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ABSTRACT

This report presents the results of a limited parametric study of ten space
package alightment systems., A state-of-the-art review in alightment dynamics
was conducted prior to beginning the parametric study. Two three-dimensional
digital simulations were developed for use in the parametric study. Each of
these simulates a basic design concept of an alightment system. Two types of
alightment systems were examined. One for a 300 pound capsule with electronic
cargo and one for a 3000 pound capsule with human cargo. An experimental pro-
gram was performed to permit a comparison of predicted and measured accelera-
tion time histories during alightment. Generally, excellent correlation was
shown., Energy absorbing material or techniques are shown to be a secondary
consideration in determining the efficiency of an alightment system. A three-
dimensional digital simulation of alightment dynamics is concluded to be manda-
tory in the development of an alightment system. The feasibility of an alight-
ment system, weighing 6 percent of the total capsule weight, to alight success-
fully on a 35 degree slope with a 12 degree capsule inclination is shown. Such a
system is capable of handling a vertical velocity of 35 feet per second and a hori-
zontal velocity of 15 feet per second.
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SECTION }

INTRODUCTION

This report presents the results of a limited parametric study for earth
alightment of both human and electronic cargos. Two basic types of alightment
systems were conceived, designed, and analyzed for their alightment capabilities.
A telescoping leg is used for alightment of electronic cargo and an articulated leg
is used principally for human alightment. Three-dimensional digital simulations
were developed for each of the alightment systems and used in the limited para-
metric study. Capsule motion time histories and dynamic loads were computed
with the simulations. A scale model of the articulated leg was fabricated and
uged in a test program aimed at examining the adequacy of the digital simulation.
A detailed load, stress, and weight analysis was performed for each alightment
system configuration examined.

The main body of the report contains a discusgion of the basic criteria and
concepts, a summary of the parametric study, and the approach used in the
analygis with a section showing the adequacy of the approach. General conclu-
sions are contained in Section VIL. Eight appendixes are used to present supple-
mentary information, detailed results, or descriptions of the various efforts
comprising the total study program.

A, CONTRACT SCOPE

A parametric study of ten alightment system configurations for twenty
combinations of initial conditions was to be performed. Each configuration was
to be primarily defined by its energy absorption technique. Space capsule
motion time histories (three-dimensional) and capsule dynamic loads were to be
computed for each configuration, The relative merits of each configuration was
then to be assessed based on alightment capability, dynamic loads, and alight-
ment system weight.

The adequacy of the digital simulations was to be determined by comparing
the results of a test program to the predicted results of the digital gimulation,

B. PRINCIPAL CONCLUSIONS

The program has shown that a three-dimensional digital simulation of a
space package alightment system can accurately predict capsule response during
landing. A simulation of this type provides a valuable design tool permitting
low cost and accurate definition of all the various alightment parameters. Also,
mechanical design parameters such as system loading can be obtained from the
analysis. This approach permits design optimization without the expense of
actual hardware fabrication followed by modifications during test.



The following paragraphs present the principal conclusions for each
phase of the program.

1. Literature Search

The literature search showed that previous digital simulations have
been limited to two-dimensional solutions. The second significant point was
that energy absorbing material or techniques will produce an efficiency greater
than 10, 000 foot-pounds of energy per pound of material. This means for the
35 {eet per second vertical velocity combined with the 15 feet per second hori-
zontal velocity, the weight of energy absorbing material required is less than
0.5 percent of the capsule weight. The landing system weight is composed
primarily of leg struts or other structure necessary for capsule stability and
the long stroking required for low g landing. Therefore, emphasis has to be
placed on optimizing the alightment system geometry and mechanical design
with the type of energy absorbing material being of secondary importance.

2. Analytical Phage

The program has Indicated that an adequate simulation must be a
three-dimensional solution. For example, the gyroscopic effects of a 3 radian
per second roll rate can make the difference between a stable and non-stable
solution, Alightment gear/surface interaction can also be critical in terms of
stability as shown by the parametric study. The complexity of the alightment
problem with {is many parameters dictates a digital simulation for an economi-
cal design tool. It is estimated that at least 400 computer runs would be
necessary to optimize, then finalize, a single system design. This program
with 294 runs for 10 configurations merely provides a cursory definition of the
problem.

3. Experimental Phase

The use of telemetering to obtain experimental data was highly
successful. Data acquisition was 100 percent successful for all eleven drops.
This system permits great test flexibility with the drop site capable of being
remote from the receiving station. The use of digital data reduction techniques
greatly enhanced the ease with which the comparison phase was conducted. Test
data and digital simulation output were in the same format and mechanical
plotting was used for data presentation.,

4. Comparison Phase

The vertical acceleration provided excellent correlation between
test and digital simulation, This proves the wvalidity of the simulation. However,
the lateral acceleration and angular rates provided poor correlation for several
drops. This was due to asymmetry of the leg forces and slippage at the pegleg/
alightment surface interface., A 5 percent variation in force from energy cell



to energy cell will have little effect on vertical acceleration but will produce
large errors in capsule pitching. Hence, for future correlation studies, the

cell forcee should be monitored during the test and the digital program modified
to accept different forces for each energy cell. Also, it is to be noted that non-
uniform leg forces can have a significant effect on capsule stability and should be
included as a parameter in any design study.

C. FUTURE SBTUDIES

It 18 recommended that the digital simulation developed for the articulated
leg be used for the detailed design of an alightment system. This design de-
velopment could be broken into the following three phases:

(1) Complete the parameiric study of alightment using the existing
program. A minimum of 400 digital runs is recommended.

(2) Perform a design analysis to accomplish a specific mission or
missions. This phase would resuit in a modified digital simulation
representing the final alightment system mechanical design as well
as a complete get of design parameters from which a full-scale or
scaled alightment system could be developed.

(3) This phase would consist of detailed design to the requirements
developed in phase (2) and the fabrication of an alightment system,
A test program would be performed on the alightment system under
various impact conditions to verify the performance predicted in
phase (2).

The end result of the three~phase program summarized above i8 a proven
alightment system capable of meeting a particular set of objectives,



SECTION I

SPACE CAPSULE DESIGN CRITERIA

The basic design criterion was to obtain successful alightment for as many
of the impact conditions as possible without exceeding acceleration limits.
Weilght was a secondary consideration. The limited time and computer runs did
not permit design optimization from a weight standpoint.

The basic criteria are discussed in the following paragraphs.
A, CRITERIA BASED ON PAYLOAD LOADINGS

Two capsule configurations were studied; a 3000 pound capsule for human
alightment and a 300 pound capsule for ingtrument alightment.

1. Human

Human tolerances to g loadings are based on the loadings the test
subjects think are their limits. A human is subjected to increasing loadings
until he states that his endurance limit has been reached. Therefore, there is a
large variance in folerance limit depending on test techniques, physical condi-
tion of subjects and their willingneass to undergo discomiort. No previous limits
were found in the literature search. Therefore, values were selected baged on
the lower limits quoted in Reference 1. The design criteria is based on an ade~
quate couch with the subject facing upwards. The following are the limits
assumed for the study:

Vertical Upwards: 20g applied at a rate not exceeding
10, 000 g/second

Other Directions: 10g applied at a rate not exceeding
1000 g/second

These values are considered conservative with higher accelerations required
for major injury agsuming an adequate couch with the human in the proper
position,

2. Scientific or Electronic

No specific fragility 1imits for electronic or scientific equipment
could be found. Most shock reaistant electronic equipment will withstand 100 g
or more. However, equipment for scientific experiments may be quite delicate.
Alightment parameters for delicate equipment can be derived from the 20g
human alightment system assuming 20 g 18 an acceptable deceleration 1imit for
scientific experiments. Therefore, a 50g limit was chosen for the 300 pound
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equipment capsule, This will be adequate for most electronic equipment and
the majority of the scientific equipment.

It is to be noted that capsules which can withstand accelerations of
100 g or more generally will have a different type of landing system. The high
deceleration greatly inhibits turning the capsule during landing because the
set~down time is so short. Therefore, this type of system can best be deaigned
using simple cushioning without legs, etc., for stability. This was a factor in
selecting the 50 g limit for the instrument capsule. Both systems studied are
of the "soft landing type.

B. CAPSULE STABILITY
The criteria for capsule stability were:
(1) No bottoming of any cushioning member.
(2) No tumbling of capsule,

The digital runs were terminated when an energy cell bottomed or when the
capsule inclination exceeded the critical angle for tumbling considering the
geometry of the situation. Another factor terminated some of the runs. This
was excessive time, The capsule, on a 35 degree slope, with an articulated

leg system would "walk' down the slope picking up velocity. This type of condi-
tion was handled by placing a time limit on the run. These runs were considered
successful because the alightment system successfully landed the capsule.
However, in an actual alightment, the walking action would continue until the
bottom of the slope i8 reached or until a tree, rock, etc., is impacted. This is
a separate problem and was not considered in this program.

C. ENERGY ABSORBERS

The original intent of the program was to include the type of energy
absorber as a design parameter. The literature search showed that metal
honeycomb, frictional, or frictional combined with metal deformation energy
absorbers will have cushioning efficiencies above 10, 00¢ foot-pounds per pound
of material. Also, these types of absorbers can be designed to produce any
desired force deflection curve. This efficiency of 10, 000 foot-pounds per pound
means that the absorbing material will be less than 0.5 percent of the capsule
weight for a vertical impact velocity of 35 feet per second and a horizontal
velocity of 15 feet per second. The actual energy to be absorbed is:

E =1/2 W/G(35% + 152) = 22.54 W
where

W = Weight of Capsule



The amount of cushioning required for a 100 percent efficient system is:

E 22,54 W -3
= == = 2,254x10 ~ Wlbs
10, 000 10, 000 x

This is 0.225 percent of the capsule welight for 100 percent design efficiency.

If a design efficiency of slightly leas than 50 percent is assumed, the cushioning
material will be 0.5 percent of the capsule weight. Since the design goal is

6 percent of capsule weight for the complete system, the type of energy cell
used i8 not a significant parameter provided a highly efficient absorber is used.
Therefore, the program was based on the use of metal honeycomb energy cells.
The honeycomb type cells are totally proven and used in the majority of alight-
ment systems,

D. ALIGHTMENT SYSTEM WEIGHT

The design goal for alightment system weight was 6 percent of the capsule
weight.

The teleacoping legs could be fabricated to weigh 11 pounds for a 300
pound capsule; i,e., 3.7 percent of the capsule weight. This does not include
the weight of the "outrigger' leg support structure. Hence, this weight ia
representative of a system for a flat pancake type re-entry vehicle with a cap-
sule body radius at least equal to the leg attachment radius. The Mercury
shaped capsule has a small body radius and would require additional leg sup-
porting structure with a resultant increase in the 3.7 percent weight. A de-
tailed discussion of the geometric relationship between a Mercury shaped
capsule and the telescoping leg is contained in Section III, A. Telescoping Leg.

The articulated legs with the mechanical design used in the test program
would have a weight of 450 pounds for a 3000 pound capsule; i.e., 15 percent,
This is excessive and is not representative of a final design. The study shows
several design changes which would improve the system efficiency with a total
welght of 180 pounds (6 percent) being feasible., This will be discussed in
Section III, B. Articulated Leg.

E. ALIGHTMENT SYSTEM COMPLIANCE

The compliance of the alightment system 18 a second-order effect con-
sldering the large system displacements required for soft landing. Consider
the articulated legs for the 3000 pound capsule. Elastic deflections near one
inch would occur assuming all the members are stressed to their elastic limits.,
This would occur under a 20 g loading condition with a total stored energy of
2500 foot-pounds for all four legs or §2% foot-pounds for a single leg. The
maximum kinetic energy of the capsule at impact is 68, 000 foot-pounds.



Therefore, the energy stored in leg compliance is always leas than 3.7 percent
of the total impact energy for a flat drop with all four legs under maximum
loading. The energy stored in a pingle leg under an inclined drop is less than
1 percent of the total energy. This energy was assigned to the unloading curve
of the energy cell in the simulation.

A second point to consider about the effect of compliance is the energy
absorbed during yielding of the structure. The landing is unsuccessful once an
epergy cell bottoms in the simulation. However, in an actual alightment
system, yielding of the atructure will absorb additional energy after bottoming.
Also, when bottoming does occur, only a single leg is usually affected, There-
fore, if the system {s not overdesigned, the yielding will not cause exceasive
acceleration. If an actual system is designed using the simulation, the yielding
of the structure should be added to the simulation. This can be accomplished
very simply by adding a second force plateau following the bottoming deflection
point of the energy cell. Structural yielding in the articulated leg would provide
an additional ¥ to 10 percent energy absorption. This additional absorption
would mean that the failures due to bottoming would be eliminated in the majority
of the cases simulated. Also, the initial parallelogram position could be ad-
justed slightly to eliminate some of the ftumbling cases., This refinement would
greatly ease the design task with resulting weight savings.



SECTION I

SPACE CAPSULE ALIGHTMENT SYSTEM DESIGN:

This section discusses the design concepts and physical characteristics
of each of two alightment systems. Two types of cargo were assumed, elec-
tronic for a 300 pound capsule and human for a 3000 pound capsule,

A. TELESCOPING LEG

The telescoping leg limitas the deceleration of a 300 pound capsule to 50
g's in a single coordinate. Two sets of energy cells are employed, one designed
primarily for vertical energy and one primarily for horizontal energy. The
concept does not lend itself well to a Mercury type capsule.

1. Geometry

The telescoping leg is a tube within a tube with two sets of aluminum
honeycomb for absorbing both horizontal and vertical capsule energy. Figure
1 shows the basic geometry of the telescoping leg. The aluminum honeycomb
located radially around the leg is primarily for absorption of capsule horizontal
energy. A maximum constant force angular deflection of 15 degrees is per-
mitted. Located within the leg is the aluminum honeycomb for absorbing verti-
cal energy. A maximum constant force linear deflection of . 683 feet is permitted.

The horizontal placement of the telescoping leg was varied to arrive
at three configurations for the parametric study. The relationship of telescoping
legs located on a radius of 2. 0 feet to a Mercury type capsule is shown in
Figure 2. Vertical positioning of the legs relative to the capsule center of
gravity was fixed for all configurations. The legs were located as high as pos-
sible consistent with adequate clearance at the bottom of the capsule. In fixing
the vertical placement, consideration was given to both inclined and flat alight-
ments. For flat alightments, all four legs are in contact and minimum stroldng
of the individual axial absorbers occurs since each leg abaorbs about a fourth of
the total energy. Consequently there is no need to provide enough ground clea-
rance to permit stroking all four legs the full amount. For inclined and/or slope
impacts, maximum stroking is required for the leading leg or legs and is avail-
able since either capsule inclination or terrain slope provides greater ground
clearance. This results from the fact that the trailing legs have little or no
axial deflection.

By varying only horizontal distance from the center of gravity, the
effect of increasing the righting moments on capsule stability may be deduced
from the parametiric study.



ROTATIONAL

HONEYCOMEB TOP VIEW
PADS
UNIVERSAL
— JOINT
6}
AX1AL
PADS Sy

DEFLECTED POSITION
OF AXIAL ELEMENT

S IDING
SURFACES
!
/f'/
ROTATIONAL J :
HONEVCOMB
PADS
SIDE VIEW
T bttt |
| S—

Figure 1, Telescoping Leg Conceptual Sketch



I r=2FT————ﬂ

TS

Flgure 2, Capsule And Telescoping Leg

10



2. Leg Action

Both axial and angular deflection may occur simultaneously in the
telescoping leg. Coupling between the vertical and rotational energy cells is &
function of the angular position of the leg. As the rotational pads are crushed,
the force normal to the terrain surface contributes to the force causing crushing
of the rotational pads. This is illustrated in the following sketch.

