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THE EQUIPOTENTIAL SPACE-SUIT DESIGN CONCEPT AND 

ITS APPLICATION TO A SPACE-SUIT ELBOW JOINT* 

By Donald E. Barthlome 
Langley Research Center 

SUMMARY 

Space-suit design studies indicate that a high operational feasibility exists for a 
concept involving a nonconstant-volume space-suit elbow joint, a joint- assist mechanism, 
and a space-suit pressure stabilizer. The space-suit pressure stabilizer serves  to limit 
pressure changes within the joint to k0.05 psi (0.035 N/cm2). The joint-assist mecha- 
nism, o r  joint assist, is a modified constant-force spring mounted on a soft space-suit 
joint. 
required to bend the joint is provided by the joint assist .  The joint and stabilizer, both 
of which exhibit relatively high degrees of elasticity, s tore  most of this energy and 
return it to the joint ass i s t  as the joint and stabilizer return to their initial configura- 
tions. Therefore, if friction is neglected, the joint, joint assist, and stabilizer constitute 
a system with a total potential energy that remains constant (regardless of the angle of 
bend) and equal to the initial potential energy given to the assist during installation on the 
joint. 
reduced from 1.40 lbf-ft (1.90 N-m) without the assist  to 0.10 lbf-ft (0.14 N-m) with the 
assist ,  a reduction of 14  to 1. 

The c ross  section of the spring has been altered so  that most of the energy 

Test results show that the maximum bending moment required by the joint was 

INTRODUCTION 

Since the advent of high-altitude flight, many full-pressure suits and space-suit 
design concepts have evolved. 
plemental energy source to aid in manipulating the joints of the space suit. 
poration of such aids could greatly improve the efficiency of the suited astronaut. 

None, however, have provided the astronaut with a sup- 
The incor- 

Soft space-suit joints with restraint  cables that remain fixed relative to the joint, 
such as those used for  the elbow o r  knee, are characterized by an inability to remain in 
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position after being deflected. This characteristic results because the potential energy 
of the joint increases as it is flexed. Upon release, the joint will automatically tend 
toward a state of minimum energy which, of course, is the initial configuration. This 
characteristic, however, although detrimental to the mobility of existing suits, can actu- 
ally provide the means for greatly minimizing the flexural energy of space-suit joints. 
The method for so doing, at least for a simple elbow or knee joint, is outlined in this 
report  and is termed the equipotential space-suit design concept (ESS). 

Specifically, the report  deals with what is termed the fixed-restraint ESS system. 
In this system, the axial length of the joint remains constant during flexure as in a con- 
ventional space-suit joint. To counter the flexural resistance offered by the joint, a 
device termed the joint-assist mechanism is used. Under the action of the joint-assist 
mechanism, the joint remains in a state of near-neutral equilibrium at all times. There- 
fore, the ease with which flexure is obtained is present regardless of the direction in 
which the joint is bent. 
tral equilibrium" to indicate that the system is real and, therefore, contains friction.) 

(The phrase "near-neutral equilibrium" is used instead of "neu- 

Because the volume of the test joint varied during flexure, the fixed-restraint sys- 
tem included a device termed the space-suit pressure stabilizer. The function of the 
stabilizer was to maintain the air pressure at a relatively constant value whenever varia- 
tions occurred in the volume of the joint. 

An appendix which outlines a theoretical analysis of the joint used in the investiga- 
tion is included. 

Since the scope of this investigation was limited to evaluating the feasibility of a 
space-suit design concept, little consideration was given to the size and weight of various 
components used throughout the test  program. 

