easily be contoured to the shape of the springs. Also, a cast housing would 

eliminate the many machine screws required to hold the plates together. 

These changes would make the device smaller and lighter than the prototype 

is. 

The spools that the springs wind around were turned on a lathe out of 

solid Delrin material. Delrin was used because it was available at a local 

plastics vendor. However, we recommend polyethylene teraphthalate (PET) 

for this component. PET has similar characteristics to Delrin but can be 

higher temperatures. In a production device, the spools could be made of an 

injection molded plastic or die cast metal. Again, the production spools 

would have thin wall sections to conserve mass. The axles of the spools are 

made of stainless steel dowel pins that are press fit into the Delrin material. 

In the prototype, the constant force springs are held on the spools 

simply by the tension of the springs gripping the spools that are of a larger 

diameter than the free diameter of the springs. Therefore, the springs are 

prestressed when they are wound around the spools. In a production device 

to be used on space missions, the springs should be affixed to the spools for 

safety. The springs should not be able to come free of the device in case a 

crewman has enough kinetic energy to extend the springs past their full 

length. 

The grip roller mechanism consists of an aluminum roller mounted in 

a lever mechanism made of sheet metal. The lever mechanism is spring 
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loaded with torsion springs to bias the roller into the wedge. In the prototype 

there is no latching mechanism to prevent inadvertent pressing of the lever. 

Such a device must be included in the final product. 

The free ends of the constant force springs are connected back to back to 

each other and attached to a tether ring end fitting. To allow easy assembly 

and disassembly of the prototype, the springs are connected to the end fitting 

with screws and nuts. In the final product for use in space, the springs will be 

riveted to the end fitting to insure that the fasteners cannot work loose. 

3.4 Materials 

Materials selection and qualification for use in the space environment 

consists of four main steps: 

1. Identify requirements for the material 

2. Select candidate material 

3. Analyze environmental capability of the material 

4. Qualify the material [23]. 

The design team limited the scope of the material selection process in 

this design project. The team identified the material requirements and 

selected candidate materials. In the selection of the candidate materials, the 

designers considered environmental capabilities published in the literature. 

Information on the effects of the space environment on materials has 

accumulated over the years of space flight activity. Therefore, there is little 

need to determine material capabilities experimentally. Likewise, due to the 
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tight schedule and lack of facilities to simulate the space environment, 

qualification testing of the materials under those conditions cannot be 

performed by the design team. 

3.4.1 Material Reauirements 

The primary requirements, or design functions, of the materials in the 

energy absorber are mechanical in nature [241. They are the mechanical 

properties which can be measured or derived, such as density or tensile 

strength. In addition to the design functions, requirements and limitations 

that are specific to the mission were considered. These requirements include 

mission life, reliability, weight, cost, and schedule. Environmental 

requirements are governed by the mission requirements. Since the device is 

intended for extravehicular use, the materials must withstand the harsh 

environment of outer space. The space environment is characterized by 

intense solar radiation, extreme temperatures, vacuum, particulate radiation, 

and the presence of micrometeoroids. 

All of these environmental elements can have detrimental effects on 

materials. Ultraviolet solar radiation can cause lattice defects in crystalline 

materials and cross-linking of polymers. Solar radiation can also cause 

thermal stresses in materials. Temperature extremes can cause softening or 

embrittlement, chemical degradation, and can accelerate other 

environmental effects. Charged particle radiation includes solar winds, solar 

event particles, and cosmic rays. This type of radiation can cause lattice 

defects in crystalline materials and cross-linking of polymers, as ultraviolet 

radiation does, and can also cause further radiation damage. The lack of 
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atmosphere, or vacuum, of space causes out-gassing of volatiles, diffusion, 

and vacuum welding. Finally, micrometeoroids can cause fractures or 

punctures depending on their size and velocity. 

3.4.2 Selection of Candidate Materials 

By taking the various material requirements into account, the design 

team selected candidate materials for components of the kinetic energy 

absorbing device. In general, inorganic structural materials are not severely 

affected by the space environment. The selection of these materials is based 

on strength-to-weight ratios and mechanical properties required [25]. The 

material selections for the main components are given in the following 

sections, including some advantages and disadvantages of each. 

3.4.2.1 Constant Force SprinPs: 301 Stainless Steel. 

Advantages: 

1. Off-the-shelf component, short lead time 

2. Constant properties over wide temperature range 

3. High strength 

4. Low cost 

Disadvantages: 

1. Low strength to weight ratio 
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3.4.2.2 Spring Spools: Polvethvlene Teraphthalate (PET) . 

Advantages: 

1. Dimensional stability and toughness 

2. High strength and wear resistance 

3. Maximum working temperature = +230° F 

4. Low coefficient of friction 

5. Good machinability 

Disadvantages: 

1. Low resistance to ultraviolet [26] 

2. Relatively high cost 

3.4.2.3 Housing: - Aluminum Allov 6061. 

Advantages: 

1. Constant properties over wide temperature range 

2. Insignificant vacuum sublimation [271 

3. Resistant to radiation 

4. High strength to weight ratio 

Disadvantages: 

1. No major disadvantages 
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3.4.2.4 Grip Roller: Aluminum. 

Advantages: 

1. Relatively high coefficient of friction 

2. Similar advantages as listed for housing above 

Disadvantages: 

1. Low wear resistance 

2. Tendency of galling or welding to itself 

3.4.2.5 Release Lever: Aluminum. 

Advantages: 