TERRAIN
SURFACE

Yecaborabrraknle e AR A

Fo=F"

As shown, the components of the normal and in-plane forces tending
to crush the rotational pads add, whereas the components tending to crush the
axlal energy cell subtract., Initially the leg is perpendicular to the terrain sur-
face and no coupling occurs. As the leg rotates due to the horizontal velocity,
the coupling increases as the angular deflection increases. Figure 3 illustrates
this effect for combinations of capsule inclination and terrain slope. It may be
seen that both capsule inclination and terrain slope aggravate the problem of
rotational pad bottoming.

Two possible solutions to the bottoming problem are: firstly, increase
the energy absorption capability of the rotational pads or secondly, adjust the
moments applied to the capsule so that the capsule develops angular rates tending
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to unload the leading legs. The latter method requires a finite time to develop
adequate rates and, due to the short alightment time for 50 g deceleration, is
not usable for the telescoping leg. The first approach of increasing energy
absorption capability was used for the telescoping leg.

3. Force Deflection Characteristics

The force deflection characteristics within the telescoping leg are
determined by the cruyshing force of the aluminum honeycomb energy cells.
Forces and moments applied to the capaule are a function of the number of legs
in contact, how much deflection has occurred in the energy cells and whether or
not slipping at the terrain surface is taking place.

Figure 4 illustrates the force and geometric relationships that exist
prior to leg deflection for a single leg with no slippage. For the rotational pads
to crush

However, L. wlill decrease as a result of the axial deflection due to T,

and Fp  will therefore increase proportional to the decrease in £, . The
forces applied to the capsule will therefore depend upon both axlal and angular
deflection of the telescoping leg. Referring to the same Figure, the net moment
applied to the capsule is the difference between ¥,2, and F._,.E* , once again
a function of the same variables.

Figure 5 shows a telescoping leg with maximum deflection for both
energy cells. Figures 4 and 5 are drawn to the same scale and a visual compari-
son of moment arms may be made. It may be seen that .£5 decreases more
rapidly than _£, and consequently the moment ¥, Ly decreases more than
¥s -£4 decreases. The net result is a righting moment large enough, for
some terrain slope caseg, to cause the capsule to tumble down the hill. In others,
the capsule may hottom the rotational pads or tumble intc the terrain slope.

Maintaining an adequate balance between these moments for a stable

alightment requires careful analysis for an efficlent alightment system to be
developed. Expanding the simplified example to a three dimensional case requires
the use of a digital simulation if an economical parametric study is to be made,
In the course of debugging the telescoping leg digital simulation, numerous test
cases were tried and it was found that force deflection characteristics suitable
for alightment on, for example, 20 degree slopes were not always adequate for
flat alightments.
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It was not possible under this program to optimize the force deflec-
tion characteristics of the energy cella, It is poasible that relatively minor
changes such as an increase in rotational absorber crushing force after 5 or 10
degrees of stroking could materially increase the alightment capabilities of the
telescoping leg aystems.,

B. ARTICULATED LEG

Figures 6, 7, and 8 are pictures of the display model showing the articu-
lated leg in various deflected positions. The legs have twa energy absorbing
systems. A parallelogram with a diagonal energy cell absorbs vertical energy.

A conical peg leg, seated in a fulcrum ring, strokes an energy cell when deflected
in any lateral direction. This absorbs lateral energy.

1. Geometry

Figure 9 presents the leg geometry. The parallelogram has a major
length of 44 inches and a minor length of 24 inches, The 24 inch minor length
18 necessary to reduce peg leg reaction forces to a reasonable level. The peg
leg seats in a fulcrum ring which is attached to the outer minor member of the
parallelogram. The peg leg i8 25 inches long with a 16 inch diameter hase.

The original infent was to st{roke the parallelogram through a total
angle of 60 degrees (from -30 degrees depression to 30 degrees elevation). This
produces a linear stroke of 44 inches with an initial 35.5 inch clearance between
the bottom of the capsule and the ground. Unfortunately, initial computer runs
showed that this configuration causes bottoming of the peg leg under one leg
fmpact with horizontal velocity and inclination of & capsule., Therefore, it was
necessary to increase the angular acceleration of the capsule at initial impact.
This was accomplished by having the initial position of the parallelogram at -15
degrees instead of -30 degrees. This solved the peg leg bottoming problem for
the test configuration at the expense of reducing the linear stroke of the paral-
lelogram from 44 inches to 33.5 inches., This provides only 25 inches clearance
between the bottom of the capsule and the ground for a flat drop. Since 35 feet
per second impact velocity is obtained by one g acting through 19 feet, the 25
inches (2. 08 feet) clearance means the minimum deceleration cannot be less than
9,2 g for a perfect system, An actual system will have overshoot due to com-
pliance. Also an allowance must he made for non-uniformity in energy cells and
for deceleration on-set rates. Therefore, an actual system with 25 inches
clearance must be designed for 15 g instead of the 9, 2 g theoretically possible.
This is five g higher than the original design goal of 10 g. However, it is still
below the 20 g limit assumed for a human,

The peg leg of the configuration analyzed is 25 inches long and has a
16 inch diameter fulecrum ring. Sliding between the peg leg and impact surface
was eliminated in the test program by using a pointed {ip on the peg leg., This
wag neceasary to eliminate undefined slipping during test drops so that correlation

16
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with the digital simulation could be obtalned. The large diameter of the fulecrum
ring was necessary to obtain sufficlent peg leg rigidity to assure deflection of
the parallelogram. The following figure illustrates this.

'kﬂ &

e

If ¥, £, exceeds F,.L, , the peg leg will deflect instead of the paralle-
logram. This happened in several of the computer runs causing peg leg bottomings.
The force of the upper energy cells was increased to prevent bottoming of the
parallelogram. This caused the peg leg to absorb vertical energy resulting in

the peg leg bottoming. This was noted after the majority of the computer runs

" were made. Additional runs were made with the parallelogram force reduced by

10 percent and with the peg leg force increased at the end of the stroke. This
configuration works for slopes up to 35 degrees with a 15 foot per second hori-
zontal velocity and 12 degrees of capsule inclination.

This problem illustrates the complexity of a system of this type.
Minor changes can greatly improve the system performance.

2. Force Deflection Characteristics

The force defiection characteristics can be controlled by the shape
of the honeycomb energy cella. For example, tapering the honeycomb will
provide increasing force with displacement. This parameter was changed in the
various runs. In addition, the geometry of the system can be changed to
produce a softening spring action with deflection. Therefore, almost any desired
force versus deflection curves can be generated.
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Figure 10 presents the basic force versus deflection for the geometry
used in the analysis. The curves are normalized presenting stroking force divided
by energy cell force. The upper figure is for the parallelogram. This system
produces a mechanical advantage slightly over two with the force ratio starting at
0.55 at an injtial parallelogram angle of -30 degrees. The ratio decreases to
0.40 at +30 degrees. The total deflection is 44 inches for the full range of -30
degrees to +30 degrees. Most of the computer runs were made at an initial
angle of -15 degrees. For this configuration, the initial position is at a deflec-
tion of 10.5 inches.

The lower flgure presents the force ratio for the peg leg. The curve
starts at 0. 35, decreases to slightly under 0,30, then approaches 0.35 again as
the stroke 1s completed. The peg leg maximum angular deflection is 45 degrees,
This produces a stroke of 19,5 inches at the tip.

The parallelogram and peg leg are severely cross coupled. The first
coupling can be defined fixing the end of the peg leg and stroking the parallelo-~
gram. As the parallelogram swings up, it also moves out, thereby deflecting the
peg leg. The upper curve of Figure 11 presents this coupling. Note at 22 inches
deflection the leg coupling 18 reversed. Since the peg leg has stiffness for initial
stroking only, the coupling no longer exists inscofar as force is concerned.

The lower curve of Figure 11 presenta the coupling for stroking of
the peg leg. The parallelogram applies a force to the fulcrum ring of the peg
leg. This force adds to the energy cells' force as long as the tip of the peg leg
is inside a projected cylinder normal to and equal i{n size to the fulcrum ring.
Once the tip passesr through this cylinder, the coupling is negative with the paral-
lelogram force working against the energy cell. This coupling rate at zero
deflection is 0. 33, decreasing to -0.48 at maximum deflection. Note, this nega-
tive coupling was the reason it was necesgary to use a 16 inch diameter fulcrum
ring, If the peg leg horizontal force 18 leas than 48 percent of the parallelogram
force, the peg leg will tend to buckle without stroking the parallelogram. (This
happened in some of the computer runs causing peg leg bottoming.) If the dia-
meter of the fulcrum ring was decreased to eight inches, this coupling factor
would increage by 35 percent for a maximum negative coupling of 656 percent.
This could not be tolerated, hence, the 16 inch diameter was necessary for the
fulerum ring. These force curves are applicable to conflgurations three to eight.
They also are applicable to configuration nine, a 300 pound instrument capsule,
by scaling the deflection to 45 percent of the presented values.

3. Design Improvements

Configuration five, with special forces, was quite successful from
the alightment standpoint, It successfully landed on a 35 degree slope with a 12
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degree capsule inclination and 15 feet per second horizontal velocity towards
the slope. Also, it landed on a 10 degree slope with a horizontal velocity down
the slope. At higher slopes, with a down slope velocity, it tipped. This basic
configuration with some improvements would probably handle the full range of
impact conditions.

The weight of this configuration was excessive. The four parallelo-
gram and energy cells weigh approximately 90 pounds which is two percent of the
capsule weight. This is adequate with the design being highly efficient. The peg
leg assembly weighs approximately 300 pounds or 10 percent of the capsule
weight. This is excessive. However, the analysis has indicated several improve-
ments which would greatly improve the weight and system efficiency.

The digital simulation treatment of bottoming causes a weight penalty.
Many runs were terminated unsuccessfully due to peg leg bottoming at 45 degrees
deflection. In an actual alightment, the deflected peg leg would act as a skid,
Therefore, the bottoming would not produce excessive acceleration nor cause
system failure, Adding this to the computer runs would greatly relax peg leg
requirements and result in welght savings.

The second point is the non-slip test model required for the compari-
son phase. If was necessary to use pointed legs to allow correlation. This
severely penalizes the design. A large diameter flat pressure pad on the bottom
of the peg leg greatly reduces the leg requirement. As the leg is stroked, the
contact will be on the outer edge. Therefore, negative coupling with the paral-
lelogram will not occur until the edge of the pad passes under the fulcrum ring.
This means that an eight inch diameter cylindrical leg is equivalent to the peg
leg with a point and a 16 inch diameter ring. Figure 12 presents a leg design
based on this concept. The estimated weight for the complete assembly is less
than 30 pounds which 1s to be compared to 75 pounds for the configuration analyzed.
The bottom consists of a 12 inch diameter sandwich construction pressure pad.
The 12 inch diameter allows 10 inch deflection before negative coupling with the
parallelogram occurs. The pressure pads bolt to an eight inch O. D. cylindrical
high-strength aluminum forging. This is the peg leg. The forging at the top
has a conical inner-section which supports the energy cell. The fulerum ring is
another high-strength forging with a conical center section. The energy cell is
attached to this center section using an eyebolt arrangement. The top assembly
ig another high-strength forging which has attachment holes for the parallelogram,
This top bolts to the fulcrum ring. This design should weigh less than 30 pounds
per leg or four percent of the capsule weight for four legs. The parallelogram
weighs two percent of the capsule weight which means a total weight of six percent
should be possible.

Additional studies could result in more weight savings. For example,
the configuration has an energy ahsorbing capability equal to almost four times the
impact energy. Each leg can absorb almost the complete impact energy. Con-
sidering this, a three leg instead of four leg design should be more efficient. This
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system would be far superior for impacts with horizontal velocity into the slope.
However, stability may be a problem for velocities down the slope. This three
leg configuration should be investigated with emphasis placed on landings with
velocity down the slope. It is probable that configuration five with three legs
would be satisfactory. This would mean a 25 percent welght savings,

Another design improvement may be to stiffen the peg leg and let the
energy be absorbed through sliding or plowing the surface of the earth, (This
requires a more complex simulation of the dynamics of earth impact.) Peg leg
deflection would occur only under alightment into the slope or due to hitting a
rock, etc., on the ground, The existing design has very "soft" peg leg action to
obtain rapid turning of the capsule under impact with horizontal velocity and
inclination in the direction of the velocity, i{.e., leading leg down conditions. A
design utilizing sliding would have much stiffer peg leg action probably obtained
through the use of a shorter leg. Also, the parallelogram would be longer. This
type of design should provide maximum stability for velocity down the slope.

Another design improvement would be to use a single- energy cell for
all the legs. The legs would be attached to the cell using cables. This means
that if alightment were to occur on a single ieg, it would be capable of absorbing
all the energy. If all the legs contact simultaneously, the action is softer for
each leg, thereby producing the same average acceleration as for a single leg
conftact. The system would have a spring action which retracts dormant legs as
active legs are being exercised. This greatly improves system performance.

There are many additional design factors which can be varied to
obtain improvement. One would be to control the coupling between the peg leg
and parallelogram by having the arms of different lengths. This would mean that
the peg leg fulerum ring would rotate as the parallelogram 1s deflected. This
effect could be used to reduce peg leg requirements for critical landing conditiona.
Another possibility is to use a non-symmetrical peg leg. The studies to date
indicate that the leg should have maximum energy absorption for deflection towards
the capsule. Stability should be greatly increased if the force in lateral and out-
ward directions were considerably leas than for inward motion. This can be
accomplished by using an oval peg leg with the energy cell off center. Finally
just optimizing the basic geometry by varying dimensions, mechanical advantages,
etc., could improve the system.

The articulated leg can have many different mechanical designs yet
produce the same alightment dynamics. The peg leg concept used in the analysis
would be difficult to store due to the large diameter. Also some of the structural
members are not necessary. For example, the bottom half of the parallelogram
and some of the structure of the top half of the peg leg are necessary to react the
force of the peg leg energy cell. A weight saving would reault if the cells were
connected directly to the capsule. Figure 13 presents a design which accom-
plishes this. Functionally it has the same general characteristics as the arti-
culated leg except for two features. Firstly, the peg leg forces in the lateral
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direction would be approximately 50 percent of the force in the inward and cut-
ward directions. Secondly, the leg is at a 30 degree angle instead of being
vertical and a pressure pad has been added at the bottom. These changes should
greatly improve capsule stability.

This design is far more efficient than the original version of the peg
leg design. The top of the parallelogram and cable/energy cell arrangement
absorb vertical impact energy. The energy cell is shown inside the capsule with
a cable attachment fo the top of the parallelogram. This is necessary for mini-
mum cubage in the stowed position. The bottom of the parallelogram is replaced
with tension/compression energy cells which absorb horizontal energy. The peg
leg assembly is replaced with a simple tube attached at the top with a universal
joint. The attachment to the energy cell at the center 1s made using rod end
bearings to allow for the necessary motion. This design should meet the pro-
grams' alightment conditions with a weight near four percent of the capsule weight.
However, the existing digital programs will not handle this configuration so
specific design parameters cannot be generated without modifying the program.
The concept i8 presented as being representative of a final design which could
evolve from additional articulated leg studies.
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SECTION IV

PARAMETRIC STUDY

This section summarizes the digital simulation runs and discusses each of
the parameters in terms of its significance for each of the configurations.
Approximate upper bounds on impact conditions were obtained for each of the ten
configurations., A configuration was derived, capable of a stable alightment on
a 35 degree slope with the capsule inclined into the slope at 12 degrees.