SYMBOLS 

A projected a r e a  of piston face 

AC area produced by passing cutting plane through apex of arbitrary convolute 

a general constant for equation of parabola 

ai,di semimajor and semiminor axes, respectively, of ellipse which approximates 
deformation mode of plane of symmetry of arbitrary convolute for region 
of joint in compression (see fig. 20) 
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ao,do semimajor and semiminor axes, respectively, of ellipse which approximates 
deformation mode of plane of symmetry of arbitrary convolute for  region 
of joint in tension (see fig. 20) 

b half the base of convolute when 0 is ze ro  (see fig. 5) 

bi minimum value for half the base of arbitrary convolute when 8 is finite for 
region of joint in compression 

b0 maximum value for  half the base of arbitrary convolute when 0 is finite for  
region of joint in tension 

D movement of stabilizer piston when joint is bent to some angle 6 

e distance from axial center of plane of symmetry to centroid of plane of 
symmetry 

F force requirements of joint-assist mechanism if joint were at atmospheric 
p r e s  su r  e 

Fa force of joint-assist mechanism for nonconstant-volume stabilized joint 

force of joint-assist mechanism for constant.-volume joint F: 

Fb resultant force acting normal to plane of symmetry of arbitrary convolute 
and representing bending s t r e s ses  in material of joint (see fig. 19) 

resultant force acting normal to plane of symmetry of arbitrary convolute FP 
and representing pressure s t r e s ses  in material of joint (see fig. 19) 

FS force of stabilizer springs 

Ft resultant of all forces acting tangentially to plane of symmetry of arbitrary 
convolute (see fig. 19) 
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h height of convolute when 8 is zero  

hi maximum value for height of arbitrary convolute when e is finite for region 
of joint in compression 

K 

L 

1 

M 

Mb 

MP 

minimum value for height of arbitrary convolute when 8 is finite for region 
of joint in tension 

t ransverse spring constant 

axial distance from assist mount to first convolute 

length of convoluted portion of joint 

external bending moment required to maintain joint at finite 8 

net moment of bending s t r e s ses  in joint material that acts normal to plane 
of symmetry of arbitrary convolute (see fig. 19) 

moment of gas pressure that acts on plane of symmetry of arbitrary con- 
volute (see fig. 19) 

net moment of pressure  s t r e s ses  in joint material that acts normal to plane 
of symmetry of arbitrary convolute (see fig. 19) 

m,n constants (see eq. (1)) 

N number of convolutes in joint 

0 axial center o r  that point located on axis of joint and in plane of symmetry 
of arbitrary convolute 

P system operating pressure 
I 

change in pressure of system due to static friction in stabilizer *Pf 
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RC 

R1 

R2 

r 

rS 

T 

t 

U a  

u j  

Un 

US 

Ut 

V 

V' 

VC 

Vc,i 

vc,o 

Vs,i 

moment a r m  of assist force as measured from axial center of plane of 
symmetry of arbitrary convolute 

maximum moment a r m  of assist force when L is ze ro  

maximum moment a r m  of assist  force when L is finite 

radius of joint 

radius of stabilizer piston 

tension in restraint cable 

thickness of joint material 

potential energy of ass is t  

potential energy of joint 

potential energy of nth component of space-suit joint system 

potential energy of stabilizer 

total potential energy of space-suit joint system 

volume of joint 

rate of change in volume with respect to f3 

volume of arbitrary convolute 

volume of convolute which always lies outside core volume for region of 
joint in compression (see fig. 17) 

volume of convolute which always lies outside core volume for region of 
joint in tension (see fig. 17) 

volume generated by revolving segment, the maximum a r e a  of which occurs 
in plane of figure 17 and tends to approximately ze ro  in plane perpendicular 
to plane of figure 17 for region of joint in compression 
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vs,o volume generated by revolving the segment, the maximum a rea  of which 
occurs in plane of figure 17 and tends to approximately zero  in plane 
perpendicular to plane of figure 17 for region of joint in tension 

work done by joint-assist mechanism 

width of control section of joint-assist spring 

f rame of reference positioned at axial center of median convolute 

displacements along X- and Y-axes, respectively 

value of ordinate that locates termination point of convolutes on axis of joint 

rate of change of y1 with respect to 6 

value of ordinate that locates point of attachment of joint-assist mechanism 

distance joint-assist force moves relative to XY-axis when assist  performs 
work on system (see fig. 15) 

half-angle of bend of arbitrary convolute 

mean half-angle of bend of convolute 

half-angle of bend of joint 

maximum angle of bend of joint 

Subscripts : 