1. High strength-to-weight ratio 

2. Unaffected by radiation, vacuum, or temperature 

Disadvantages: 

1. May strain harden 

2. Relatively low strength-might bend 

3.4.2.6 Dowel Pins and Torsion Sprinzs: - Stainless Steel. 

Advantages: 

1. Off-the-shelf components, short lead time 

2. Constant properties over wide temperature range 

3. High strength 

4. Low cost 

41 



Disadvantages: 

1. Low strength-to-weight ratio 

3.5 Cost Analysis 

Table 1 gives approximate costs to produce all of the machined parts of 

the final design solution. The material costs are from McMaster-Carr Supply 

Company 1991 Catalog [281. The machining times and machining costs were 

calculated based on machining rates and engineering costs provided by 

Dr. Grady Rylander [29] (see Appendix PI. The prices for all stock items are 

shown in Table 2. The approximate cost to produce a single constant force 

spring safety device is $171.71. 
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Table 1 

Material and Machining Costs 

7.98 

9.20 

Material 

cost 

9.98 

7.75 

Material 

Removed 

( in3 

Machine 

Time 

(min.) 

Machine 

cost 

( $ )  

Total 

cost 

( $ 1  

Material Part 

~~ 

Delrin 3.65 8.11 10.14 26.03 14.50 

I 
Aluminum 1.34 3.78 20.76 I Top/Bot. 12.61 22.10 

Aluminum 0.69 0.20 10.67 Side 

Aluminum 1.61 
_ _ _ _ ~  

20.84 13.11 T-shape 1 
Aluminum 0.81 6.24 4.1 1 5.14 5.95 L-shape 

0.16 0.51 6.39 7.99 8.15 Aluminum 

Fittin 

Roller 4luminum 0.01 0.012 2.00 2.52 2.53 

1 H a n d l e  0.10 15 in 8.95 4luminum 

Total $97.49 
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Table 2 

Cost of Stock Parts 

PART QUANTITY MATERIAL 

c I I 

8.60 

22.50 

0.29 

0.11 

17.28 

45.00 

0.58 

0.88 

0.12 I 3.12 1 
0.07 I 0.14 1 
2.99 I 5.98 1 
0.62 I 1.24 1 

Total $74.22 
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IV. EVALUATION OF THE DESIGN SOLUTION 

The first step in the evaluation of the design was calculating the 

strength of each of the components used in the device. Calculations of the 

strength of the tether attachment rings, the screws and rivets, and the spool 

axles are included i:n Appendix Q. All of these components have very high 

factors of safety considering the relatively low forces that the device will 

encounter in use. 

The design team assembled a prototype for mechanical testing. The 

ability of the device to limit the force was evaluated by performing tension 

tests. The energy absorption capability of the device was tested by using it to 

stop a rider on a bicycle translating on level ground. The endurance of the 

device was tested by repeatedly dropping a weight suspended from the device 

so that the springs extended to the maximum working deflection. 

4.1 Test Results 

4.1.1 Tension Testiig 

Tension testing was performed using an Instron testing machine. The 

Instron machine is commonly used to measure the tensile or compressive 

strength of materials. The Instron machine used in our tests featured a 

crosshead speed control calibrated in metric units and a 100 kiloNewton 

(22481 pounds) load cell. The prototype was mounted in the Instron and 

pulled at crosshead speeds of 50, 100, 200, and 500 millimeters per minute (3.9, 

7.8, and 19.7 inches per minute). The force versus deflection curves from 
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these tests are included in Appendix R. The test was repeated at different 

speeds because the literature on constant force springs noted that the 

performance of this type of spring may vary at high deflection velocity 1301. 

However, there was no apparent difference in the results at each of the 

different crosshead speeds. Each curve increased rapidly to a maximum force 

of about 440 Newtons (99 pounds). Then, the force fell slowly and finally 

leveled at about 385 Newtons (86.5 pounds). From the results of this test, the 

team concluded that the device performed as expected and limited the force to 

less than 100 pounds (445 Newtons). The actual measured force is higher 

than the 80 pounds (356 Newtons) predicted from the spring specifications. 

The team credited this discrepancy to the tolerance of +/- 10 percent given for 

the spring force in the catalog and to friction between the spool axles and the 

housing. 

4.1.2 Enerm Absorption Testing 

In order to determine the kinetic energy absorption capabilities of the 

device, the team improvised a simple test. The fixed end of the energy 

absorber was attached to a stationary bicycle rack. One end of a long rope was 

attached to the movable end of the energy absorber while the other end was 

tied to a bicycle. One team member rode the bicycle away from the device. 

When the rider reached the end of the rope, he was stopped by the energy 

absorption device. To estimate of the rider's velocity, a second team member 

measured the time it took the bicycle to pass two chalk marks on the 

pavement. The third team member measured the distance that the bike 

traveled past the point where the rope became taut which represented the 
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amount the springs extended. From the data recorded in this experiment and 

knowing the weight of the rider and bicycle, the kinetic energy of the rider 

was derived. Using this derived value of the kinetic energy, the deflection of 

the spring required to absorb the kinetic energy was calculated. The team 

compared this predicted value to the actual values measured in the test. The 

results of this test are included in Appendix S. On average, the actual values 

of the deflection were 14 percent longer than the predicted values. 

The team feels that there are many possible reasons for the difference 

between the actual and predicted deflections. There were several possible 

sources of error and variability. One source of error could have been the 

starting and stopping of the stopwatch, since there is an element of human 

reaction time and visual parallax. The measurement of the deflection also 

included visual parallax and human error of marking the stopping point. 