A, BSUMMARY OF DIGITAL RUNS

A total of 294 digital runs were made for the parametric study. Ten con-
figurations were examined with the digital simulations. Two basic simulations
were developed in the course of the contract. One covers the telescoping leg
system intended only for the alightment and recovery of electronic equipment.
The other simulation {8 for the articulated leg system and is suitable for both
human and electronic cargoes depending upon geometric size and energy cell
force deflection characteristics.

The configurations are categorized in the following manner:

Telescoping Leg. Three configurations using a 300 pound capsule were
examined for this basic concept. Leg location relative to the capsule ia the
parameter distinguishing each configuration, The legs were located in 90 degree
quadrants at 1.7, 2.0, and 2,5 foot radii from the capsule vertical axis for con-
figurations 0, 1 and 2, respectively, with appropriate adjustments in the mass
momentis of inertia. Vertical placement, relative to the capsule center of
gravity, was congtant. Maximum permissible single coordinate deceleration
was limited to 50 g's.

The force deflection characteristics used for each of the energy cells are:

AXIAL ROTATIONAL
Force Deflection Force Deflection
(b) (£t) (ib) (£)
0000, 0. 000 0000, 0,000
3750. 0.020 1500, 0,003
3750, 0,683 1500, 0.333
11250, 0,690 6950, 0.344

Approximate upper bounds for these three configurations are given in
Table 1. All of the results of the telescoping leg digital runs are summarized
in Table 2.
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TABLE 1
APPROXIMATE UPPER BOUNDS ON ALIGHTMENT CONDITIONS

s/ PARAMETERS /
A,
¥ \d RUN
AV X
C3>¢ Y-'?‘o" oe & > & ?}éé/
& SIS/ S/ e/ y&/ FE/ NO
Y
(53‘; Ko/ OX )T/ EFT /&5
o -0 | T5 4 3 NS |[O1012
o | 15 4 0 S 1ozt
) o | 10 8 o s 10121
-20 | 1o o 3 NS | 12102
-0 | 15 o o NS [ 21200
2 -20 | 10 0 3 NS | 22102
o | I5 4 o s |zo2il
- -20 | I8 Q 0 NS | 32200X
o | 15 b2 3 NS | 31232
a -20 | 13 o o NS | 42200X
o | s 2 3 NS | 41232
5 ~x5 | 18 12 0 NS [ S53230%
o | 15 12 3 NS | 51232
R -20 | 15 o o NS | 62200%
20 | 15 12 3 s |e2233
4 -10 | 15 o 5 NS | TI202X
20 | s ) o NS | 72200
8 -35 | 1% o 3 S | &8&3203X
20 | 15 i2 3 s |(s2233
o -20 | 15 o 0 S 92200X%
o | 15 12 3 S | 91233

* SPECIAL FORCE 5
NS DENOTES NO SLIPPING BETWEEN FOOTPAD/TERRAIN
S DENCTES SLIPPING MAY OCCUR. BETWEEN FOOTPAD/ TERRAIN
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TABLE 2

TELESCOPING LEG DIGITAL RUNS
(ALIGHTMENT INTO SIQPE}

PARAMETERS |
RUN b E 4 4/CONFIGURATION
NO. q,@voqof goka';,v s/ 4'4?4?7 o ‘ -
6 W V0 N T/ Y 5
AQOOO 0] 15| O] O|NS x
AOOO1 Q| 75| o] o] & p. 4
AQQIO 0| 15| 4| O|NS X
ADOY | o| 15| 4i O] s X
AQQOD2 Q| 15| O 3|NS e
AOOQO3] O| 75| ©: 3| s %
AcoDl2 ol 75| 4 5| NS b 4
ACCI3 o| 15| 4| 3| & %
A1O00 |-10| TS| O] O|NS %
ALQO) [0 75| Of o S X
AQO2 |-10]| 75 o] 3| NS X
AIDO3 (-10| 75| o 3| S x
n| ADO2I o 7% 8 0| S &
é Azooi (-eo | 75| o] ol s : ]
2| ADIO} ol ol O} s L x %
g Alola |-10| 15| 4| 3|Ns| X%
Y] Aoioo | ofia O| ©OfNs X X
B8] aoize | o0 8| OfwNs ¢ X
E AD V2] ol w sl o s » *
Ao jo2 o w 0| 3| NS x x
ADI1D3D ol ol 31 8 % x
Ao 22 Q1w 8 3 NS & %
Apizes ol 8 3. 8 . %
Az 1oo |-zgo |10 o| OiNS X X
A1y 1-zo [0 ol ol s He %
A2102 |-20| 10 O| 3|NS % X
A2 103 j-20 | 10 ol 3ls x %
ACLI3) ol 10 2 0, 5 L] ]
A310) |-35 |10 of of s ®
AC20i 015 o | S X x
A2120 |-20 [ 10 B| OQO|NS L ] L ]
g ABDICO [-35 | 10 o o NS &
3 A2 Qs 4 o| s x X
2 AQ 200 Q15 O O|Ns ®
E AVOLl [-vo| 75| 4| of s x
F| Ac2i0 015 4 O| NS @
no| Aveo0 |-10}15 o ©fns b
2 Al 2ol |-1e{15 ol ol s X
%X STABLE
& BOTTOMED ROTATIONAL PAD
¢ TIPPED

6 Ssubstitute configuration number for A to obtaln complete
run number (applies to Tables 3 and 4 also),
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Articulating Leg. Seven configurations were examined for thie concept.
Of the geven configurations, six were for a 3000 pound capsule and one for a
300 pound capsule,

The distinguishing parameters for each of the 3000 pound capsule configura-
tions are the force deflection characteristics of the energy cells and the initial
position of the parallelogram. Unless noted, this initial angle is -15 degrees.
Snubbing of both the parallelogram and peg leg energy cell was examined as was
the effect of changing the parallelogram initial angle. The effect on alightment
system capability when controlling acceleration onset rates or jerk was also
examined, The geometry of the articulating leg was held constant for all six
configurations. The maximum aingle coordinate deceleration was limited to20g.

For the 300 pound capsule, the articulating leg for the 3000 pound capsule
was scaled and the energy cell forces chosen to provide a maximum deceleration
of 50 g. The following force deflection characteristica were used for the indi-
cated configuration. All forces are in pounds and all deflections are in feet.

Configuration 3
(Jerk Control on Both Cells)

UPPER! LOWER?2
Forece Deflection Force Deflection
00000, 0,00 00000. 0.00
36000, 0.16 30000, 0.02
36000, 0,97 30000, 0.40
72000, 1.00 60000, 0.50

1 The term "upper' refers to the parallelogram energy cell and is
synonymous with ¥ in the tables.

2 The term "lower" refers to the peg leg energy cell and i8 synonymous
with o in the tables.
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Configuration 4
(Jerk Control on Lower Cell)

UPPER LOWER
Force Deflection Force Deflection
00000, 0.00 00000, 0.00
36000, 0,04 30000, 0.02
36000, 0,97 30000, 0.40
72000, 1,00 60000, 0,50

Configuration 5
(No Jerk Control)

UPPER LOWER
Force Deflection Force Deflection
00000, 0,00 00000, 0, 000
36000, 0.04 30000, 0,005
36000. 0,97 30000, 0.400
72000, 1,00 60000, 0,500

Configuration 5 4
(Special Force 1, ¥ + 50%3, oC -10%")

UPPER LOWER
Force Deflection Force Deflection
00c00, 0. 00 00000, 0.000
54000, 0,06 27000, 0.005
54000, 0,97 27000, 0.400
108000. 1,00 54000, 0.500

3 Denotes an increase (or decrease) in the upper cell force by the
indicated percent.

4 Denotes a decrease (or increase) in the lower cell force by the

Indicated percent.
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Configuration 5
(Special Force 2, ¥ -10%)

UPPER LOWER
Force Deflection Force Deflection
00000, 0,00 00000, 0. 000
32400, 0,04 30000, 0,005
32400, 0,97 30000, 0.400
64800, 1.00 60000, 0.500

Configuration 5
(Special Force 3, ¥ -20%)

UPPER LOWER
Force Deflection Force Deflection
00000, 0.000 00000, 0.000
28800, ' 0.128 30000, 0,005
28800, 0.970 30000, 0.400
57600, 1.000 60000, 0,500

Configuration 5 5
(Special Force 4, ¥ -10%, Snub™ o¢ 50K)

UPPER LOWER

Force Deflection Forece Deflection
00000. (.00 00000, 0. 000
32400, 0.04 3Jo000, 0. 005
32400, 0,97 30000, 0.100
64800, 1.00 50000, 0.104
50000, 0.400
100000, 0.500

54 second, higher force plateau of the indicated values i8 included
in the energy cell.
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Configuration 5
(Special Force 5, ¥ -10%, Snub & 60K)

UPPER LOWER

Force Deflection Force Deflection
00000, 0.00 00000, 0.000
32400, 0,04 30000, 0.005
32400, 0.97 30000, 0,100
64800, 1.00 60000, 0,104
60000, 0.400
120000, 0,500

Configuration 5
(Special Force 6, ¥ -20%, Snub & 60K)

UPPER LOWER
Force Deflection Force Deflection
00000, .00 00000, 0.000
28800, 0.04 30000, 0,005
28800, 0,97 30000, 0,160
57600, 1.00 860000. 0.104
60000, 0,400
120000, 0.500
Configuration 6
(@erk Control, Snub ¥ )
UPPER LOWER
Force Deflection Force Deflection
00000, 0.00 00000, 0.00
36000, 0,16 30000, 0,02
36000, 0.47 30000, 0,40
72000, 0.51 60000, 0.50
72000, 0,97
144000, 1.00
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Configuration 7
(Parallelogram Initially at -20°)

UPPER LOWER
Force Deflection Force Deflection
00000. 0,00 00000, 0,00
36000, 0,04 30000, 0,02
36000, 1.10 30000, 0.40
72000, 1.13 60000, 0,50

Configuration 8
(Parallelogram Initially at ~10°, Snub ¥ )

UPPER LOWER
Force Deflection Force Deflection
00000, 0.00 00000, 0.00
36000, 0.04 30000, 0,02
36000, Q.35 30000, 0,40
72000, 0,39 60000, 0.50
72000, 0.85
144000, 0.88
Configuration 9
(300 1b Capsule)
UPPER LOWER
Force Deflection Force Deflection
0000. 0,000 0000, 0.00000
6688, 0.018 5852. 0,.00228
6688, 0.443 5852, 0.182590
13376, 0,456 11700, 0.22800

Approximate upper bounds on impact conditions for each of the articulating
leg configurations are given in Table 1. All of the results from the articulating
leg digital runs are summarized in Tables 3 and 4, It should be noted that both
alightment into the slope and away from slope was examined for the articulating
leg. Only alightments into the slope were examined for the telescoping leg,
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TABLE 3

ARTICULATED LEG DIGITAL RUNS
(ALIGHTMENT INTO SLOPE)

PARAMETERS |
RUN 7 R / CONFIGURATION
NO SUESE st SR
: Vol C g*’o,%° Q@VOJV"“;,Q‘ Oafqv"o‘? s/e/17/8/5s
K 3PP VT Y G G &

AQ2o0Ox|[ o ] O] O|NsS X[ xI x| X! x|+

AoccorX| of 18! © o] 5 X | X X [ X | X|X | X

AD230% of| 181 12| O wns ® & (& & & @ | Xx

ADZ2351 X o] ®wi 12] O] @ e &0 &0 | &8 x

ArzozX |-10| 131 o] 3[ws X | X [ XX | X |+ |x
g Atzoax |- 13 0] 5| ® X | X [ x| X|X|4+|Xx
Mlaresax |-i0) 15] 12] 3| NS [ I B N I N N
Zlarzssxi-10] 15| 12| 3ls e eo|/o o o o o
EAaaoox 20| 15| ©| o|wns +l+|+|+|®| e |+
§ azzoix [-20] 18] ol ol s +l+ |+ [+ |+ ]|+
0| ARe3ax |-20| 151 12| 3|Ns L NS JEEK BEEY BN NN B
e Az2ssX |-20] 1851 12| 3| S e ¢ @ & & o

AZzoz% |-aB8) 15| © 51 NS S0 & 6" o

A3203X |-35( 18| o] 5| s e & & & e 4+ @

AZ230X |-3%5| 1B 12] O| N3 e | & ® & & | & »

A323IX|-58| 15| 12} O S S| ® & 6 © | & &

ADI DO ol 10] 12 O NS x

All 32 -10] 10| 12 5| ND [

A2100 |-20( wo| o OfNs +

A2y 32 (-20| 10O 12| 3| NS L

A31 30 [-381 10| 12| O NS o

A3102 |-35| 10| O 3|Ns +
g AGE30 Ol I5]| 2| ©|NS | ) ®
Bl aoe30 o| 15| 12| olNs| 2 X
2|Aoe30 ol | 121 olwnas | 3 X
6 Atgse [~ I15] 12 5|nNs | 2 L
Flaizsa |-10]| 5] 12] z|(ns ]| 5 ®
§ Alzdz |-i0]| 18] 12 S3INS | 4 ]

A2232 |-20| 15| 12 3INS | 4 L

Am2.32 |-20} 15| 12| 3|NS| 8 b4

ages2 |-20| sl 2| 3iNs | & | ]

Ad202 |(-35| 15 o 3|INS | 5 -+

A3230 |[-35; 15 12| O|N3| 5 -+

A3230 ~-35 | 15 2 O|NS | & a

* SPECIAL FORCES

I ¥+ 50%, « - I0% ¥ STABLE

2 ¥ - 10% & BOTTOMED oo

3 ¥ - 20% H BOTTOMED ¢

A ¥ - 10%, SNUB &« 50k + FLIGHT TIME QUT, CAPSULE “WALKING”

3 ¢ - 10%, SNUB o &0K ‘. TIPPED

5 v

20%, SNUB « 60K

7 A Tun number with a succeeding X denotes alightment into the slope and 1s used
to differentiate between runs shown in Tables 3 and 4,
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TABLE

ARTICULATED DIGITAL RUNS
( ALIGHTMENT OUT OF SLOPE)

PARAMETERS |
RUN £ é'::“ £ J’Z CONFIGURATION
¥ &S e R
VO ST SRS s/e/1,/2/ 5

AG200 ol I5 o OyNS] R | X | M| X[ X X | X
AD 20 ol s of ol s |4+ (X! + X+ | X| 8
AQ230 al 15| 2] oinNns | @ | @ | @ @& | & @ | X
AQES) Q| 15| 12 O s IND | @ | @ | & & | ® | X
Ategoz | 0] 15| o 3|Ns | B | X | X |4+ | (x| ®m
aAra2as | wl| s o /s | B4 I X+ i+ 4+ B
Aresz] | s 12l 3INS | X | X | X +]|+|+|@®
Arass| o s 12|l 3] s i | xX!I+ |4+ | +4+| X
A2200 | 20| 8 o O|NS | & | & @& | F I X1 8| &
A2201 t 20| 15 oY c| S || & | ¢ |4 | ®| 4|~
Azzz2 | eo| 13| 12| a(lNs | M| B & & ¢ | ¢ B
azas33 | 20| 15| 12 sls i m|AB|+i®| 4+ B
As2o2 | 35| 15| O I N | @ | & [ | @ & 8| @
AS203 | 35| IS ] 3 s ¢ | & [(NnD | @ | @ | ND| @
As3230{ 35| 5 12| ojns | M T G| @ | @ G| 6| @
A323) | 35| 18| 12] o|l & | & | &¢I ® | & & | &

X STARLE

® BOTTOMED of

R BOTTOMED ¥

4 FLIGHT TIME OUT, CAPSULE "WALKING

4 TIPPED

ND NO DATA, RUN TERMINATED DUE TO

NON - CONVERGENCE 1N 3UP ROUTINE
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B, ALIGHTMENT CONDITIONS

Sixteen combinations of injtial conditions were used for each of the con-
figurations. Some, such as pitch angle or horizontal velocity, have more
influence on alightment gear design than, for example, roll rate. Each, however,
can be the critical parameter for a certain combination of the other parameters,

1. Terrain Slope

Values of 0, 10, 20 and 35 degrees for terrain slope were used in
an attempt to define upper limits for each of the configurations. For alightments
into the slope (a negative glope in the tables), the leading leg bears the brunt of
the initial contact and must either be capable of absorbing a large percentage of
the system energy or be capable of turning the capsule to engage the other legs.