i region of joint in compression 

region of joint in tension 0 

CONCEPT ANALYSIS 

The equipotential space-suit design concept (ESS), which is based upon the law of 
conservation of energy and the law of neutral equilibrium for a-dynamic system, is an 
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attempt to provide a means for minimizing the flexural energy of soft space-suit joints. 
A system is in a state of neutral equilibrium if the forces acting on it remain balanced 
fo r  any configuration of the system. If a soft space-suit joint is flexed, the joint will 
return, when permitted, to the undeflected configuration. Consequently, the joint pos- 
sesses a high degree of elasticity and, therefore, can be placed in a state of near-neutral 
equilibrium for all angles of bend by simply attaching a spring-type assist device to it. 
The sole function of the assist is to maintain the total potential energy of the system (the 
joint and assist) at a constant value. 

The advantage of the ESS design concept from an energy point of view can best 
be demonstrated by a simple analogy. It must be emphasized, however, that the analogy 
involves potential energy of position and not elastic potential energy as is involved in the 
application of the ESS design concept to a space-suit joint. 
required to flex a pressurized joint can be represented by the raising and lowering of 
a given weight. 
at a minimum, an amount of energy equal to  the product of the magnitude of the weight 
and the vertical height to which it is raised. Upon lowering the weight, this energy is 
returned to the astronaut. 
inelastic, all the energy is dissipated and unavailable for further use. The weight (or 
joint) taken by itself does not constitute a constant potential system, because the poten- 
tial energy of the weight (joint) var ies  from zero at the point of reference to some maxi- 
mum value. In an effort to minimize the energy required to raise and lower the weight 
repeatedly (flex the joint), suspend a cord from an overhead pulley and attach one end 
to the given weight and the other end to a counterweight (that is, install the joint assist). 
For  this system of weights, cord, and pulley, the total potential energy is constant, inde- 
pendent of the position of the given weight, and equal in magnitude to the potential energy 
provided to the counterweight when it was attached to the chord. 
weights (joint and joint assist) a r e  in a state of neutral equilibrium and the astronaut 
needs to supply only energy associated with inertia and friction. 
any increase in the given weight (that is, optimization of the space-suit joint by an 
increase in the structural integrity of the joint o r  an increase in suit pressure) can be 
offset by a comparable increase in the counterweight (variation of the cross-sectional 
width of the assist spring). This analogy outlines, at least in principle, the advantages 
to be derived through the ESS design concept. The fixed-restraint form of this design 
concept could no doubt be applied successfully to every major joint of a soft space suit. 

Assume that the work 

As the weight is elevated to a maximum height, the astronaut supplies, 

However, since the muscles and tendons of the body are 

Consequently, the 

It is now apparent that 

The generality of the ESS design concept, which, as previously described, is nothing 
more than a concept of constant potential energy, is demonstrated by its representation 
in the following equation form: 
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Un(e) = Ut = Constant 
n= 1 

(m 2 2) (1) 

For this equation, Un(0) is the potential energy of the nth component of the system, and 
Ut is the total internal potential energy of the system; that is, the energy supplied when 
0 = Oo to the joint assist (counterweight in the analogy) by a source external to the sys- 
tem. This energy suffices fo r  cyclic operation of the frictionless system provided the 
joint is flexed horizontally and at an infinitesimal rate o r  a t  a constant velocity. There- 
fore, in an equipotential system, the astronaut must supply only that energy resulting 
from friction, inertia, and gravity. 

For the fixed-restraint ESS system, m = 3 and equation (1) becomes 

where Ul(e), U2(8), and U3(8) represent the potential energies of the joint Uj, 
stabilizer Us, and joint assist Ua, respectively, as a function of the half-angle of 
bend e. It is of interest  to note that if the joint and stabilizer are arbitrari ly assigned 
a value of ze ro  potential energy when 8 = Oo, as was done with the given weight in the 
analogy, equation (2) becomes U3(@ = Ut. As the joint is flexed and 0 assumes finite 
values, the assist performs work on the other members of the system. Consequently, 
the potential energy of the assist is reduced at a rate equal in magnitude to the rate of 
increase in the potential energy of the other members of the system. Therefore, for 
00 < e < Omax, all t e rms  on the left-hand side of equation (2) possess finite values. For  
8 = emax, all the potential energy of the system is contained in the joint and stabilizer so  
that equation (2) becomes Ul(8) + U2(8) = Ut. 