The deflection may have been longer because the spring force does not reach 

its rated value until the spring deflects about four inches. The calculation of 

the deflection was done assuming the force was a constant 85 pounds and did 

not account for the initial deflection. Finally, the rope that the bicycle was 

attached to probably stretched a significant amount. In order to eliminate this 

source of error, the deflection should be measured where the spring extends 

out of the device, not at the front of the bicycle at the end of the rope. 

Considering that this test was quickly improvised and that there are many 

sources of variability, the design team feels that being within 14 percent of the 

predicted value is a good result. However, the team recommends further 

testing under more controlled conditions using the mass and velocity given 

in the design specifications. 
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4.1.3 Endurance Testing 

To test whether the device could withstand repeated use, the design 

team devised a test in which a weight attached to the energy absorber was 

dropped from a height to develop kinetic energy. The team used a dumbbell 

with 70 pounds (31.7 kilograms) of weight on the bar to perform this test. The 

weights were suspended from the energy absorber at an initial height of 40 

inches (1.02 meters) above the ground. The weights were lifted 18 inches (0.46 

meters) and released. The device stopped the weights just before they hit the 

ground. This procedure was repeated 25 times. In addition to these 25 

repetitions, the device was cycled eight or ten times with 80 to 90 pounds (36.3 

to 40.8 kilograms) dropped from various heights to find the right 

combination of weight and height to prevent hitting ground. After 25 cycles 

the device was disassembled and inspected for signs of failure or wear. 

During disassembly, it was difficult to remove the axle of one of the 

spools from the hole in the aluminum side plate. However, it seemed to 

rotate freely in the hole. Close inspection of the bearing surface showed signs 

of wear, which was to be expected. The bearing was not oiled in these tests. If 

the prototype is used for further testing, lubrication is recommended to 

reduce the amount of wear at the axles. 

With the side plate removed, grooves could be seen worn in the side 

plate where the spring rubbed against it. During the test, the team observed 

that the device was hanging at a slight angle, causing the spring to contact the 

sides during extension. Because the prototype was not completely finished 

according to the prints before testing, the device was suspended with rope 
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around a flat temporary cross member. The circular tether attachment point 

of the final design would allow the device to be positioned to prevent contact 

between the springs and the housing. In addition to proper positioning, the 

problem may be aided by the addition of sides to the spring spools to keep the 

springs aligned on the spools. 

The team concluded that the amount of wear was reasonable for this 

prototype. There were no signs of serious failure. Therefore, we believe a 

minimum life of 25 cycles can be achieved. 

4.2 Design Performance 

The performance of the kinetic energy absorber can be evaluated on the 

basis of its ability to meet the specified design criteria. The kinetic energy 

absorber was tested to determine if it would limit the force in the tether line, 

absorb the kinetic energy, and endure the required design life. The results of 

these tests indicated that the device will limit the force to less than 100 

pounds (445 Newtons) and will endure at least 25 cycles. Preliminary results 

of the kinetic energy tests indicate that the device will absorb the required 

amount of kinetic energy. 

Because the prototype did not include the grip roller mechanism at the 

time of testing, the performance of this device could not be determined 

experimentally. This feature is needed to insure that the crewperson does not 

recoil and to allow controlled resetting of the device. 

The weight of the prototype, at 6 pounds (2.72 kilograms), is relatively 

high for lifting the mass into space. The major contributor to the weight is 

the stainless steel springs. Since they were purchased off the shelf on the basis 
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of the mechanical properties desired, the springs cannot be modified to reduce 

their weight. The housing, which is constructed of several thick aluminum 

plates, could be made lighter. All but the structurally necessary material 

could be removed leaving a skeletal frame of aluminum. A thin casing of 

plastic or other material could then be used to enclose the device. 

Aluminum was used extensively on the prototype because it is well 

suited to the space environment. An aluminum housing protects the 

polymer components inside the device from radiation exposure. The effects 

of the space environment must be considered when choosing lightweight 

replacement materials. 

The extension of the spring acts as a warning to the astronaut that the 

safety device has been enacted. Bright warning labels could be attached to the 

springs as an added warning feature. 
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v. CONCLUSIONS AND RECOMMENDATIONS 

5.1 Further Testing 

Due to time constraints and lack of appropriate test facilities, an 

abbreviated amount of testing was performed on the prototype. To confirm 

that the device will work properly under the specified conditions, the force 

exerted by the springs when pulled by a mass corresponding to 700 pounds 

(317 kilograms) at a rate of four feet per second (1.22 meters per second) 

should be measured. From this test, the extension of the spring required to 

absorb the kinetic energy can be found. To be acceptable, the length of this 

extension must be less than the maximum working deflection of the spring. 

Tests should be performed to determine the effects of the space 

environment on the materials used in the device. Since sufficient material 

specifications and design data may be found in literature on the materials, 

material qualification may be accomplished as a part of the prototype 

performance testing 1311. Suitable tests may include temperature cycling, 

prolonged exposure to ultraviolet and other radiation and extreme 

temperatures in a vacuum. 

5.2 Design Improvements 

The most critical shortcoming of the prototype is its excessive weight. 

The existing springs are the heaviest components of the device. One possible 

way to reduce the weight of the device is to use springs made of composite 

materials. Composite springs have been successfully used in such 
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applications as automobile suspensions [32] and aircraft door counterbalance 

mechanisms [33]. The design team determined that a high strength 

graphite/epoxy unidirectional fiber composite spring with the same energy 

storage capability as the stainless steel may be as much as six times lighter (see 

Appendix T). 