For the telescoping legs, upper limits on terrain slopes are depen-
dent primarily on energy absorption capability, Referring to Table 1, configura-
tion 1 shows improvement in slope handling capability when compared to con-
figuration 0. Configuration 2, however, shows minimal improvement when com-
pared to configuration 1. The latter {llustrates the inability to achieve adequate
turning of the capsule during alightment even though a 25 percent increase in
righting moment was achleved by increasing the footprint diameter of the alight-
ment system. A terrain slope is less severe than having the capsule inclined
from the vertical. This is shown by comparing runs 01003 and 00021 in Table 2,
Configuration 0 can handle a 10 degree slope but tumbles for an 8 degree
inclination with no slope.

The articulated leg was thought to have the potential of handling
slopes up to 35 degrees due to its large footprint diameter.

Sufficient energy absorption capability, however, was not available
in the peg leg and for the bulk of the articulated configurations, the peg leg
bottomed at slopes of 20 degrees or less. Detailed examination of the digital
runs also indicated that an increase of about 20 percent in the footprint diameter
should prove beneficial, Alightment into a slope was generally easier than
alightment out of the slope. Comparing the results of Tables 3 and 4, it may be
seen that into the slope alightments, up to 20 degrees, can be handled, whereas
out of the slope alightments are generally limited to 10 degrees. Additional runs
were made for configuration 5 and the forces in both the parallelogram and peg
leg modified. To handle a 35 degree slope with a 12 degree capsule inclination
it was necessary to decrease the parallelogram forces 10 percent and {ncrease
the peg leg forces by 50 percent. Neither energy cell bottoming nor capsule
tumbling occurred for this set of forces. The results of twelve additional runs
with gpecial forces are shown at the bottom of Table 3,

For many of the alightments into the slopes, the articulated leg
ended up "walking" down the slope. The capsule was in a stable position as far
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as tumbling was concerned but due to rocking from one leg to another, "walked"
down the slope. These simulation rung were terminated after 5 seconds of
flight time with the capsule having moved down the slope as much as 200 feet
along with an increase in down slope velocity.

2, Horizontal Velocity

Horizontal velocity is one of the more difficult parameters to handle
unless skidding is used as the dissipative force. For this progtam, skidding was
not a permissible meane of absorbing horizontal energy. Of the total kinetic
energy, a horizontal velocity of 15 feet per second contributes only 15.5 percent,
yet the presence of a horizontal velocity greatly aggravates the leading leg
energy absorpiion problem. During alightment, the capsule tends to pitch for-
ward increasing the load on the leading leg. Values of 7,5, 10, and 15 feet per
second were used in the parametric study. The relationship of the horizontal
velocity vector and the capsule is shown in Figure 14,

In Table 2, configuration 0 can handle 7.5 feet per second for a flat
alightment yet tumbles for a velocity of 10 feet per second (runs 00001 and
00101, respectively). Configurations 1 and 2 can both handle 10 feet per second
and 15 feet per second {runs 10101, 20101, 10201, and 20201, respectively) for
flat alightments yet horizontal velocity decreases the capability for handling
capsule inclination from 8 degrees to 4 degrees for both configurations 1 and 2.
(Runs 10121, 10211, 20121, and 20211, respectively.)

For the articulated leg configurations, a decrease in terrain slope
handling capability occurs. Run numbers 53202X and 53102 in Table 3 ghow a
capability for alighting on a 35 degree slope with a 10 foot per second horizontal
velocity yet for 15 feet per second the peg leg bottoms. Similarly, for a capsule
inclination of 12 degrees the peg leg bottoms at 15 feet per second and a stable
alightment occurs at 10 feet per second. These are run numbers 50230X and
50130 in Table 3.

Horizontal velocity is one of the most critical parameters to be
examined for stable alightment. As noted previocusly, it contributes only 15.5
percent of the total kinetic energy, yet can decrease the system alightment
capability by 100 percent for other parameters. The magnitude of the horizontal
velocity used for this study is relatively low, assuming it results from wind
velocity., Fifteen feet per second corresponds to a wind velocity of about 10
miles per hour and should be considered a minimum value.

3. Pitch Angle

Pitch angle or capsule inclination is the angular position of the
capsule vertical relative to the inertial vertical. Values of 0, 4, 8 and 12
degrees were used depending on the configuration being examined. The capsule
was pitched in the direction of the horizontal velocity vector as shown in
Figure 14,
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The telescoping leg configurations used all four values with no
stable alightments occurring for a 12 degree pitch angle. A pitch angle of 8
degrees was handied satisfactorily by configurations 1 and 2 for no terrain slope
and a horizontal velocity of 10 feet per second, runs 10121 and 20121, for
example, in Table 2. Configuration 0 was able to alight satisfactorily with a
pitch angle of 4 degrees on a -10 degree slope (runs 01012 and 01011}, For a
given configuration, pitch angle is more difficult to handle than a terrain slope.
Configuration 0, for example, handled a 10 degree slope with no pitch (run 01002)
yet tipped for an 8 degree pitch with no slope (run 00021). Similarly, configura-
tions 1 and 2 could handle an 8 degree pitch but not 12 degrees, yet could alight
on a -20 degree slope (run numbers 10121, 20121, 12101, 22101, 10131 and
20131 in Table 2).

Configurations 3 through 8, the 3000 pound articulated system, were
unable to handle a 12 degree pitch angle for any of the production run alightments
in Table 3. For out of the slope alightments, configuration 6 performed the
best, as shown in Table 4, Only configuration 9 was able to alight satisfactorily
for no terrain slope and a pitch angle of 12 degrees.

The difficulties In handling a pitch angle as opposed to a terrain
slope results from the change in angular position of the peg leg relative to the
resultant velocity vector. When a pitch angle is introduced, the component of
the resultant velocity vector that is normal to the peg leg is increased over that
resulting froth a zero pitch angle, Figure 3 in Section III {llustrates this effect.
In the same figure, it may be seen that a terrain slope is identical to a flat
alightment as far as the relationship between peg leg and the resultant velocity
vector,

4, Roll Rate

Capsule roll rates of 0 and 3 radians per second (rps) were used in
the parametric study. Little effect 18 noted on alightment criteria unless a
marginal alightment without a roll rate occurs.

The telescoping leg had no runs terminate due to the introduction of
a roll rate, For some articulated leg runs, the 3 rps roll rate caused bottoming
of the peg leg. The sense of the roll rate was chosen so that it added to the peg
leg stroke resulting from horizontal velocity (Figure 14). Run number 51232,
speclal force 4, in Table 3 resulis in bottoming of the peg leg. If the roll rate
is 0, a stable alightment occurs. The stable alightment, however, results ina
peg leg deflection that is almost bottomed (43 degrees versus 45 degrees). The
introduction of the roll rate is then sufficient to cause bottoming. This illustrates
the small Increase in energy absorption capability required to adequately handle
a roll rate of 3 rps. Sufficient runs were not made to determine the effect of a
roll rate on capsule tumbling,



5. Roll Attitude

Roll attitude was fixed at 67.5 degrees for all of the runs sum-
marized in Tables 2 and 3. This angle makes leg 1 the leading leg which is
skewed 22.5 degrees from the horizontsal veloecity vector. This is {Hustrated in
Figure 14, For all of the runs in Table 4 without capsule inclination, an impact
with leg 2 leading was used. The horizontal velocity was directed outward along
leg 2. For capsule inclination, the capsule's attifude was the same as for
Tables 2 and 3.

C. PARALLELOGRAM/CAPSULE BODY INITIAL POSITION

Three initial positions of the parallelogram were used for the articulated
leg. These are ¥5 of -10, -15 and ~20 degrees. As discussed in Section
III. B, this initial position can strongly Influence the tendency to bottom energy
cells or tip the capsule,

Generally, a ¥ of ~10 degrees produces greater turning rates, tending
to unload the leading leg, thana ¥ of -15 or -20 degrees. This reduces the

tendency to bottom the peg leg but increases potential bottoming of the parallelo-
gram due {o the decrease in stroking capability.

Tables 3 and 4 do not show a clear advantage or disadvantage for a parti-
cular P . Configurations 6 and 8 may be compared for the effect of decreasing

¥ from -15 degrees to ~10 degrees. A glight improvement in alightment
capability is seen for ~10 degrees. Configurations 5 and 7 may be compared for
the effect of increasing § from -15 degrees to -20 degrees. Alightment
capability is slightly.decreaged for an Initial position of —-20 degrees.

D. JERK® CONTROL

The effect of controlling jerk was examined in configurations 3, 4, and 5.
Configuration 3 has decreased loading slopes on both types of energy cells and
limited vertical jerk to 1000 jolts? for a flat alightment. Configuration 4 has a
decreased loading slope on the peg leg cell to limit jerk to 1000 jolts. Con-
figuration 5 has no jerk control and values of 10, 000 to 15, 000 jolts were
obtained.

No effect on alightment capability is indicated in Table 3 for alightment
into the slope. For alightments out of the slope (Table 4), the parallelogram

8 Jerk is defined as the third time derivative of displacement.

21 g per second = 1 jolt,



energy cell bottome in configuration 3 and does not for configurations 4 and 5
(runs 30200, 31202, 31203, 40200, 41202, 41203, 50200, 51202, and 51203).

Jerk control decreases the energy absorption capability of a given energy
cell due to the force deflection curve deviating further from the ideal rectangular
shape. The loss in energy ahsorption capability due to jerk control can be
regained by increasing the stroking capability or by increasing the energy cell
force toward the end of its stroke, Depending on the alightment system design,
the introduction of jerk control may or may not result in a weight penalty.

Jderk control in the articulated design is easily compensated for by increasing
the energy cell forces toward the end of stroking. This could be accomplished
by tapering or stepping the honeycomb. Due to the nonlinear force deflection
characteristica, this increased loading produces small changes in the leg
structural loadings,

E, SNUBBING ACTION

Snubbing of both parallelogram and peg leg energy cells was examined,
Force deflection characteristics for the energy cells were modified so that
after gome initial stroking & second plateau was reached for the force.
Appendix IV discusses the effect of snubbing action on structural loads for the
articulated leg. Parallelogram snubbing was used for configuration 6. Com-
paring configurations 5 and 6 in Table 3 shows no improvement for alightments
into a slope. Table 4 shows a marked improvement of configuration 6 over
configuration 5. Configuration 6 was able to alight successfully on a 20 degree
slope with a 12 degree capsule inclination while configuration 5 was limited to
a 10 degree slope with a 12 degree capsule Inclination.

A combination of peg leg snubbing and decreasing the parallelogram force
was necegsary to alight successfully on a 35 degree slope, The additional runs,
shown in Table 3 for configuration 5, summarize the energy cell force charac-
teristics used in obtaining successful alightments. Section II.B discusses
design changes that could be made to the peg leg that would resulf in the same
finprovement in alightment capability without the need for increasing the peg leg
energy cell force by 100 percent.

F. FOOT PAD/TERRAIN SLIPPAGE

A frictional model of the foot pad/terrain was used for the parametric
study. A dynamic and static coefficient of friction was used and is discussed in
detail in Section V.E.5. For the cases where slipping was permitted, the static
coefficient was 1.5 and the dynamic coefficient was 1.0. For non-slip cases,
values of 1.5 x 108 and 1,0 x 10% were used. The 35 degree slope dictated that
a value of at least 0,7 be used for the dynamic coefficient of friction or the
capsule would accelerate down the slope.

The occurrence of slippage at the foot pad/terrain interface is generally
heneficial. As discussed earlier, horizontal energy is best dissipated through
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gliding on a prepared surface yet was not permissible for this program. Local
slippage was permissible and many times in the parametric study permitted a
stable alightment when the non-slip cage did not. The following run numbers
fllustrate the effect of slippage versus non-slippage.
In Table 2

10120, 10121

10210, 10211

10200, 10201

20210, 20211

In Table 3
82200X, 82201X

83202X, 83203X

In Table 4
30200, 30201
90200, 90201
71202, 71203
91232, 91233
82200, 82201
62232, 62233
82232, 82233
Slippage is especially beneficial for the peg leg and many energy cell

bottomings may have been eliminated with a slightly different mathematical
model in the digital simulation. This effect was discussed in Section ITl. B, 3.
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SECTION V

DIGITAL SIMULATIONS

A. GENERAL APPROACH

The alightment dynamics for this program were simulated in three dimen-
sions on a large (32, 768 words of memory) floating point digital computer, The
space package i8 modeled as a six-degree-of-freedom rigid body with the alight-
ment system (telescoping or articulated legs) generating the dynamic loads on
the rigid body. The kinematics of the alightment system are used to generate
the energy absorber stroke-time histories, The known load-stroke characteris-
tics of the energy absorbers are then used to generate the alightment system
force reactions (dynamic loads). The slippage of the alightment system foot pads
with respect to the terrain ig also simulated. This is based on a coefficient of
friction mathematical model.

Numerical integration of the six rigid body accelerations yields the time-
motion history of the space package. The numerical integration is performed
under the control of a Runge-Kutta-Merson Differential Equation Monitor digital
computer program. The digital simulation ylelds the acceleration, velocity,
displacement, and load-time histories of the rigid body plus the displacement
time history of the alightment system.

There exist two different simulations. Since both the articulated and tele~
scoping leg configuration simulations were programmed and debugged inter-
mittently, there 1is little interchangeability between potentially compatible por-
tions of the simulations. The generation of the forcing functions is the one area
in which the simulations are necessarily different.