THE SPACE-SUIT PRESSURE STABILIZER 

The space-suit pressure stabilizer was initially conceived and developed as a 
device with the potential for eliminating the constant-volume criterion presently attached 
to the design of all state-of-the-art space-suit joints. 
variations in the total volume of the space suit and thereby insures that the gas pressure 
remains essentially constant. The latest working model of the stabilizer possesses the 
capability of maintaining the pressure,  3.58 psig (2.47 N/cm2), in a nonconstant-volume 
space-suit elbow joint to within 0.05 psi  (0.035 N/cm2) when the initial volume of the 
joint is reduced from 91.9 inches3 (1506 cm3) to 90.8 inches3 (1488 cm3). 

In this capacity, it minimizes 

Figure 1 shows the design concept for the latest working model of the space-suit 
pressure stabilizer. Sealing between the piston and cylinder is accomplished by means 
of a rolling diaphragm. The diaphragm, which has been subjected to a maximum test 
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pressure  of 14 psig (9.65 N/cm2) without failure, is approximately 0.013 inch (0.033 cm) 
thick. 
of the stabilizer springs were minimized by means of a thrust bearing. Concentricity of 
the piston and cylinder was maintained by a shaft and instrument ball bushings. 

Torsional effects on the piston and diaphragm during extension and contraction 

When the stabilizer is unpressurized, the piston is at the end of the cylinder because 
of the action of the constant-force springs. During pressurization, gas enters  the stabil- 
i zer  and fills the region housing the stabilizer springs until the force of the gas  pressure  
PA, acting on the projected a r e a  A of the piston face, is equal to the spring force and 
any frictional forces  in the system. If the joint is now flexed, its volume decreases  and 
the pressure on the piston increases by an amount Ap. The product ApA minus the 
forces of friction represents  the magnitude of the unbalanced force that accelerates the 
piston. The piston will continue to move until the magnitude of the unbalanced force is 
zero. 

The preceding paragraph states, in effect, that any reduction in volume of the joint 
will automatically be compensated for by an increase in volume of the stabilizer. 
sequently, the change in volume of the system (joint and stabilizer) is zero. 
of the stabilizer, however, does involve energy that is equivalent in magnitude to p AV. 
As an explanation, the spring force that acts on the piston can be represented as 

Con- 
Operation 

Fs = PA 

where A is the projected a r e a  of the face of the piston. Therefore, if  D represents 
the movement of the piston during bending of the joint, the energy of the stabilizer spring 
can be written as FsD. By using the preceding expression for Fs, the following rela- 
tionships can be shown to exist: 

F,D = PAD = p AV 

This unusual characteristic - the presence of an equivalence of pressure-volume energy 
in a system where no significant volume change occurs - provides the stabilizer with a 
most promising asset, the capability of acting as a remote, centralized joint assist. (As 
previously defined, the joint assist is that member of the space-suit joint system to which 
external energy Ut  is supplied when 8 = Oo.) 

An investigation of the dynamic response characteristics of the stabilizer was ca r -  
ried out by attaching the device to a simulated space-suit elbow joint. (See fig. 2.) The 
joint, pressurized to 3:58 psig (2.47 N/cm2), was then bent to an angle of 90° in a time 
interval of approximately 0.3 second. This bending rate corresponded to an average rate 
of change in volume of 4 in3/sec (65.6 cm3/sec). 
obtained f rom an oscillograph recorder  and transducer, was 0.05 ps i  (0.035 N/cm2). 
(See fig. 3.) 

The maximum pressure variation, as 

9 



I I 1  1 1 1 1 1 1 1 1 1 1 1 1  

In an effort to minimize the dynamic or inertial effects of the stabilizer, the 
joint was bent to an angle of 90° at an extremely slow rate of flexure. The maximum 
variation in pressure,  as obtained from a Brown Electronik recorder, was 0.02 ps i  
(0.014 N/cm2). If this value is used to represent the change in pressure  due to static 
friction Apf, the frictional forces  in the stabilizer were  found to have a magnitude of 
approximately 0.06 lbf (0.27 N). Since this value was equal to the static friction of the 
stabilizer -spring support bearings, measured under load, the contribution of the dia- 
phragm to Apf was concluded to be negligible. From these results, it was also appar- 
ent that inertia and friction contribute almost equally to the maximum pressure  varia- 
tions in the stabilizer. 