The environmental factors to consider for a composite material used in 

the space environment are the effects of temperature, ultraviolet radiation, 

and vacuum. There are several temperature effects that should be addressed. 

Creep may occur in one or both of the components at elevated temperatures 

[MI. Chemical degradation of the matrix resins is another problem. Also, 

residual stresses may develop due to differences in thermal expansion of the 

two components. Ultraviolet radiation can also cause degradation of the 

polymer matrix material. Finally, volatiles may evaporate from the polymers 

in the vacuum environment. 

In addition to trimming weight from the springs, considerable weight 

can be reduced by eliminating all but the structurally necessary material from 

the housing. The remainder of the housing is only used as covering to 

prevent foreign ob.jects from entering the device. However, the aluminum 

housing provides good shielding from radiation for the internal polymer 

components. This shielding may be even more important if composite 

springs are used. The thickness of the aluminum may be reduced in areas 

that serve only as covering. A small aluminum structural frame may be 

used, covered by a thin shell of aluminum or plastic if a suitable plastic for 

the environment can be identified. 

In conclusion, the design team believes that the constant force spring 

alternative is a viable solution to the problem of absorbing the energy of a 
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drifting astronaut. Testing of the prototype confirmed that the design will 

satisfy the specified requirements. Further development is necessary to 

finalize the requirements of preventing recoil of the astronaut and of 

reducing the size and mass of the device. The team is confident that these 

requirements can be met. 
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Change 
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Specification List 
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Requirements 

Functional 
1. attaches to tether or suit 
2. limits tension in line to less than 100 lbs 
3. activates at - 75 lbs 
4. absorbs kinetic energy 
5. reusable/resettable - # of uses t.b.a. 
6. resettable during EVA 
7. total length of tether 25-55 ft. 
8. applied loads: suit and crewman - 7001bs 

9. extended tether strength at least 200 lbs 
Materials 
1. operating temp. range: -2000 to 2500 F 
2. resistant to radiation 
3. light weight 
4. handle stredfatigue 
5. noncorrosive 
Ergonomics and Safety 
1. minimizesize 
2. prevent astronaut from recoiling 
3. easeofuse 
4. minimize hazards during use or failure 
5. speed of resetting 
6. able to use with gloved hand 
7. stowability 
8. astronaut must notice device has been 

activated 
9. visible to astronaut (accessable) 
ProductiodQuality Control 
1. simplicity of design 
2. ease of manufacturing 
Reliability 
1. life 
2. maintain tension specifications 
3. must reset to proper condition 

translation rate = 4 ft/sec 

Resp. 
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Change Requirements D/W 
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Maintenance 
1. minimize 
2. calibration 
3. self maintaining 
cost 
1. analysis required 
Schedule 
1. see Gaant chart 
2. presention Dec. 2 

Resp. 
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Brainstorming Design Ideas 
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Impact Energy Absorber Patent 
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Ir:i S. ll~rtl;iia!i. Srwpart Sews. and Thninm Vranau. 
llatii~~tuii. Va., asririinrs to Ilie L'ttitrd Slvlcs nf 
.\titerica :IF rcprrwnied hy the Atlminivtralnr of the 
Xatiaiiia! ;\criiiiatitics atid Space Adminirtntion 

I W d  I)rc. 22. 1964. Ser. So. 420.466 
I6 Chinis. (Cl. ISii-I) 

AB.STIL\CT OF THE DISCLOSURE 
An impact cncrgy ahsorbcr for a color visibility and 

drag menwring system having an energy absorber ad- 
jacent a drag nicmbcr with one end secured thereto and 
the other end secured to a cable. The end of the cable is 
atinched to a cantilever beam to which arc applied strain 
mcawring dcvices. The energy absorber includes a t a p  
;:r;ii!~*:iIly widening from the center to\vard the ends tlicre- 
i i i  :!!#.I ni:idc froni a material tending to yield and retain 
its rolled shape. The tape is folded upon itself about its 
centcrline :ititI. st:irting from the narrow portion, is wound 
; ~ h o t t t  the shaft of a rcel which has the inner faccs on the 
end pl:ites thereof spaccd to provide suflicient clearance 
for the t a p  to be unwoitnd uniformly. Energy is absorbed 
:it :I 1lccre:ising r;ite hy the unrolling of the tape. :IS wcll 
:I* tlte rot;ition of thc reel. 

The invcntion dcscrihcd herein may hc manufactured 
;ind used by or for the Government of the United States 
of Aniericn for governmental purposes without the pay- 
ment of any royaltics thereon o r  therefor. 

This invention relates generally to energy absorption 
;tnd more particularly to an inipact energy absorber hav- 
ing :I decreasing absorption rate. 