B. COORDINATE SYSTEMS

The three-dimensional simulation of the space package alightment dynamics
requires the establishment of several reference frames. These coordinate ays-
tems were also selected to facilitate the input of the initial conditions and the
interpretation of the space package time-motion histories,

Three types of coordinate systems are used in the simulation, These are
body fixed axes, body centered axes, and space fixed axes. A body fixed axes
system 18 one which is fixed to some point on a rigid body and both translates
and rotates with the point, A body centered axes system is one which translates
with some point on a rigid body, but does not rotate about the point. A space
fixed axes system is defined here to be a reference frame fixed relative to the
earth. The coordinate systems used are illustrated in Figure 15,
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Figure 15: Coordinate Systems
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A body fixed axes system 18 established at the center of gravity of the
space package and aligned parallel to (or coincident with) the geometric axes of
the space package. This coordinate system is referred to as the X coordinate
aystem. The X coord@nate system 18 used to reference the instantaneous

angular accelerations ( 5: ) and velocities { £ ), to reference the angular
displacements (R ,Y and P )} and to describe the geometric locations of the
alightment system on the space package ( k:utﬂ ).

A body fixed coordinate system is established at the center of gravity of
the space package and oriented in a manner so as to constitute the principal axes
of inertia of the space package, These body fixed axes are referred to as the
7t coordinate system. The »? coordinate system is used for the basic
equations of rotational motion (Euler's dynamical equations for principal axes).

A body fixed coordinate system 1is established at sach attachment location
of the alightment system. These coordinate systems are referred to as the

Sp (v S (&)

coordinate systems. The coordinate systems are used to describe

the kinematics of the alightment system.

A set of body centered axes are located at the space package center of
gravity with the 3 axis aligned parallel fo the gravitational vector, the 2 axis in
the horizontal direction, and the 1 axis out of the plane of the page. These are
referred to as the . coordinate system. The .& coordinate system is used
to reference the angular displacements. The angular displacements are de-
scribed by a set of roll, yaw and pitch angles which follow a 3-2~1 axes rotation
from the X body centered system to the 4& body fixed coordinate system
(Figure 15).

An inertial coordinate system is established with its origin in the plane of
the terrain, its 3 axis normal to the plane of the terrain, and its 2 axis in the
downhill direction for positive terrain slopes. The inertial coordinate system is
referred to as the € coordinate system. The € coordinate system is used
to describe the tranglational velocities and displacements of the space package

center of gravity ( _F and Y ), and to generate contact criteria for the alight-
ment system.

C. COORDINATE TRANSFORMATIONS

Transformations between the various coordinates are required for solution
of the basic equations, computation of the forcing functions, and physical inter~
pretation of the gpace package motions. The transformations given here relate
the position of & point in the coordinate systems relative to the origins of the
coordinate systems. The translation of the origins is accounted for by the dias-
placement vector in one system which describes the position of the origin of the
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other coordinate system. Four basic transformation matrices aré required to
permit total freedom of transformation among the coordinate systems.

All transformation matrices used here are orthogonal and, therefore, the
inverse of any tranaformation matrix is merely equal to the transpose of the
matrix (Reference 2), The following conventions are used throughout the report
to denote transformation matrices.

(<} - [«*]{e]}

The transformation from the -£ body centered to the € local terrain
inertial coordinate system 18 a single axis rotation about the negative €, axis
which is a function of the terrain slope { ¥ ).

y 3
3 E‘
=
> 4o
v
‘k’| 1€| ea
It can be seen that
] O Q
ch
[1 :' = o cos Y -sn Y (1)
O 3N r coS ¥

The transformation between the 7 body fixed principal axes and the X
geometric body fixed axes is determined by the solution of the eigenvalue pro-
blem formed by the moments and products of inertia about the X geometric
axes, The three elgenvalues are the moments of inertia about the principal

axes, The three eigenvectors form the transformation matrix [J.‘"x'] .
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The rigid body characteristics of a space package of a Mercury shaped
capsule approximate a body of revolution with negligible cross products of
inertia, Therefore, the principal axes of inertia are considered to be coincident
with the geometric X body fixed axes. The transformation matrix is then a
unit matrix for this special case.

The transformation from the X geometric body fixed axes to the £
body centered axes is a function of the roll, yaw, and pitch angles as found in
Reference 3, page 102, The roll, yaw, and pitch angles are the three successive
rotations about the X s , A , , and X, axes required to rotate the space

package from the £ body centered axes position to any arbitrary angular
position,

—

COS R COosY
A%
yi = SN R CcosY

- 3nY

CoOs R sinY smP - smk cos P
SIME 3SINY NP + COSR COs P

COSY sSinP

cosRsnY cosP + sianksinP

SINR SINY CosP ~ COBR NP (2)

cosY cosP |

The dynamic loads are calculated in a set of local body fixed axes referred

145
to as the § t alightment system attachment coordinate system. The orienta-
tion of the ith body fixed alightment system coordinate system with respect to the
geometric body fixed ax:ag is described by an input transformation matrix de-
s
noted as the ith [.L ] matrix, Thus, it is to be noted that the orientation

of each of the alightment system attachment coordinate systems is an externally

controllable parameter.
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The remainder of the transformation matrices which allow a transforma-
tion between any two coordinate systems are generated by the proper combina-
tion of the following four basic transformation matrices or their transposes:

] L] ] [

For example, the transformation matrix from the directions of the local terrain
inertial coordinate system € to the ith alightment system coordinate system

s is formed in this manner:

where

D. EQUATIONS OF RIGID BODY MOTION

The equations of rigid body motion are geparable into the equations of
translational motion and rotational motion.

1. Translational Equations of Motion

Newton's second law applied to the center of gravity of the rigid body
and referenced to the inertial coordinate system ( € ) is used to describe the
translational accelerations. The acceleration due to gravity is directly accounted
for in the translational acceleration equations,

r, = f/m (3)
e = gsny + f/m @)
F, = -gcosy + f5/m (5)
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where: I:,_ acceleration vector in the i*R direction of the
€ inertial coordinate system

'F;. = gsum of the forces acting on the space package
in the ith direction of the € {nertial
coordinate system

m = mass of the space package

= acceleration of gravity
¥ = terrain slope

2, Rotational Equations of Motion

Euler's dynamical equations for principal axes are used to describe
the rotational accelerations about the ? body fixed principal axes (Reference 4,
page 113).

W, = LM‘ ~ wswa(c—B)]/A (6)

p—

W, = |M,- w wy(A _c)]/a )

w, = (M3 - w, w, (B —A)]/Q. (8

where: Cb,_ = angular acceleration about the jth principal axis
W, = angular rate about the ith r? principal axis

M, = sum of the moments about the ith principal axis

A = mass moment of inertia about the T principal
axis

B = mass moment of inertia about the 7, principal
axis

C = mass moment of inertia about the 7y principal
axis
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3. Numerical Integration of the Equations of Motion

The equations of motion are solved by numerical integration. The
numerical integration technique used is a fourth order Runge~Kutta-Merson
method which is based on a truncated Taylor series involving the first five terms.
Thus, the error is of the fifth order of the integration increment of the independent
variable time.

The Runge-Kutta-Merson numerical integration technique involves
four evaluations (passes) of the dependent variables over each integration
interval ( A+ ). The firat and second passes evaluate the variables at a time
of t + At/3 , the third pass at t + At/Z | and the fourth pass at t + AX.
The fourth pass yields the final values of the variables while the first, second,
and third pass values of the variables are only approximations generated for use
in the truncated series. The fourth pass values of the variables are then used as
conditions from which to integrate to the next increment in time ( + + 24%),

The translational equations of motion are integrated twice with
respect to time to yleld the translational displacement time history.

Euler's dynamical equations are integrated with respect to time to
yield the Instantaneous angular rates about the 77 principal axes of the rigid
body.

ju’.:,_d’t = W,

The angular rates 2> about the principal axes of the space package
are then transformed to the ). geometric body fixed axes.

(0} - [e]{]

The angular rates £L. about the X geometric body fixed axes
are then trangformed to the instantaneous roll, yaw, and pitch rates, . , Y
and P , (Reference 3, page 103).



|
. — npP P 9
o5 v [_n.,_su + D5 COS ] (9)

Y = 0,COSP - D ; SinP (10)
P = 0, +tch[ﬂ,.3mP +-_D.5COSP] (11)

These equations are then integrated with respect to time to yleld the
roll, yaw, and pitch angles or retational displacements of the space package.

_fsi’,dt = R
j\'fdt = Y

[Pat -

The above scheme generates the translational and rotational accelerations,
velocities, and displacements of the space package as functions of the initial
conditions and forcing functions.

4, Initial Conditions

The initial conditions at impact are read into the program in the most
convenient physical reference systems, Certain of these Initial conditions re-~
quire transformation into other coordinate systems to generate the initial condi-
tions for the equations of motion. The initial conditions consist of the transla-
tional and rotational displacements and velocities at the instant of contact of one
or more foot pads of the alightment system with the terrain. The initial condi-
tions are in the following forms.

The initial translational displacements are described by the three
components of the translational displacement vector T in the local terrain
inertial coordinate system € . The third component ¥y is adjusted by the
digital program so that the ingtant of initial contact with the terrain occurs at
time zero. This is done to insure the accuracy of the initial conditions.

The initial translational velocities ¥ are described by the vertical
Vy ,» ( + upward), the horizontal <, , ( + downhill for positive terrain

slopes), and the cross plane VvV, , { + out of the plane of the page) inertial

components of the velocity vector, These three directions correspond to the
directions of the body centered & coordinate system. The program will
accept oniy a negative third component of the velocity.



The inftial translational velocities must be expreased in the directiona
of the € local terrain inertial coordinate system.

[ed = [a] UV

The angular orientation of the space package at impact is described
by the initial values of the roll, yaw, and pitch angles (R , Y and P )in
degrees.

The initial rotational velocities L are the angular rates about
X body fixed axes at the instant of impact. Thege are transformed in the simu-
lation to generate the rates about the principal axes.

(w} - [+™] {a]

5, Forcing Function Trangformations

The foreing functions are generated by the FORCE subroutine
structure in the § o alightment system coordinate systems. The dynamic
loads are the forces F° and the moments T_n-(ﬂ acting at the body fixed
location —\;m with respect to the center of gravity of the space package. The

o)
dynamic loades must be transformed from their 3 ¥ coordinate systems into
the proper coordinate systems for use as the forcing functions ( _-F and WM )
In the equations of motion.
) (£}
The three components of the force vector ( F, , Fa and
C

F, ) ) in each alightment system coordinate aystem( 3 » ) must be trans-
formed into the local terrain inertial coordinate system ( € ). This is per~
formed by first transforming ¥ ®  into the geometric body fixed axes (%)
These forces expressed in the X geometric body fixed axes are denoted as

;z.“m
[;I"m} - [lxs“’] { Fm}
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The forces ( & @ }in the X geometric body fixed axes at each alight-
ment system attachment are then summed in each of the X directions.

‘r?

.i:_h = Z %‘(ﬂ

=]

The three force components ( 7F ) in the % geometric body fixed axes are
then transformed into the € loeal terrain inertial coordinate system for use in
the basic equations of translational motion (equations 3 through 5).

(] = [7 ) e

The moments acting upon the space package must be resolved about
the principal axes { ¥7? ) for use in Euler's dynamical equations. There are two
sources of moments which act about the ¥ axes.

The dynamic load forces ( F o ) at each alightment system
attachment point act through the attachment point lever arms to generate moments

about the center of gravity of the space package. The attachment point lever arms

b @ are in the geometric body fixed axes. Therefore, the transformed

dynamic load forces in the X system ( E%' €%} ) can be directly used. These
moments about the X geometric body fixed axes when summed are denoted as

—

z .
. "
I. - Z b X %(?—3
t=1
or -
£, - ) (b2 ®® - b =)
121

7?
2, = ) (62 % - b %)
=
i
1 ¢
£, = ) P - ol )
=1
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The dynamic load moments at the alightment system attachment
points in the § @) alightment system attachment coordinate systems are
generated in the FORCE subroutine structure and denoted as % > These
moments are transformed into the X geometric body fixed axes by the

t _s ‘l’
[ L ] transformation matrices.

(o) « [ (]

The moments from the two sources ( J, and Y M & )} must be summed and

transformed from the X geometric body fixed axes to the principal axes for use
in the basic equations of rotational motion {(equations 6 through 8).

LIRS IERDAT

6. Output Transformations

The output generated hy the basic equations of motion are the trans-
lational accelerations, velocities, and displacements ( r‘ s _F , T )inthe
local terrain inertial coordinate system { € ), the rotational accelerations and
velocities ( @ and D ) in the body fixed principal axes ( ¥? ), and the ro-
tational displacements ( 2 , Y , and P ) between the geometric body fixed

axes { X ) and the body centered axes ( & ). It is desired to have the output
data in the most convenient form for physical interpretation and comparison with
experimental measurements. Any instrumentation which is attached to the space
package will sense motion referenced in the directions of a moving body fixed
axes system. The sensing axes of the instrumentation would generally be
aligned in the geometric body fixed axes ( X ). Therefore, the translational
accelerations, and the rotational velocities and accelerations would preferably
be expressed in or about the geometric body fixed axes { % ).

The ingtantaneous translational accelerations In the geometric body
fixed axes { X ) may be found by transforming the translational accelerations
( ¥ ) in the Iocal terrain inertial coordinate system { € ) by the [ Lr ]
transformation matrix.



T .
. LE o ex —
(e} =[] {F) - [«7] {7
The angular velocities and accelerations in the geometric body fixed

axes ( X ) may be found by transforming the rotational velocities ( @ ) and
accelerations { &3 ) in the body fixed principal axes { 77 ) by the transpose of

the [1‘”‘ ] transformation matrix.
(2} - [ {w} - [ {}
(2]« [+ (&} - ["] (o)

E. TELESCOPING LEG FORCING FUNCTIONS

The telescoping leg configuration and the articulated leg configuration
forcing functions are derived in the same basic manner. However, since the
geometries are quite different, the forcing function equations are quite different
in their final form. The difference in the equations necessitated programming
two nearly independent simulations., This difference also requires that the
description of the forcing functions be separated into two sectlons. The tele—
scoping leg forcing function description contains an entire description of the
generation of the forcing functions for a specific ggometric configuration, The
description of the generation of the articulated leg forcing functions contains
only the aspects which are not common to both eonfigurations. This is done to
avoid redundant descriptions.

1, Alightment System Position

The pertinent space package coordinate systems are shown in
Figure 15. A spherical coordinate system is now introduced at each leg to
describe the position of each foot pad with respect to the attachment location of
each telescoping leg. The three spherical coordinates are the axial length of

the simple leg a.ﬂ.m , the rotational deflection angle o(.(ﬂ between the
negative \ : Y axis and the deflected longitudinal axis of the simple leg, and
the angle & « which describes the direction of the rotational deflection
measured parallel to the 3'(1.3 - 3:'._“

These coordinates are illustrated in Figures 15 and 16.

(¢
plane from the positive S, axis.

59



f(b
X, ;
X, —l;ti)
)}
— T
l.i)/
|
t @) & '_T/—’;—-’
§=—QQ CO5 o o
&) It Q)
a § = al¥sine cos

=

! i) i A
f= al"’ simo o s @Y

Figure 16: Alightment System Position Coordinates
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For the simple leg configurations, it is convenient to select the

3
orientation of all four § @ alightment system attachment coordinate systems

parallel to the geometric body fixed coordinate system X . In other words,
the transformation matrices from the 8 alightment system attachment

m
coordinate systems to the X geometric body fixed axes [I.I s ] are all
unity matrices.