Since the space-suit p ressure  stabilizer can respond to pressure  changes as small 
as 0.01 psi  (0.007 N/cm2), the device probably could not be effectively installed in space 
suits without the modification of existing life-support systems. Specifically, the space- 
suit pressure stabilizer would control the rate of flow of oxygen into the space suit. For 
example, if the piston of one of the stabilizers (the control stabilizer) was forced back 
because of excess pressure  f rom the back pack, the stabilizer would send an electronic 
signal to another device that would depress' the flow ra te  of gas entering the suit. The 
rate of flow would remain depressed until the control piston reversed direction and moved 
back to its normal operating range. On the other hand, should the piston of the control 
stabilizer move too far forward as a result  of low pressure  f rom the back pack, the gas 
flow rate would be increased. The elevated flow would continue until the control piston 
again moved back to its range of normal operation. 

THE JOINT-ASSIST MECHANISM 

As has previously been stated, satisfactory application of the ESS design concept to 
a space-suit joint system requires  that the components of that system possess a high 
degree of elasticity. Early in the investigation, a pressurized test  joint of rubber and 
fabric construction was observed to exhibit an ability to s to re  large amounts of elastic 
and pressure-volume energy; that is, if the joint was bent to some angle and then released, 
it returned to its initial configuration. 

The preceding considerations led to the conception of the joint-assist mechanism. 
The joint-assist mechanism, or  joint assist, which is shown in figure 4, is a constant- 
force  spring, the c ross  section of which has been altered in such a manner that the resul- 
tant force of the spring is sufficient to maintain the joint in static equilibrium at any angle 
of bend. Therefore, if friction is neglected, the joint and joint assist constitute a dynamic 
system with a total potential energy that remains constant for  all angles of bend and equal 
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to the initial potential energy given to the joint assist during installation on the joint. 
Figure 2 shows the joint assist mounted on the joint. 

The necessary variation in the cross-sectional width of the modified constant-force 
spring to satisfy the requirements of the joint was obtained by the following relationship: 

Fa w = -  
K 

where w represents the width of the control section of the altered spring, Fa repre- 
sents the assist-force requirement for some angle of bend, and K is the transverse 
spring constant. Thus, a wide range of energy requirements can be readily satisfied by 
simply altering the cross-sectional area of the required number of constant-force 
springs. 

APPLICATION OF THE FIXED-RESTRAINT EQUIPOTENTIAL 

SPACE-SUIT DESIGN CONCEPT TO A SIMULATED 

SPACE-SUIT ELBOW JOINT. 

The joint selected for  the investigation (see fig. 5) contained triangular convo- 
lutes, which are believed to have a higher degree of mobility than the constant-volume 
U-shaped convolutes used in existing space suits. Although a pressure of only 3.58 psig 
(2.47 N/cm2) was used during this phase of the test program, the 0.05-inch-thick 
(0.13-cm) two-ply fabric and rubber construction of the joint enabled it to withstand a 
maximum working pressure of 1 4  psig (9.65 N/cm2). 
volume, the stabilizer was incorporated in the system. It is emphasized at this point 
that the presence of the stabilizer in the system had only one noticeable effect; it main- 
tained the pressure in the nonconstant-volume joint at a near-constant value. 
of this phenomenon on system performance was found to be negligible. Therefore, had 
the stabilizer not been used in studies involving the fixed-restraint system, the system 
data would have been identical in every respect to the data presented in this report. 