As space exploration coulinuet. many studies, expfri- 
mcnis. and tests must be conducted to Frovide informa- 
;on os to the operability of devices in the vacuum of 

outer space. For example, it is necessary to obtain data 
regarding the elTects of the space environment upon bodies 
moving therethrough. If these :raveling bodies are to be 
manned end controlled by a human pilot. the visual abil- 
ity of that person becomes an essential factor. The instant 
invention involves B single system device that permits ob- 
taining both characteristics of movement through space 
and visual charactcristics of bodies near the traveling ve- 
hicle. That is. a member may be deployed that b of a 
color to determine visual characteristics as well as pm- 
viding d:ita relating to the air density by measuring the 
drag 3 f  tlinl member as it moves or is d n w n  through orbit 
;it high altitudes. However. if o member is deployed from 
a moving vehicle. when that member reaches the end of 
the cable attaching it to the vehicle, there is a sudden im- 
pact which, depending upon the circumstances. 'would 
cauie the nicmber to reverse direction and overtake the 
vehicle from which it was deployed. In  order to prevent 
this bounce clTect, some device must be provided to either 
slow down the deployed member o r  to absorb the energy 
created hy the drag forces. Such a device must be minia- 
turized and yct withsiantl maximum vibration:il etkcts to 
opcr:lte in ;I space cnvironnicnt as wcll 3s covering a widc 
range of impact energy magnitudes while not k i n g  af. 
fceted by sercral wceks of dormancy prior to use. It must 

. .  . .  . .  
vice.; ;i:c iin:il+ lo : i h , r h  ilepli*\itii*nt ts-r.'8!\ v.h '  . ; .. 
nlittin; iii:iititc*?ail<c t r f  ;in iiiela\t:c citti!l,'iIt*G . I  :c: ... 
plcic dcplo) nicnt. 

The present invcntinm h::s :ill $4 ihc rcqcii:zJ f: 'tlrc. 

which :ire provided hv utililinp :I t a w  th:it i::irros\- 1 r . m  
cnch cntl tow:ircl Ihc center where it i \  f t i I h 1  :ant1 \t:irti:i: 
at tht center of the 1:ipc i \  wr:i?ped :iboiit a rzcl. 

I t  is ati ohjcct of iliis invetiticm to providc :in energy 
ahsorber for minimiiing iiiip:ict forces. 

Another object o f  this invention ic to provide :in i i i i -  

pact cncrgy ahsorhcr for ;ipplic:ition \vhcre niosing ni:i\w> 
are suddenly stopped hy arresting cables or  ropcs. 

A further object of thk  invention is to provide a reel 
1s and tape energy absorption device having a tlecrewing 

nte of absorption. 
A still further ohjcct of this invention is 1.0 provide 3 

color visihility study .;piem uiili7iiip :in energy :rI)\twt-zr 
for absorption of imp:ict energy upon dcploynicnt of the 

Still another object of the inst:int invention is io pro- 
vide a drag menwring system for u r  in a low v:iciiuni 
environment and wliich utilizes a novel impact energy 
absnrhcr. 

A further ohject o f  this invcntion is to proviJc a nictlitkl 
of forniing an energy ahsorkr .  

Another object o f  the inst:int invention is to pro\r.le 
a method for viru:il color study and d n g  nir:irurcniznt in :I 
low v:tcuuni environment. 

Gcnenlly. the forcgoing and other olyjccts are accom- 
plished by locating an energy absorber ;idjaccnt a dr:q 
member and Iinving one cnd sccurcd thcrcto and the trthcr 
end secured to 0 cahle. The other cnd of the c:lhlc is at- 
tached to a cantilever hcam to which are applied strain 

35 measuring devices. The impact energy nhsorbcr includes 
a t a p  which pradually widens ircim the ccntcr toward 
the ends thereof and which is folded tipon itself ahout it; 
centerline. Starting with the narrow portion. the t:ipe is 
wound about the shaft of a reel which has the inncr fnccs 

40 on the end plates thereof spaced to provide sufiicient 
clearance for the tapc to bc unwound. Encrgy is :itrsorbed 
at a decreasing rate by the unrolling of the t;ipe ;IS \rcll 
as the rotation of the rccl. 
A more complctc appreciation of the invcntion and 

45 many of the attendant advant:lgcs thereof will be re:idit> 
apparent as the same bcconics k i t e r  undcrktood hy 
reference to the following description when considerril in 
connection with the accompanying drawings. wherein: 
FIG. I is an isometric of the energy ahsorber of the 

FIG. 2 is an isometric dingrammatic view of the nbwrh- 
er of FIG. 1 after piinial operation; 
FIG. 3 is 3 front view of a reel of one of t l v  cnibodi- 

munts of the absorber of the instant invention; 
FIG. 4 is an end view of FIG. 3; 
PIG. 5 is a front view of an alternative embodiment of 

FIG. 6 is an end view of FIG. 5: 
FIG. 7 is a plan view of the tape with pi:rtitm\ ,ll,ilt:c,j 

FIG. S is a diagrammatic view o f  :tic vi\u.it >;li,:> . l~~li 
drag measuring jysteni in vhid i  tlic in\iaIit ititcii:isn!i :, 
utilircd. 

.; 

:an system. 
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which. prevents end plates 22 and 24 and disk-shaped the reel oncc it is fully deployed. Since feel is not sccurul 
inner plates 26 and 28 from moving inwardly. Sections to either the vehicle or cable 70, it is frrc to fall away 
El. of rccluccd diameter. on shaft 30 are threaded at 38. from the deployed system without becoming entangled 
Thc outer faces of end plares 22 and 24 are provided therewith. In the absnce  of absorber 10. when sphere 
with counterbores or rabbets 44 surrounding a central 5 60 has floated rearnard the full extent of cable 70 there 
bore 40 for receiving nut 42 which is threaded upon is an impact and attendant rebound of sphere 60 which 
rcdtlced diameter sections 34 of shaft 30. could overtake the aerospace vehicle and possibly be- 