The vector describing the unloaded position of the foot pad of the

simple leg with respect to the attachment point i8 defined as _S.m . From

< (&)

Figure 16, it can be seen that this vector expressed in the absorher

coordinate system is:

-
Wok®™ sin u«® cos us™
@ w
{ s } = ¢ Ual ain U™ sin us® (12)
. -u o™ cos U™
where: u G.I!.m = unloaded axial length of the leg

U oL(n = unloaded rotational deflection of the leg

Q)
W, = unloaded rotational direction of the leg
Prior to initial contact of each leg with the ground, the unloaded axial length of
the leg is defined as /2 . There is no rotational deflection a(.(ﬂ at this

time and thus ,6(0 is undefined. The initial position vectors of all of the legs
hecome:

0

{9<15} - o

-
After contact with the ground has been made, the axial absorbers

and certain of the rotational absorbers experience crushing or permanent defor-
mation. Assuming that the frictional forces are of sufficient magnitude to allow
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the leg to maintain its unloaded position without the presence of free play, the
unloaded axial length 18 equal to the original length minus the permanent de-

formation of the axial absorber. The values of U™ and UL are

approximated by the values of these variables immediately prior to loss of con-
tact of the foot pad with the terrain. Thus, the unloaded position vector of the
gth leg becomes:

[ (P-az®) sin U™ cos UB?

(&}

Sm = 9 (P- AZ7 ) sin u«.‘“ 31N Uﬁm (13)

~(f -az®) cos U™

where:

)

azt = permanent deflection of the 1tB axial absorber

The position of the attachment point of the fth alightment system

r?'ferenced to the € local terrain inertial coordinate system is defined as
? @ From Figure 17, it can be seen that this vector is obtained by

vector addition of the T and ',;m vectors after —b.m is transformed from

the directions of the X geometric body fixed axes to directions of the €
local terrain inertial coordinate system.

O I P T B

The position of the ith _ggot prad expressed in the €  inertial

coordinate system is defined as § > When the 1t® leg is not in contact
with the ground, the unloaded position of the ith goot pad a8 1llustrated in

Figure 17 is:
{E’m} . {é’m] + {"gm} (15)



_

Figure 17: Position of the gth Alightment System
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The contact position of the ith footpad is denotedas S ..’_:r: .
Contact with the terrain {s detected when the third component of 8 ¥

(equation 15) changes from positive to negative on successive integration passes.
The pogition of the footpad at this time is stored as the non-slip contact position.

“acwy

Loss of contact with the terrain occurs when the third component of &~ again
hecomes positive,

The deflection vector of the ith leg is definedas S . From

Figure 17, it is seen that this quantity is obLt&ined by vector subtraction of the
position of the attachment point of the leg s
i

foot pad 5_3-“’ . It is convenient to transform the deflection vector into the
absorber aitachment coordinate system as illustrated in Fipure 15.

{ ?“’} - [27¢] {s5@- 3 ‘“} (16)

from the contact position of the

From Figure 16, it can be seen that the spherical coordinates o(.c © , 8 @ s

and a2 are the following functions of the S deflection vector of the ith
leg.

r 2 P -4 ‘ 2
on.) - + \/(S‘m) +(3én) N (S;n) amn

o 1 [ - (0
L = Cos |3 (18)
(o'}
b =
@ " i S’(n T
B8 = +tan ——S-%,— (19)
[ Ty

It should be noted that these equations imply the presence of certain characteris-
@)
tics., o * is always positive and restricted to less than +90 degrees, 8 @
»!
is undefined when oLu = 0, For the telescoping leg configurations, & @ is

3]
set equal to zero when o(.Q = 0. When d‘-m is not equazl to zero, the

@
quadrature of &  is preserved by use of the arctangent with the numerator

and denominator separated.
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2. Absorber Deflections and Velocities

The deflection of the 1th axial absorber is defined as' A2’ ., The
subscript one denotes the axial absorber of the leg. The axial deflection is:

AR = P - a (20)

The deflection of the jth rotational pad at the ith leg is defined as Afﬂ
(&%= 3y =4 + number of pads). Assuming that o is no greater than approxi-

mately 15 degrees, small angle approximations may be used (1.2 percent differ-

ence between o' and stn ocm at a(_(n = 15 degrees) in the rotational

deflection equations. Figure 18 describes thé geometry pertinent to the rota- \
tional absorber deflections. The rotation of the 1th leg through an angle ot

results in a deflection A_,m at the jth rotational pad located at the angular
position YJ .

w
AJ ) - [O_ﬂ COs (YJ _ ﬁ(l') ] OC.({) (21)

«
The velocity across the jth absorber of the 1th leg is denoted as A,n

The velocities across the absorbers are not directly obtalnable as functions of the
rigid body velocities due to the slippage of the foot pads. The velocities are used
only to compute dissipative forces. Therefore, sufficient accuracy in the compu-
tation of the velocities across the absorbers may be obtained by numerical dif-
ferentiation of the deflections across the absorbers.

Since the values of the deflections on Integration passes other than
the fourth are only approximate, the following averaging method 18 used. Denote
the deflection at any fourth integration pass as A , the deflection at the pre-
vious fourth integration pass as P A , and the deflection at the fourth integra-
tion pass prior to that as PP A . The average velocity during the previous
integration interval was ( PA - PPA )/ AT , The average velocity
based on the present deflection and the deflection at the last fourth integration
passia{ A - P4 )Y/ (at/cC), where C=3 on the first and second integra-
tion passes, C~ 2 on the third integration pass, and C=\ on the fourth
integration pass.

The velocity across the absorbers of the ith leg is obtained by using
a weighted average of the two velocities

&5



- 52

- th
j rotational pad

Figure 18: Rotational Absorber Geometry
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Cw(8,° - Pa®) | cu(PA® - pPaM)

A(m) At/C At
) Cww ¥ Cy

(22)

It

The welghting factors C,, and C, are a function of the integration pass.
The following weighting factors were selected. The iwo velocities are weighted
equally ( C,o = C,, = 1) on the first and second-integration passes. The
weighting factors are C,,=2. and C,; =) on the third integration pass. On
the fourth integration pass only the velocity based on the present deflection and
previous fourth integration pass is used ( C,o«V and C,, =0 ),

3. Energy Absorber Reaction Forces

The compressive reaction force across the fth apaorber of the jth

leg is defined as AF, o . The absorbers are crushable cells with reaction

force characteristics which are a function of the deflection and velocity across
the absorber, and the deflection history of the absorber. The characteristics of
the cells fall into two distinct portions. The reaction force characteristics during
the initial loading of the cell are referred to as the dynamic force deflection
characteristics. The reaction force characteristics during unloading and reload-
ing of the cell (short of the previous maximum deflection) are modeled with a
parallel spring and damper. The dynamic force-deflection characteristicas are
described by a maximum of ten force-deflection points. The unloading-reloading
model is described by a spring rate and a viscous damping coefficient. All of the
axial absorbers have one set of characteristics and all of the rotational absorbers
a second set of characteristics. Figure 19 {llustrates a typical absorber force-
deflection characteristic during a cycle of loading-unloading-reloading. The
damper used in the unloading-reloading model produces a hysteresis loop about
the spring characteristic. The damping force of the axial absorber is restricted
to always be less In magnitude than the spring force to avoid discontinuities in
the reactlion forces.

The rotational absorber reaction force Aﬁa) is asgumed to re-
main normal to the conical surface of the moving portion of the leg. The summa-
tion of the forces AF-‘(“ produces a reaction moment with two components

Mo and ME® ag fllustrated in Figure 20.
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Figure 20: Rotational Absorber Reaction Moments
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Moc® = ? [AF,(n as cos (¥, - £ )] (23)

=2

1+ NOPADS
)

M8 & = E [Aﬂm as sw (¥, - 6(‘.’)] 24)
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4. Dynamic Loads

The absorber reaction forces when expressed in the body fixed
absorber attachment coordinate system are denoted as the dynamic load forces
% ® and moments *;;c“ . The absorber reactions AF,®® , Mo ?
and M.dm are expressible in the directions of the 80’3 coordinate systema
as illustrated in Figure 21. Let Foc™ equal the force at the bottom of the leg
producing the moment M<™ and F.8® equal the force at the bottom of the
leg producing the moment M& ™ |

)]
Fo(.tm = MUCCL Q.’..(ﬂs

F_ﬁu.) - Mﬁa) aL(L\

The forces AF,“’ s Fu®

— —_— a
loade ¥ @ and ¥2® mthe S Y coordinate system.

,and F4& @) are expressible as the dynamic

&) ) o @) &
T, = ~AF, sino coss® + Fe® cosa B c.os./sa)
. (25)
¢
- F8P ang“™
@) W (65 w () )
%, = -AF,  sine Psin8Y + Fol cos«t.( smﬁm
(26)

+ Fﬁa" cosd (&N
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Figure 21: Absorber Reactions in the .!'(n Coordinate Systems
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5, Sliding Forcing Functions

The digital simulation of the alightment dynamics includes the
modeling of the sliding of the alightment system foot pads across the terrain, A
coefficient of friction mathematical model is used. The forcing functions pre-
viously described require a knowledge of the position of the foot pad. The know-
ledge of the position of a foot pad is loat when sliding commences. The coeffi-
clent of friction model introduces force constraints which permit the determina-
tion of the pliding foot pad position and the accompanying dynamic loads. The
foot pad posftion is adjusted until the ratio of the inplane ground reaction force
to the normal force is equal to the coefficient of friction,

Since the foot pad will not slide if the inplane ground reaction is less
than the product of the coefficient of friction and the normal ground reaction
component, thege quantities are first computed based on a non-slip foot pad posi-

o
tion from the previous integration increment. The dynamic load forces ¥ -
are expresged in the @ body fixed axes. Transforming these forces into
the directions of the € local terrain inertial system yields the normal and

inplane ground reaction forces which are denoted as FeE @ .

— (&3]
{Feco} - [Les 1] {%m} 1)

The third component of F_é ® is the normal reaction force FE.,G') exerted on
the ith leg by the terrain. The one and two components are the inplane reaction
forces exerted on the leg by the terrain in the one and two directions of the €
local terrain system. The inplane force is denotedas F€,, .
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e
FEp = \ﬁFef") r (Fe ) (32)

A distinction is made for most combinations of materials between the
atatic and the dynamic coefficient of friction. A dynamic coefficient of friction
is applicable when the leg is sliding (including recontact with the ground) and is
denoted as 4Ly, . The static coefficient of friction is applicable when the leg is
not gliding and is denoted as Ly . Sliding will occur when the inplane force
exceeds the potential frictional force F F ¢,

(4D
FF™ = Alp F'f.‘:,;u while sliding (33)

)

&N
FF = Yg FE 5 t while not sliding (34)

@
If the inplane force FE;; ) is less than the applicable potential friction force
Fr & , Bliding is not occurring and the non-slip dynamic loads and foot pad
positions computed at this point are applicable. If the inplane force FE ,f Y g

greater than the applicable potential frictional force FF (2 , Blippage is
occurring and dynamic loads and foot pad positions must be iterated upon.

¢
The iteration i{s continued until the inplane force Feun converges

on the potential frictional force ¥ F (A convergence tolerance of 0,001 on
the forces is maintained for 20 iterations. In general, convergence will occur
within two to four iterations. In certain instances, such as when the leg i about
to lift off the ground, the convergence is slow but definite. An additional ten
iterations are then made at a temporarily reduced tolerance of 0.1. If conver-
gence does not occur within the 30 iterations, the run is terminated unless the
forces are small.,

The sliding foot pad position i8 determined by varying the coordinate
o¢ ¥ untii the force constraints are satisfied. The axial length at® win
also vary since the foot pad must remain in the plane of the terrain. This
geometry coupling produces force coupling which necessitates the use of an
iterative procedure. The coordinate < is varied until a2 set of bounds on

the croes over point are located. The boundaries provide points from which to
interpolate to determine the cross over point. The forces at the interpolated
cross over point are then evaluated, This provides an improved boundary for
the next iteration until the convergence criteria is satisfied. A plot of a typical
situation appears as follows,
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The axial length al®  and the foot pad position in the plane of the
[} ‘e
terrain, 5.'3,(“ and SS‘;‘"‘" , for each oc.(“ are needed in the {teration

and are determined in the following manner,

The deflection vector equation (equation 16) relates the deflection
vector and the foot pad position vector.

! G2 e (r r”
{Sm] - [1.3 e] {SS“ - 8 “"} (16)

N_ec\lv estimates of the first and second components of the deflection vector

5 ) and the third component of the foot pad position vector S”i.,(") are
available for the above equations, Equation 16 may be rearranged to solve for
the three remaining unknowns 5” ;") . 5”3'. 3 , and Snéato . Let

S’m
{AI?.m} L jam _ [£3(')e] [é‘m}
0
and
@ £ @ e gdg
Slt 'eﬂe"’:ze -.ﬂ,z e'eal

T4



The remainjng three unknowns are:

e ] w 8 g
S8 - o (Ara; £, -~ AR 2 e‘) (35)
ey &) 16 ))
sS,° - (AE PR ) (36)
o L g s AR50 O s s
5 = ARy ¥ ?ﬁ( a L2 Ay ALn

_ AE;m 5% e 3“’: s“’e)
< | £y 32 - (37)

3

F. ARTICULATED LEG FORCING FUNCTIONS

The articulated leg configuration forcing functions are derived in the same
basic manner as the telescoping leg forcing functions. The geometry of the
articulated leg configuration involves three degrees of freedom as does the tele-
scoping leg configuration geometry., However, the geometry i{s much different
and no general approach was found which could eliminate the need for different

forcing function equations.
1. Alightment System Position Vector

The geometry of the articulated leg alightment system is illustrated
in Figure 22. The §°* coordinate system is established with the origin at
the midpoint of the axis of the lower attach point of each leg to reference the
alightment system position and the absorber deflection, The three direction
( S,m ) 18 parallel to the longitudinal axis of the space package, the two
direction ( S,_ ) 18 the axis of rotation of the lower parallelogram member,

and the positive one direction ( S,m ) i8 outward from the center of gravity of
the space package.

The vector from the lower attach point to the foot pad of the ith leg
in the deflected position is denoted as 3 5 ® . The § s® vector is described

by the three independent quantities @ P L and & @ a4 fllustrated

5
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o
In Figures 22 and 23, ¥ is the angular position of the lower parallelogram
member measured from the S‘m direction. ot is the angular deflection
4
of the lower leg relative to the negative S':n direction and & » is the

direction of this deflection relative to the S,Cn direction as illustrated in
Figure 23.