Since the joint was not of constant 

The effect 

Figure 6 shows the arrangement used to measure the force requirements for the 
joint assist  as a function of assist-spring deflection and angle of bend 20. 
tor and pointer indicated the angle of bend, and the scale mounted on the platform mea- 
sured the required spring deflection. During operation of the test stand, the force gage 
was moved along the platform to some position and then secured in place. This action 
forced the joint to assume some angle of bend 20. The reading on the force gage, there- 
fore,  indicated the magnitude of the force required to maintain the joint in equilibrium at 
this position. Readings taken in this manner f rom Oo to 800 of bend provided the data for 
curve 1 in figure 7. After reaching 80° of bend, the force gage was moved inward along 

The protrac- 
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the platform so that the angle of bend decreased. Readings were again taken at various 
intervals with the gage secured at each position. As before, these readings indicated the 
magnitude of the force required to maintain the joint in equilibrium and provided the data 
for  curve 2 in figure 7. It was evident from these curves, however, that the assist mech- 
anism could not satisfy the equilibrium requirements at any arbitrary angle of bend for 
both increasing and decreasing 
(1.27 cm), which corresponded to an angle of bend of approximately 400, required an 
equilibrium force of 5.2 lbf (23.1 N) when the angle was approached from Oo. If, how- 
ever, the angle was approached from 80°, the equilibrium force was only 3.82 lbf (17.0 N) 
Therefore, it was decided that the values fo r  the assist force (curve 3) would lie approxi- 
mately midway between the two curves. 

0. F o r  example, an assist-spring deflection of 0.5 inch 

An evaluation of the data in figure 7 based on energy considerations follows. The 
area under curve 1 represents the energy requirements of the system as the joint is bent 
from the undeflected position to an angle of 80°. The area under curve 3 represents the 
amount of energy actually supplied by the joint ass i s t  to accomplish this deflection. 
Therefore, the difference between the two areas provides a measure of the amount of 
energy the astronaut would have to supply to bend the joint to 80'. 
returned to the undeflected position, the system provides the assist with an amount of 
energy represented by the area under curve 2. A comparison of the areas under curves 2 
and 3 indicates that this energy is not sufficient to satisfy the requirements of the assist. 
Consequently, for this phase of the cycle,'the astronaut would supply energy as repre- 
sented by the difference between the areas under curves 2 and 3. As a result, for  one 
complete cycle of the system as shown in figure 7, the energy requirements imposed upon 
the astronaut were reduced from 1.30 ft-lbf (1.76 J) without the assist (the sum of the 
areas under curves 1 and 2) to 0.17 ft-lbf (0.23 J) with the assist (the hatched area). 
These values represent an energy reduction of 87 percent. 

As the joint is 

The hatched a r e a  in figure 7 represents not only the energy requirements imposed 
upon the astronaut for one cycle, but also the amount of hysteresis - the primary source 
of energy loss - and external friction present in the system. 
of pressure,  the energy requirements imposed on the astronaut would be unaffected if the 
system pressure was increased to as much as 14.7 psig (10.1 N/cm2). 
degree of elasticity of the joint and stabilizer was increased (for example, if  the joint 
was fabricated from a pure elastomer and friction in the stabilizer was reduced even 
further), curve 2 would approach curve 1. The result  would be a reduction in the hatched 
area and, consequently, a reduction in the energy required of the astronaut. In the limit, 
therefore, the ideal elastic system would be void of internal and external friction so that 
curve 2 would coincide with curve 1. 
constant-force spring would be altered to provide a force profile identical to these curves. 
Therefore, curves 1, 2, and 3 would all coincide, and no energy would be required to flex 
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Also, if the 
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the joint provided it was bent horizontally and at a constant rate. If, on the other hand, 
the ideal joint was flexed in a gravity field and at a varying rate of bend, the astronaut 
would be required to supply those energies associated with inertial and gravitational 
effects. 

A comparison of bending moments required by the joint with and without the joint 
assist is shown in figure 8. An examination of figure 8 indicates that by using the joint 
assist, the maximum moment was reduced from 1.40 lbf-ft (1.90 N-m) without the assist 
t o  a maximum of 0.10 lbf-ft (0.14 N-m) with the assist. 

OPTIMIZATION OF THE SYSTEM 
- .  

Volumetric Considerations 

As was previously stated, although the net volume change in the system is ze ro  for 
any angle of bend, the stabilizer requires an amount of energy 

U s = p A V  

If this energy could be reduced, the result would be a reduction in the weight and size of 
the joint assist and stabilizer and, consequently, a reduction in the weight of the resultant 
space suit. 