The alternative embodimcnt.of spwl 20, FIGS. 5 and come entangled themwith. Accordingly, emfgy absorber 
6. Is similar to that shown in FIGS. 3 and 4. However, 10 is positioned near sphere 60 to 'absorb the energy 
shaft 130 has an elongated radial slot 132 c c n t d l y  resulting from the rearward flotation thereof. An ideal 
located between end plates 122 and 124 that meives  a absorber 10 would be completely nonelastic and absorb 
small portion of the narrow scction of tape SO. End energy over a rufackntly long ph0d of t h e  to prevent 
plates 122 and 124 have convex hemispherical inner facu excessive buildup of f o m  within a b k  70. In order to 
126 and 128, respectively. prevented from moving in- accomplish the idcal dhmtion, absorber 10 is provided 
wardly by abutment 136 formed by Educed diameter end l5 with a di+n*irhing absorption nk: 
sections 134 of shaft 130. End sections 134 hove threads The diminishing rate of .brOrprion of absorber 10 is 
138 for receiving nuts 142 in counterbores I44 extend- accomplished by designing trpe SO with relatively wide 
ing about central bore 140 in end plates 122 and 124. end scctions that gndually taper to narrower ccntml 
Although the precise deprec of absorption ability is portion 54. T a p  50 is folded about centerline 56 to 
dillicult. if not impossible. to compute, convex inmr 20 position en& S2 over ODC mother. Should the dter- 
faces 126 and 128 retain t a p  SO in a neatly wound pack- n 8 h  embodhen t  Of Spool 20 be Utilized. a mall por- 
age which may be more desirable under a r t a h  condi- tion of ccntrd sa t ion  54 k Btkd into slot 32 in shaft 30. 
tionr. Tape 50 is then wound about shaft 30 and as the ends 

As mom clcarly shown in FIG. 7. tape 50 has wide 52 arc approoched. trpc 50 is held neatly coiled by inner 
end portions 52 and gradurlly decreases in width to nar- plates 26 and 28 or convex faces 126 and 128 or end 
row ccntml pnrtion 54 at centerline 56. Wide end por. plates 22 and 24 Of I22 and 124. respectively. 
tions 52 arc provided with :ittachment members 58 for In view of the above-identified operation. it is Seen that 
ntt:ir.liing tlw ctppode cnds o f  tape SO to cabkr  or rintilar nr the tensile forces between sphere 60 :ind cable 70 in- 
cncrgy trJnsmittinp clemcnts. It has been found that an crease, tape 50 is unwound frcrm sptwl 20. Tape 50 hnr 
opr:ible and expediently formed attachment member 30 been found to perform efliciently when made from w f t  
can be constnicted by folding a small portion 96 of ends aluminum sheet that tends to yield and retain its rolled 
52 o f  tnpc 50 over a r id  94 t o  which loop or eye 58 is shape. The material then has to yield again while being 
%cured and t h m  welding folded portion 96 to the original unrolled and most of the velocity or impnct energy is cx- 
end 52. Since apeflure 98 is provided at the fold for pcndcd in this way. However. some energy is expended 
eye 58, i t  is free to swivel. 35 in angularly accelerating the rolled mass and an add-  

Referring now to FIG. 8 wherein is shown a novel tional amount is upended in linear acceleration of the 
visual study system and d n g  measuring mechanism in- . t ap .  As can be s e n  from FIGS. 2 and 7. the tape gradti- 
corporatinp absorber 10 of the instant inven:ion. Drng ally tapen to  a smaller width Y it unwinds as well as the 
member 60 is shown as an inflatable sphere made of configuration of the diametcr of the rolled up abrorhcr 
gorcs 62 and cnd panels 64. Cable 68 of minimum length 40 decreasing as tapc 50 it  unwnund. 1 his providcs the di- 
is attached at one end to absorber 10 and at the other minishing absorption nte desired. It is apparent that the 
end to sphere 60 at 66. The opposite end of absorber 10 amount of energy to be absorbed will dictate the dimen- 
is attached to connector 72 which is secured to cabk 70. sions for tape 50 which may be readily calculated by the 
The other end of cable 70 is attached to hook 74 mounted skilled artisan. For example. a dinerent material may be 
on beam 80. Cable 70 is preferably a braided nylon line used or the length, width or thickness of the t a p  may be 
which ha5 been found to opcnte  quite successfully under varied. In fact. if the exact impact vclocity is known, 
Ihe conditions for the tests Io be ma& with the instant tape SO could bc designed to absorb energy ai  a constant 
invention. rate. 

The drag mcnsurement system is shown in F.IG. 8 to The instant invention contemplates a one-shot t y p  
include cantilevcr beam 80 which is machined from a M) mechanism. That is. absorber 10 will function and o p r a t e  
single piece of material to have built-up end section 82 only once and then must be rewound for a subscqilent ux.  
which i5 attached to support 81  by bolts 83. support 84 Once sphere 60 has been fully deployed with cable 70 
ic rigidly acurcd. as by welding. at 86 to the vehicle fully extended and the energy absorbed by absorhcr IO, 
from which sphere 60 is to be dragged. Strain pges 90 the visual study and drag measurement system is in opera- 
nrc mcitmtcd on beam 80 immediately adjacent end s- w tive pusition. Accordingly. the aerodynamic d r q  indiicrd 
tion 82 and are connected by terminals 88 i d  leads 92 upon sphere 60 and the aerospace vehicle is tnnsn,illcd 
to instriimcntation 91 for determining the strains in to cantilever beam 80. Strain gaga  92 pick lip the strain 
cnntilcvcr hcam 80 and therefore the d n g  force caused from beam 80 and tnnsmit them through ternrinds nn 
hy sphcrc LO. The inttriimenlation lo which leads 92 I re  and Itads 90 to the required instrumentztion 91. I t  has 
conncctccl is of cc~nventiona~ design end within the pur- 6o found [hat painting or coloring sphcrc 60 pr,,vi~e, 
view o f  the art. the b a t  means for the color nr visii:il stuJy. Ilowcvcr. 