The deflected position vector of the i!! articulated leg, as a function
of the geometric dimensions and the quantities o>, A<, and ¢, is
seen to be as follows:

’ @ A . 24
3'm = auCosy¥ + a0 + (u ~asC0Sec’ + olsmacfﬂ) c.rc:sausct (38)

'

¢ L&D (€)) 4
82 = (as-assmn«™ + alcosx™)ang™ (39)
&) Q) (€3
3_,,(" = awsny - at- asgsme - aCOSoL (40)

T« determine the absorber deflections, it is necessary to determine
@, 8, and ¢c.-._)_&s a function of the geometric dimensions and the
deflected position vector S a). Placing all the unknowns on the leff side of

the equation yields three simultaneous transcendental equations.
@ ) @ o ’
aucos¢” + (0 -~ agcosec -+ alsmal JcosB” = §P-ad (38

[e}) @ (e ’
(o&-—aa.cosx + ol swyn« 3)sm6 o= 32("’ (39)

)

w @ Zeey
aw sny  -adsne - alcosc 8.7+ a2 o)

)
Solving for swm & in equation 39 yields:

i
(A
Ey)

[ [4
s - A8 COSot” + ol SNe

w
Sing a
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Since:

(é 3]
cosd = % /1 - sin*g®

7N
o ($:™)
co34 £/ (0a - aa cos ™ + ol sine™ >

&,
\/(m,- m.cos.c(.') +* o.ﬂ.smot.m) - (3!;“)&

COSﬁa) = £
a4 - a4 CoSat™ + at sinat™

4
Solving for COS % in equation 38 yields:

’
(4)] (€))
S,

(8] . - 00 - QL COoSsS ¥
cos s = rT) [T})
04 - 04 COS ot + af Sinot

Equating these two identities for cgos 5(‘) and solving for gy cos ¢ %
yields:

) () w \& ‘coNE
awcos ¥ =aoc - 8 % \/(M‘Mcosat.m ¥ oﬂsmoc") - (.?zm)

AL
Solving for au sw ¥ ) in equation 40, sgquaring this equation and the above
equation, and adding yields:
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(oo - S’f“)a + 2(ao - §f°) \/(M-aa,cosoc.m + al sina®)’- (Sm)

+ (04-ascos« L v al sina®Y - (S’f’)&

y : ¢ W \& a
+ (87 + oe + agsnL” + alcosk )
Performing the multiplications indicated yields:
(<> [&h) o S N&
t2(00 - 87) (ae - ascosa® + atsnat® Y - (8
-3 () @) (€))
roi® + affcost® + alfamni® - zadcose” + 2agal sine

€N @ /ey &N & 2 2 (D
- 2080l 81N COS - (8, ) (3 rae) * oL sin &

‘D (D

raleos=x® + 2(87+ ag)as s + 2. (82 + ae)alcosed

2.

7
&) + (aﬂ,_s\(v:)a - QL

+2.0calsineg cosa_

Placing the radical on the right side of the equation yields:
e 't ) / W

[-au + 2(8;” + ae) aﬂ] COS&  + [acucdf‘. +2(55 +e) QA.] Sine

v 204 + aﬂ.e'~ s - (é;:n)a N (s’;n . aﬁj’*’- + (o.o‘ _ s’fny.

= 7 2(ao -~ S’m) \/(cm. aa 05 + al sime™® ) - (S‘Z""Y‘

B0



Let the following substitutions be made to simplify the manipulations.

Cie = 2aa(al + 5 + ae)
4
Cir = a[- ag® + a2 (8° + ae]
4 r /’ 2
Cig = 2as” + a®-au’ - (8°) + (87 +ae)* + (0~ 8,

Squaring both sides of the equation yields:

2 2 ¢ e 2 (O 2 ) w
Clcosx™ + Cgsinec + Cg + 2CgCr Sined oS

o D
+ 2C7C1aC0SeL ° + 2CCia SN
‘CoNE e 2 2 (» 2 a (&
= 4(ac - $) [cw. + as® costx™ + allsinx® - (8°)

2 (45 hY
- 2048 COSw  + 2 asal oot

¢ (2
- 2aa al s cosec? :[
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Grouping like terms yields:
2 @ 2 ‘ton q2| 2 @
[C,f - 4{ao - 3,(“) oa.a'] cos®™ + [ClG - 4{ac - S‘m) al’.]smoc >

/N8 3 Y
+ cCeCiy + 8(0.0’ - S‘m) a.d.aﬂ.] sine cos ot

S \2 &
+ | 2C;Cy + a(cw’— S,") 0s® ] cos L

+ | 2CeCip - 8(av - S,("))aaa,aﬂ.] s

2 ‘(N2 2 f oy N2
= - Cy + 4(or - s [cui. - (87) ]
Let the following substitutions be made,

!
c.r - 4(ao - $2 ) as®

i

Ciq

2

I
Co = C& - 4{ar - 3°)Y a®

i

. IC-) -3
Coy = 2C0 + 8(a0 - 877 ) as o

2. EC.GC,B - 8(001 - SICQ\EMCLQ

)
)
B

/

Cap = ~Co + 4(o0 - OV [as® - (SO ]

{y 2
Make the substitution COS oL ) - x \/ I - sin" <
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Q)
C,g(l - S5 ‘) § Cpp SN0l & Cpy ML \[l - 51N

@
+ CaZSmoc” t C,_,_.,\/l - st = Coaa

Placing the radical products on the right side of the equation yields:

2 4N}
(CZO - C;g) SN OL‘- + Caz_ S\noﬂ,l A C‘g - Ce_q_

= ¥ (C&l S\nOC.OA + Czs) J: - S\haad.(‘h

S
Squaring both sides of this equation yields a quartic in Sin o(.a

[(C,=° = Cuf + C,_ﬂsm“«.m + [a(cm— Cig )Caot P_Ca,Cas] sino?

¥ rc,_: - Cot + Cay + 2(Cp - C)(Cpq - ca)] s’

_ . )
+ Lacaz(clg' Coq) = aC,_,Caslemoc_("\’ + [(C,.‘— Chy) - ca]

= Q = (Smoc_n) (41)

The quartic (equation 41) is most conveniently solved by Newton's

method. The value of gy’ during the previous integration is an

excellent first estimate of the present value of ey,

SN ol Let the previous
(€

» the value of the polynomial evaluated for this root be
G(s IneC ocn) , and the derivative of the polynomial evaluated for the previous

rootbe sin oL,
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root be G’ sin at.gﬂ . The estimate of the present root of the quartic is

therefore:

4 )

) L TN I &(sine. @ T
oL = SIN W ol - - , D= ol & 5= (42)
SN e G{sinu ) 2

The use of Newton's method avolds the necessity for the solution of the three
remalining roots of the quartic and selection of the proper root.

The value of ¢,(n {s found from equation 40.

@y
(&) AT 7
¥ = sin 2

+ ae + ag s + al cose™

Qi ?

-1—27_-.& YPT g

Pl

The value of 4% is found by solving for SN ﬁ(ﬂ and
cos B in equations 39 and 38 respectively, and dividing equation 39 by
the equation 38,

&)

/!
("
) \ S ’y

= tan |-z
o § - a0 - awcos¥®

,04 8% = anr @y

Occasionally, the roots of the quartic in sin oc.(a will cross. In
this instance, it is posgible to follow the wrong root out of the crossing. The use
of the wrong root is detected eventually when the equation for ¥ @ becomes
undefined. The presence of this conditiox} can be detected rapidly after the cross
over by reforming the original vector § @ which is, of course, a function of
oc(l') , 5(7-5 , and s{,(ﬂ

formed vector to the original vector. If the tolerance 18 exceeded, the erroneous
root i8 suppressed from the equations by synthetic division of the quartic, The
proper root is then dg)termined by Newton's method applied to the resulting cubic

’ {
equation in S7a/ of i

. A tolerance of 10~ 1g used to compare the re~

2.  Energy Absorber Deflections and Velocities

@ The deflection across the upper absorber of the ith leg 18 denoted as
A, . The geometry pertinent to the upper absorber is illustrated in Figure 24.
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The length across the upper absorber St
inthe §* and $5 directions,

w is described by the two components

B
&

o cos ¥ - od sing
{Stm} = o (45)

@)
asin¢ " + adcosg - ob - ag
The length across the upper absorber is therefore:
2
Ig‘tm = [(uucos ¢® - adsing - aa - oh)
ifa.
M 2
+{ausin¢® + adcosd - ab - aq) ]
Let P(Q be the original undeflected length across the upper absorber. The

deflection across the upper absorher is therefore:

@
A"

ml - p® 46)

= | st

@ The deflection across the lower absorber of the ith leg 18 denoted as
A, ¥ . The geometry pertinent to the lower absorber is illustrated in Figure

25. The position of the lower end of the lower absorber '3“_';(9 relative to the
upper end i seen to be:

.
(as - 0a cose + ag sine ) cos s

¢
{3;“} = (a.a_ ~ a4 cosae,m + og SmoLm) ang ° (47)

%)

4] £
- -~ a4 SINol. - COS ol
. ap OL}«

The length across the lower absorber is therefore:

€3] My
. [(m-aa.cosoc. + ag sme )

(]
E?
\ 5 Yz
+(-ap -aasm" - a%cos.:-r_m) ]

86



e (1)
AFz

/

W /—4 u.l//

e e
L
a4 - ascose™®

Figure 25: Lower Absorber Geometry

87



The undeflected length across the absorber is ap. + ag. The deflection across
the lower absorber is seen to be:

(D oy
b - |5

- (ap + a‘j') (48)

3. Dynamic Loads

The upper and lower energy absorber reaction forces of the ith leg
are denoted as AF, ® and AF,_._“" , respectively. Figures 24 and 25 illustrate
the points of application of the absorber reaction forces,.

The angle ‘!?m of the upper absorber with respect to the §, @

direction is illustrated in Figure 24. The angle Wm 18 a function of ¥ and
the geometry dimensions are seen to be

7 - tor ax s ¢ + adcosd - ok -og 9)
= an
aucos¥® - adsing - an- ah
The upper absorber reaction may be resolved into its components in the — §, e

D (4]

and -3:“ directions as A¥, COSY?  and Aﬁ(“

sSIm ‘)’2@’, respectively,

The lower absorber reaction forces applied to the lower leg may be re-
solved into components in the § ® directions as fllustrated in Figure 25.

[0 Cn) Q) &3
) - - 0S5« + SN co F
ARy = (00 - ascoo aq;n ) coss™ Ax (50)
| 82
& > o
ap® . ~(0d~ 04005 + ogeinLT) sing™ AR .
22 £y ( )
| S»
¢ @ N
o (en + aa s>+ agcost™) AR
AED . o (52)
| Se
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The dynamic load forces and moments resolved at the origin of the
M ) coordinate system are denoted as % and M , respectively.

Figure 26 illustrates a free body diagram of the lower leg of the ith alightment
system. The lower end of the lower leg 18 assumed to be moment free. The

gll'ound reaction forces are the dynamic loads & ™), The cross product
T 3 % ®are the dynamic moments —ﬁ[m about the origin of the
coordinate system.

(4% [ ] (H (45 w)
myo= &y S, - B, S,
I4
(€5 @ Ju @ g (v
> @ o) @ e
Ty = Fe S - F S

The ground reaction forces y 4 e are determined from the equfli-
brium equations of the lower leg (Figure 26) and the intermediate member
(Figure 27).

¢ (E3) o)
FP + Ry = -ARS (53)
1€} ) (&%)
F,T - R, = -AR, )
C «) (&%)
(as st ® v alcoss ) %E,

)

¢ S e,
+ (-~aacos™® » alsne T cossPws

0
|

( as o™ + ag. cos«<P) AT,

D) & D,
~ (-aacosL™® ag L Jcoss TAT,  (55)

@ H (¢} @ 6] &2 C C
Q, sn¢ "+ Q, SM¥ T +R," = AE Painn™ + AR

-y (56)
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{y

: @ [C (€3 N
o 4 ancos'} - E,; = AF, * cosn“ + AY,, (57)

Q;a Cos ¢

Q. (-cos¢Padcosg - smePadsing) - ceR,, "
] . @
+ R, (ascosB + av’) = (ae - ap)Ar + eo'ARy"
(i} {0 (L)
- [Qosv? (o.d cos ¢ -cuﬂ T SNy (adsm¢ T 0’!)] AT, (58)

The known forces are AF‘,"ﬂ and AF:'" and all the angles and dimensions are

(2% O w o
also known, The six unknowns are ‘,35," 3 '2‘5" ) Q‘t ) Q-; ) Q..h3 and

oy
R.,,". The two unknowns of interest are ¥, and %, . These may be
obtained by expansion of the 6 by 6 determinant formed by the six equilibrium
equations (equations 53 throug’h 58).

o Q % (&) @)
q.:‘_ - [cosg,‘ (- aasma™ + g COSL. * )AF?_\
» o > eN Lo D
+cos¢“cos8“(aacos™ - 0gsn) A,y

D )] ) @ 2 o O\, o
+ cosoc (smsﬁa cosv?a- Cos¢ sm‘ﬂ( )(alsmocl— 0aCOSoL )AF, ]

£ (¢} &)
/ [?;m‘)‘-tc:t:-’::»:f!»IL (alsind™ - aacos )

) D b
+ cos¢®(aa sn«™ + alcos<” \] (59)
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L)) D)
7= [sm%‘L (-aesine™® - agcos< ™ )ar,*

€5} 3 4
+SIN¢ Cosp (aa.cossx_m - O%S\no(.a) Araf“

o [Py @ 3 >
+ (cossl- sy - sing“cosn ))(O.ASWML& + alcosst )Aﬁm]

(€} 0
/ [smqb “coss (el sin” - aacos

(41 (&)
+ cos¢ (o.a. S’ + olcose™ ] (60)

The ground reaction force in the 3, direction is found by summing
the momenta about the upper end of the lower leg (Figure 26).

€3] 143 ) o ) £
T = [smd (Mcosoc_ ~ Qg SiNet )AF,_._.,

(€)) (£} (£
+ snB (s cose” ~ alsme’ )%™

th] N ag, cOS o(_(a} AFz (z.:.‘)]

/(M Slno(,(n + af cos a(_c-n )

The sliding dynamic loads for the articulated leg configurations are
found in a manner gimilar to that described in Section V.E.5 for the telescoping
leg configurations. The non-sliding dynamic loads at each integration increment,
as described previously, are used to determine if sliding 18 occurring. If sliding

1s occurring, the coordinate oc.m 18 varied in the iterative procedure to find
the alightment system position consistent with the force constraints. The varia-
tlon in o™ produces a change in ¥ &’ . This geometric coupling results in

force coupling between the inplane and normal ground reactions. The iteration
procedure is basically the same as that for the t{elescoping leg configurations.

- (aa sinet

(61)
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G. FREE FLIGHT EQUATIONS OF MOTION

The motion of the space package is characterized by periods of free flight
during which the only forcing function applied fo the space package is 1ts weight
acting through its center of gravity. These periods of free flight occur after the
initial impact and may be described as bounces. The bouncing is not entirely
due to stored elastic energy in the absorbers. Bouncing is also due {o the rigid
body dynamics involved. The impulsive moments which act on the body are
capable of lifting a leg off the ground and placing the space package in free flight,
The solution to the equations of motion of a rotating rigid body in free flight are
of closed form, Thus, it i8 not necessary to use relatively time consuming
numerical integration during free flight, A substantial cost savings in digital
computer time has been realized by taking control from the Differential Equation
Monitor's numerical integration scheme when the space package bounces off of
the ground. Control is transferred to a subroutine structure referred to as
BOUNCE. The BOUNCE subroutine structure determines the time of recontact
of the space package with the terrain. Control 18 returned to the Differential
Equation Monitor at the time which corresponds to two integration increments
prior to the time of recontact. The translational and rotational displacements,
velocities, and accelerations of the space package at this time are computed
from the free flight equations for use by the Differential Equation Monitor for
printing and for initial conditions f{o restart the numerical integration. Control
is returned to the Differential Equation Monitor at this time and recontact with
the terrain occurs two integration increments later. The two integration incre-
ments of free flight under control of the Differential Equation Monitor are made
to insure that all logical switches within the numerical integration structure are
set to simulate the free flight conditions prior to recontact.