the use of aluminum for tape 50 in absorber 10 h:t, .I 
[>rag nicnihcr LO is preferably a folded. inflatable. tendency to reflcct light rays which cause a g1.m th:lr 

hinders :in accurate visual study. In order to ovcrcontc 

AloJinc.ll)O, i 5  dp?lic(i 10 prouidc t ~ p  50 wllil \ l l , i l  

Opcrntion 

ali~iiiiniini S1vl:ir rplicrc that  is packaged to be released 
b y  cxpln\ivc h d l x  ; i r i i l  cjc&xl jack-iii-the-hox faqhioa. 65 [he ,<I:,rc c3ijsc.J by the ~lumintim, 3 coatinp, such 
':!IC d;xv t t f  14c fiib!*:tt \plicrt: v:ill ~ r : i h : i I l y  incrcmc 3 s  
I ' . . . / I .  : . . * ; . * . I  ' 1 :  , I ! . . .  .I . . . I  :<..,. 61) I , ,  q.,,:: . . ... ,. (*  
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i.,Iik ,*,I Ji.iiiicicr <ccli:iii\ J I  $ 1 1  ~11.111 JU. 
'I IIC :11!1.i ~ i . r t i t r  c i i i l ~ i ~ t ~ i i i i ~ ~ i i t  1 1 1  \pu11 20. I:IGS. 5 ant1 

fr. :> hi i l . i r  111 111:it ~Iw\ \ i i  in l;l(;S. 3 ant1 4. Iiowever. 
hi i i  IJtI li:!s an rlon~:itcd rndi:il dot t3Z centrally 
11w.ii~d Iwlsvrcn cnll pI:itc\ 122 and I 2 1  th:it receives a 
~i i i . 111  p * i i i t i i i  #if  tlic iiiirrtiw wctiain of t a p  50. End 
pl:tic\ t22 ;ind I 2J Iiavc convex hcniispherical inner faces 
126 .inJ I Z X .  rcq-cctive!y. prevented from moving in- 
.v:irilly Iw ;ihiitiiicnt 136 ftirnicci hy reduccd di:imetcr end 
wcticwr I3J $ 1 1  \11:1tt t30. lfird wetitins 13J tiave t h r r ~ d ~  
I N I  for receiving initr 1J2 in ciwwrborcs IU extend- 
ing nlnmt central hare 140 in m d  pI;ilcs 122 and 124. 
: \ l t l i i i i i ~ l i  the preci\c clel.'rc*c' of  :ihwrption ability is 
,litliiiill. if  iiiii impu\44c. tit conipute. convex inner 
C:irrr 126 iiiiil 12X rvwiii I:IW SO in a neatly wound pack- 
arc ~ l i i i t i  niay he niorc tk\inhle under certain condi- 
tions. 

AI tilore c1e:irly \hewn in FIG. 7. tape 50 has wide 
,*iiil porhii-  52 .iiid grai1ii:illy ilecrea\e.( in width to nar- 
I ~ W  witr:iI pi!titin 51 iit cciiterlir.: 56. Wide end pir- 
i i a i i i \  S2 ;IIC praividcd with :itt;ichnicnt nienihen SI for 
:itl.iciiiii: tlic i*py\ i tc  ends id lap 50 t o  cnhlcs o r  rintilrr 
cncrpv tr;inwiitting elciiients. I t  has hccn foiind that an 
4ipcr;ihlc :urd exprdiently formed attachment member 
<;III he ccrn\triictcd by fdiling a small ponion 96 of ends 
52 a d  t:iy*' 50 over a rckl 91 I t i  which Imp or  eye 58 is 
~ . c o r c d  ;inti thcn melding fiilded portion 96 to the original 
end 52. Sincc apcrture 98 is provided at the fold for 
cyc 58. it is free to swivet. 

Rcfcrring !IOW to FIG. 8 wherein is shown a novel 
viwal study system and drag measuring mechanism in- 
corporating ahsorhcr 10 of the instant inven:ion. D ~ B  
mcmhcr 60 ir shown as an inflalablc sphere made of 
;.ore\ 62 :ind cnd paneis M. Cahlc 68 of minimum length 
i\ :~it;iclwd at one end t i i  abwrber 10 and at the other 

wiiiii UVCI~YKC IIIU ;iciinli.iLu VUIIKIC .IIIU p e w m y  0 , ~ -  

conic sntrnpled thrcwith. A ~ c I N J ~ I I & .  ciirrgy :ihwihcr 
IO i .  psi:ioned'near !+ticre 60 t o  absorb the wergy 
resulting from the rearward flotation thereof. An itlc:il 
:ihwrhcr 10 woiild he ciinipletely noncl;istic and :ihutrb 
energy over a riillicicntly long F r i t d  of time tit Ixeven@ 
excessive buildup o f  forccs within cable 70. In order to 
accomplish the ideal situation. absorber 10 is provided 
with a diminishing absorption rate. 
TIE diniiniIhinp rate of absorption of absorhcr 10 ir 

accomplished by designing tape 50 with relatively wide 
end section* that gradually taper to narrower central 
ponion 54. Tap 50 is folded about centerline 56 to 
p. i l ion ends 52 owr one anolher. Shwld the alter- 
native embodinrcnt of lrpnol 20 be utilized. a small m r -  
tion of ccntnl  section 54 is fitted into slot 32 in shaft 30. 
Tape 50 ir then wound abiwt shaft 30 and as the ends 
S2 arc approached. t o p  50 is held neatly coiled by inner 

.s plates 26 ond 21 UT c imex facer 126 and 128 or  end 
p lam 22 and 24 or 122 and 121, re\pctively. 