The Mercury shaped capsule 18 very nearly symmetric about its longitudinal
axis. Thus, the principal inertias ( A and ® ) are nearly equal.. The data ob-
tained for use in this program has them equal. It is convenient to take advantage
of this symmetry in the equations of free flight motion. The solution to the
equations of motion for a freely rotating rigld body with 3 unequal mass moments
of inertia about the center of gravity include an elliptic integral and are somewhat
involved. The solutien to the equations of motion of a freely rotating rigid body
with an axis of symmetry 1s simple encugh to insure a pavings of machine time
over numerical integration. It is further assumed that the principal axes (7))
are coincident with the ¥ geometric body fixed axes,

The equations of free flight motion are separable into those of translation
and rotation. The situation is illustrated in Figure 28, The weight of the apace
package acting through its center of gravity is the only forcing function acting on
the franslational motion of the space package. There are no applied moments
acting on the space package; however, angular accelerations about two of the
body fixed axes occur due to gyroscopic effects.

The equations of translational motion are a function only of the terrain
slope ¥ , the acceleration of gravity q , and time ©t, The acceleration
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edquations are:

r=20 (62)
r,= qsiny (63)
Py = “qcos Y (64)

The velocity equations are:

K= Al (65)
= h ees T g(sm Wt (66)
r = Ky e g{cos vkt (67
The displacement equations are:
S A r et (68)
r, = 1, e © N, LE Y -‘2— qern YE° (69)
s = Kt ry ot laq(cos v x5 (70)

The equations of rotational motion are a function of the angular position,
the angular rates and time. Since there are no external applied torques during

free flight, the angular momentum T—T remains constant in magnitude and,

most importantly, constant in direction, The constant direction of the angular
momentum {(moment of momentum) vector provides an inertial direction refer-
ence during free flight, A set of Eulerangles ¢ , © and @ are estab-

lished between the angular momentum vector H and the body fixed axes X

as {llugtrated in Figure 29. The Euler angles are those described in section
3.4 of Reference 4. The following relationships between the rates of change of
the Euler angles and the body rates are found in section 5.9 of Reference 4.

Q,= ¢ sne sing (71)

Q, = ¢ sine CoOsS ¢ (72)
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Figure 29: Euler Angles
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N, § + Ycose (73)

Solving the first two above equations for ¥ SIN© and equating them, it is
found that:

= tan (n. /nz) (74)

Let {,, be the magnitude of the rotational rate of the body resolved in the
L, = X, plane,

2 2
2y, = f(‘nn) + ('D-a)
The magnitude of & 18 given by equation 5.8-14 of Reference 4,
-l
o - tan (AD,/cR,) (75)

The initial magnitude of the angle % {s arbitrary since the direction of only
Hs I8 fixed, Therefore, the initial value of ¢ is selected as zero.

t’b

The angular rate % is given by equation 5.9-4 of Reference 4.

= 0
=0

’ co
= (76)
v (A-Q)cose

Substituting this equation into equation 73 yields the following relationship for ¢ .

. A-C
¢ = T &3 (77)

It is also known that the angle © and the angular rates 515 and :,b Temain
constant. Thus the Euler angles as a function of time are:
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d = Pt + ¢| (78)
Tt

b= gt vyl (79)

e = e]t_o (80)

Thus, 1t can be seen that the space package angular position as a function
of time 18 known. The position of each of the foot pads as a function of time is
now needed. Recontact of a fOB_E pad with the ground occurs when the third com-

ponent of its position vector § ™ inthe € inertial coordinate system
becomes negative. An lterative procedure to find the time of recontact is used,

The transformation matrix from the body fixed axes X to the moment
of momentum reference frame Y 1is equation 3.4-7 of Reference 4.

-
COS® COS¢ - SING COSe SInY

[1_“] = |cos@ siny¢ + SiNng COSO cosy

i 3ING SINg
- 3INg COSY¥ ~SIN¥¢ COSeCOoSs B SING SINY |
~-SINPG SIN¥ +COS¥ COSeCOS Y ~SINO Cos ¥
sinecosg cose |

The transformation matrices from the angular momentum reference frame
H to the body centered £ coordinate system and the € local terrain
reference frame remain constant and are formed by the following matrix multi-
plications at time t = 0, that is when free flight begins.

L.*.H]'

i
oy
5
}Ql
|

-

LQH] - [Ls-f.] -,(’.‘“-1

99



The position vector of the ith foot pad £ relative to the center of
gravity of the space package is found as follows:

{;(.o} _ {bm} N [115&3] { S;’m} (81)

This quantity is tl}?g transformed into the € local terrain coordinate system
(2)
and denotedas .

(52 - [ 15

The third component of this vector may then be compared to the third component
Y3  of the position vector of the center of gravity of the space package at

—

various times, The time of recontact occurs when the third component of &

becomes equal to ¥, . This time 18 then decreased by two integration incre-
ments and denoted as + .

(&)

The initial conditions to reinitiate the numerical integration are now needed.
The translational displacement, velocity and acceleration are found as functions

of the adjusted recontact time + . The present body rates <, , and Q.
are found for the new value of the Euler angle ¢ .

Q, = Ysne smng (71)

"

2, ¢ sine cos ¢ (72)

The body rate about the 5 axis remains constant during the free flight,
The angular accelerations about the body fixed axes are found by differen-

tiating the angular rates (equations 71 through 73) with respect to time and
recalling that © 18 constant.

160



Q, = ‘;"¢ sin e cos ¢ - (83)

-4 Snesing (84)

e

s = O (85)

The angular velocities and accelerations of the space package must be
resolved about principal axes r7? .

(0] - [ (o)
(4] - [#](4)

The translational acceleration must be resolved info the X body fixed
axes for printing.

i *H HE -
[} - [«][e 717
The angular orientation of the space package at the adjusted recontact time
t is determined by examining the elements of the transformation matrix from
the body fixed X axes to the body centered -£ axes, This transformation
matrix is formed by multiplying the A% transformation matrix which is con-

stant during any one free flight by the KX transformation matrix which is a
function of the free flight angular orientation.

[[&,x] _ [LLH] [1.“]

The following elements of the _kX. transformation matrix are of interest.

&r :

L,, = <COSY sinP
3

L_,_, = CosY Cos?yY
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Cos R CosY

Ly =
,e;.“ = siNn kR CosyY
i

£y = —5INY

The expression for the pitch angle 1s obtained by dividing the 3-2 element by the
3-3 element of the .£¥** transformation matrix,

p = tar?‘(.a,f"‘ .L;‘“) (86)

The expression for the roll angle is obtained by dividing the 2-1 element by the
1-1 element.

R =  tan (.Lf,"‘ L,f‘) (87)

The expression for the yaw angle is obtained by dividing the 3-1 element
times - <257 by the 3-3 element.

A
At 1) 8)

Yy = tcm“(—im cos P/ Ly,

The rates of change of the roll, yaw and pitch angles are also needed to
restart the numerical integration. These expressgions are given in S8ection V.D.2.

This completes the computation of the variables needed for printing and to
restart the numerical integration scheme prior to recontact with the terrain,
Control is then returned to the Differential Equation Monitor and the numerical
integration and forcing function schemes are resumed.

H, STABILITY CRITERIA

The alightment dynamics of 2 space package are often characterized by
relatively gentle bouncing of the vehicle on the system compliances after the
initial impact. The peak dynamic loads and energy absorber strokings have
glready been experienced. The space package {s in a stable position and the
motion will damp out. Thus, it can be seen that the pertinent information has
already been obtained and the run may be terminated at this point.

A stability criteria has been developed which permits a prediction of the
stability of the space package to be made during the run. When the criteria 1s
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met, the run is terminated, thus resulting in substantial savings of digital com-
puter time for this type of run.

The stability criteria is based on energy considerations. The energy at the
present time {8 compared with the energy required to bring the space package to
the edge of toppling with zero velocity at this point. If the energy at the present
time is insufficient to topple the space package, it is in a stable position and the
Tun is terminated. The stability criteria is applied every fifty integration incre-
ments and each time that the free flight equations return the space package to the
ground, If the space package i8 potentially unstable, the sfmulation is continued.
If the space package 18 stable, the present angular rates and the critical angular
rates are printed and the run is terminated.

The approach employed in establishing the stability criteria is an extension
of the derivations described in Reference 5. Figure 30 illustrates the geometry
involved in the first portion of the derivation. The angle © i8 the instantaneous

angle between the capsule roll axis K, and the vertical inertial direction. The:
distance h, is the normal from the center of gravity of the space package to a
line joining the foot pads of two adjacent legs. The angle T, is measured from
the horizontal plane of the space package ( ", - %, plane) to the line A ¢
which is solely a function of the alightment system deflection position. The angle
8, 18 the instantaneous angle between the line 1, and the vertical inertial
direction. The guantity ¥, is the angular rate of the space package about the
line joining the foot pads of the {th and the ith +1 legn.

A conservative approach to the problem from the standpoint of stability is
employed. The rotational rate 1",_ of the space package about the minfmum
level arm ", 18 no less than that which occurs if the total translational velocity
is in the plane of the page of Figure 30 and the axis of the total rotational velocity

about the center of gravity is parallel to the line between the foot pads of the ith
ind 10 +1 legn.

e Ve
o= (R e n®) v (08 v w) (89)
Ny
The current rotation rate T;_ must now be compared to the critical rota-
tional rate which could bring the space package from its present position to the
point of tipping over ( §, = 0) with zero kinetic energy. The system energy at
the present time t, 18 the summation of the translational and rotational

kinetic energies, the graviiational potential energy, the the elastic potential
energy of the energy absorbers.
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E.= $(mh, + A)" + mgh,coss, + & Z"b.l AJ(£) (80}
3

The system energy at the time t, and position( $§ i = 0) of tipping over is
the summation of the two potential energies.

E.,= mgh, + _‘a—l-’b" Af(tﬂ (91)

The energy between the two times t, and 1, will differ by the energy dissi-~

pated by crushing of the absorber material and viscous damping of the system.
It is not intended that this criteria be applied until after the majority of the
absorber material crushing has occurred. The enerpy dissipated by viscous
damping and possgibly some crushing of the absorber material merely adds to the
conservative assumptions of the siability criteria. The eritical rotational rate

at time t, is determined by equating the energies at t, and t,.

%_(vnh:+ A)Y, + wmgh,coss, + L ZAJ AT (R)
3

2
= “mgh, * JE_T Z'k-‘ A, (ta) (92)
R}
Solving for the critical rotational rate \"‘L yields:

a‘nzth(l- cos SJ + Z_«k-‘, [A_,a(te)" Aaa(tﬂ\]
3
mhe o+ A

Y =

An examination of the order of magnitude of the numeratfor terms indicates that
the elastic potential terms tend to cancel. For a low compliance system such
as this, the elastic potential terms are negligible. Therefore, these terms will

be dropped.

The angle §, may be eliminated from the equation by using the more
convenient quantities T, and © ., Since T + § *+ O = /2 , the
subgtitution COS §, = sz, + ©) may be made. The critical rotational
rate ¥, becomes:
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-

a‘nvgh,_[l - omn(T, r 9)]
Y}, = ) mh,_z ¥ A

(93)

The quantities h, and 7T, are functions of the deflected alightment
system position, Figure 31 fllustrates the geometry involved in determining the

quantities h, and 7,.

The vector from the center of gravity of the space package to the foot pad

of the ith leg (equation 81) is denoted as ;QD.

{ ‘;(7_\} _ {b(u] + [Lxsm]{ S"m} (81)

By examining the triangular surfaces in Figure 31, it can readily be shown that

A\
n = (O LT G B G
- -4 ;?—‘H\
and that
T, = smn (—‘nl/hl) (95)
where

Y
= @) __[ (gtﬂ)a - (hm)z ] - (.;:l*") - ;5(0)
Th 2;5 ¥ =) =@
| g - 3|

The vector $ < is dependent upon the basic configuration type (tele-

scoping or articulated leg) and the permanent deflection of the energy absorbers.
The maximum deflection values experienced during the run to the time t, are
saved for computing a worst position of each pair of adjacent alightment systems
with respect to stability. The equations for the computation of the alightment
system positions are confained in Sections V.E.1 and V. F,1 for the two basic
configuration types. The criteria is applied to each pair of adjacent legs in
succegsive order around the space package.
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Figure 31: Deflected Alightment System Geometry
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SECTION V1

COMPARISON OF ANALYTICAL AND EXPERIMENTAL RESULTS

A, GENERAL RESULTS

The comparison phase of this program provides a means of asgessing the
adequacy of the digital simulation by comparing measured center of gravity
acceleration time higtories to the predicted time histories generated by the
simulations. Acceleration time histories were chosen as the comparison
quantity on the basis of thelr sensitivity to subfle simulation errors.

The articulated leg has strong coupling between parallelogram and peg leg
energy cellg, Errors in representing the leg articulation and the resulting force
time histories would be averaged out for a velocity (of the center of gravity)
comparison and hidden altogether if center of gravity displacements were
compared.

The measured acceleration time histories were obtained from the experi-
mental phase, Appendix VI, The test model, fabricated for use in the experi-
mental phase, was mathematically modeled and used in the digital simulation.
Initial conditions for each of the ten drops used in the Comparison Phase were
obtained from analysis of the high speed motion pictures taken for each drop.
These initial conditions were then uged in the digital simulation of each drop.

The genersal results of the Comparison Phase show excellent correlation
for capsule vertical acceleration - XDD(3), and poor to excellent correlation for
horizontal and angular accelerations, The initial conditions for each drop are
listed in the following Tahle 5.
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TABLE 5
INITIAL CONDITIONS FOR ALIGHTMENT TESTS

>
< ¢/ &/ F _?59 &/ TRANSLATIONAL

NO. ovve@’ > é‘:’v &~ ed’ & T/ & VELOCITIES

/XY E
R v P =) Y Vi va | v5
| o.| o | o. 0. o.| o | o |[-i175
2 0. 11.5|-6. |15, o. |-17s
5 |-90. (-3 | o 3. 75 | -175
4 90. L. -4 V1.7 5 -175
5 o.| & | 2 6.3 o. |-2a
6 o.] o | o o. o |[-253
8 o. |-12. (-4 |i2.8 o |-253
o | 40.| o |-a 2.0 865 | -253
0| s0.| 8 |-4 8| ¥ 135 | -253
n | 45 |-6 | eos| as| 22. | v |-a5 |-272

Force deflection characteristics of the energy cells for the digital simula~
tion were obtained from pre-test static measurements. Since the simulation
requires each type of energy cell to have identical characteristics with the other
three, the largest crushing force was used for non-inclined alightments and the
characteristics of the leading leg for inclined alightments, The comparison
between measured and predicted vertical accelerations for every drop test indi-
cates that the true force across the energy absorbers was higher during the
tests than that measured statically prior to the test. On the average, this dif-
ference was 23 percent, Two potential causes of this increase in force exist.
Ome involves the aluminum honeycomb and the other results from the parallelo-
gram and energy cell design.

For the former, the Literature Search (Appendix T) and Company Visita-
tions (Appendix I) indicated that no effect on crushing load should be expected
due to strain rate hardening or dynamic buckling at the loading rates developed
during the drop tests. An increase in apparent crushing force of about five
percent could occur due to the air cushion developed during the loading, however.

The remainder of the apparent increase in crushing load is thought to be
due to binding of the energy cell loading pads and friction in the parallelogram.
This is discussed in detail in Section VI.D and Appendix VI.

The accelerometers used to measure the six capsule rigid body accelera-
tions should be augmented with strain gages on the energy cells for future testing.
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The strain gagea would be capable of measuring the force-time history of each
energy cell during the alightment tests and provide betier ingight into leg action
during alightment.

To insure meaningful test data for comp