In  view of the above-identified operation. it is seen that 
as the tensile forces between sphere 60 ;ind clblc 70 in- 
crease. tape 50 iq unwound from spool 20. Tape 50 1i:i- 

30 bccn found lo perform cnicicntly when made from w f t  
aluminum shcct that tends t o  yield and retain it* rcillcd 
shape. The materid then has IO yield again while being 
tinrolled and most of the velocity or impoct energy i% ex- 
pended in this way. However. some energy is cxpcndcd 

35 in angularly accelerating the rollcd maw and an addi- 
tbnal  amount is expended in linear acceleration of tlle 
tap. As can be xcn from FIGS. t and 7. the tapc gradu- 
ally tapen to a smaller width as it unwinds as well as the 
configuration of the dirmctcr of the rolled iip abwrhcr 

40 dccfcasing as t a p  SO is imwutind. This pntridcs the di- 
minishing abwrption rate desired. It is apparent lhat !he 

- 

cnd to sphere 60 at 66. The o p p d t e  end of absorber IO amount of energy to he absorbed will diotnle the dimen- 
is attached ti1 connector 72 which is secured to cable 70. sions for tape SO which may be readily calsulnled by the 
The other end of cable 70 ils attached to hook 74 mounted . skilled anisan. For cxample. a direrent material may be 
nn k a n i  10. Cable 70 i% prcfcrahly a braided nylon line 46 u r d  or the length. widtli or  thickness of the t a p  may bc 
whish Iraq bccn foiincl to crpcnte quite successfully under varied. In 1x1. if the exact impact velocity is known, 
the conditions for the tests to be made with the instant l a p  50 could be designed to absorb energy at a constant 
invention. rare. 

The drag mca~urcmcnt system is shown in FIG. 8 10 The instant invention contemplates a tine-shot type 
include cnntilevcr beam 80 which is machined from a GO mechanism. That is. absorber 10 will function and operate 
4 n p l e  piece of material to have built-up end section 82 only once and then must be rewound fw a subsequent use. 

ir rigiJly securrd. a5 hy welding. at 86 IO tk Whick fully extended and the energy absorbed by zbuirhcr 10. 
from which sphrie 60 ir lo be dragged. Strain 90 the visual study and drag measurement sysicm is in 1t~r3- 
are miwmxi on beam 80 inmcdiately adjacent end see- tive position. Accordingly, the aerodynamic drag induced 
tion 82 2nd are connccted by terminals 88 and leads 92 upin sphere 60 and the aerospace vehicle is Innsniittcd 
to insiriimcntation 9J for determining the StniM in III cantilever beam 80. Strain gages 92 pick iip the strain 
cantilevcr heam 10 and therefore the dm6 fom caused from beam 80 and tnnamit them through ternrin;lls 88 
hy sphere 60. The inatnimentation to which kads 92 arc and lends 90 to the required instrumentation 94. It has 
cnancclcci is of conventional design and within the pur- 60 k n  found that painting or coloring sphLre 60 provides 
view of the art. the best means for the color o r  visual study. However, 

0 prrnrion the use of aluminum for t a p  50 in absorber 10 1x1s 3 
Drag member 60 is preferably a folded. inflatable. tendency lo reflcct light rays which cause a glare that 

aluminiim Mylar sphere that is packaged to be released hinden an accurate visual study. In order to overconic 
hy explosive holts and ejected jack-in-the-box fashion. 66 the zlare caused by the aluminum. a coating. such as 
The drag of thc fddcd Sphere will gndU31lY inCrCaSC a Ajodinc-100, i s  applied 10 provi& tape 50 with dull 
i t  hccomcu inflated. The drag caiiscs sphere 60 to float tin;& 

which i- :~ t l~ iC l iCd  10 Suppn R4 by bolts 83. Support 84 Once sphere 60 has &n fully &ployeJ with fable 70 
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Ball Through Tube Calculations 



Y =  .33 t = .05 I N  
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Hunter Spring Catalog 
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APPENDIXM 

Weighting Factors 

........ ...... 

Decision Criteria 

0.222 
0.167 

Number of cycles 
Ease of resetting 
Space materials 
Extended strength 
Size and weight 

I v 

Signal astronaut .... 0.111 
Simn lici t v e. 0.056 

Factor 

0.083 
..... 
e I 0.028 I 

~~~ . 
I I ....... 1 Reliabilitv I 0.194 I 

J I I I Total I36 I 1.000 I 
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Results of Kinetic Energy Test 



J =  - KE 
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Table S1 

Comparison of the Actual Extension of the Spring to the 
Expected Extension of the Spring 
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Comparison of the Energy Storage 
Capacity Between a Stainless Steel 
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Siring and a Composite Spring 
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