An evaluation of the volumetric characterist ics of the joint revealed that during 
bending, the initial volume of the joint, which was 91.9 inches3 (1506 ems), was reduced 
by approximately 1.1 inches3 (18.03 cm3) at 900 of bend. In addition, the theoretical 
analysis given in the appendix indicated that the change in volume was concentrated in 
the convolutes and not in the cylindrical portion of the joint. These results were to be 
expected, because the restraint  cables prevented any significant variation in the axial 
length of the joint. 

From a survey of the literature, i t  was known that if  a cylinder is restrained by a 
rigid member pivoted at either end, the volume of the cylinder increases during bending. 
Each of the convolutes in the joint was, in effect, restrained in this manner (that is, the 
restraint  cables would bend o r  pivot only at the points where they were attached to the 
joint). Therefore, in view of these considerations, the decision was made to apply this 
method of constraint to groups o r  "gangs" of convolutes rather than to each convolute. In 
this way, it was hoped that the resultant increase in the cylindrical volume would negate 
the decrease which was occurring in the convolutes. The minimum variation in volume 
was found to occur when the number of convolutes composing a gang was three. 
configuration is shown in figure 9. 
the volume and force requirements of the joint. 
ments were reduced by approximately 25 percent along the entire length of the curve. 

This 
Figures 10 and 11 show the effect of triple ganging on 

It should be noted that the force require- 
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Force Considerations 

The method used to obtain a relationship between assist force and assist deflection, 
as previously outlined and depicted in figure 6, assumed that if the joint and assist were 
an integral par t  of a space suit, any forces  required by a test  subject in excess of those 
provided by the assist would be negligible. The validity of this assumption was examined 
by performing tes ts  involving a space-suit a r m  simulator a t  the Langley Research Center. 
Figure 12 shows the simulator and test  subject. 

By means of the space-suit a r m  simulator, it was possible to examine the configu- 
ration of the joint under conditions s imilar  to those that would exist in an actual space 
suit. Therefore, if forces  of significant magnitude had been overlooked, their presence 
would produce variations in the configuration of the joint which had not previously been 
observed. Figure 13 is a view of the joint, without the space-suit a r m  simulator attached, 
f rom a position vertically above it. Figure 14 is a view from approximately the same 
position and shows the joint with the space-suit a r m  simulator and joint-assist mecha- 
nism attached. The angle of bend for the joint is 30' in both figures. By using these fig- 
ures,  a satisfactory comparison was obtained of the configuration of the restraint  cables, 
values for assist-spring deflection 22, and values for maximum moment a rm R2. In 
some instances, variations were found to exist in these items. The magnitudes, however, 
were  such that they were considered to be negligible. The same results and conclusions 
were also obtained for  angles of bend of 60' and 90°. Consequently, it was concluded that 
if weight and inertial effects by necessity were neglected, any forces  required to bend the 
joint in excess of those provided by the joint assist were negligible. This conclusion, 
however, requires that the following three conditions be satisfied with regard to manned 
space-suit application: 

* 

(1) Relative motion between the restraint  cable and restraint-cable retaining rings 
must be prohibited in order  to limit bending of the joint to a single plane. 

(2) The space-suit joint must be compatible with the joint of the astronaut to the 
extent that during bending, no significant interference occurs between the two members. 

* 
(3) The assist mechanism must be shielded from outer garments and objects in the 

vicinity of the man-suit system. 

CONCLUDING REMARKS 

The fixed-restraint equipotential space-suit system developed through the equipo- 
tential space-suit design concept has demonstrated an ability to minimize the flexural 
energy required of a space-suit elbow joint. This form of the equipotential space-suit 
design concept could no doubt be applied successfully to every major joint of a soft space 
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suit. The inherent versatility of this system s tems from the fact that a wide range of 
energy requirements can be readily satisfied by simply altering the cross-sectional a r ea  
of the required number of constant-force springs. 

If the fixed-restraint concept were to be applied to a space suit, it would no doubt 

This shielding would insure that the various joint sys- 
require that the assist mechanism be shielded from outer garments o r  objects in the 
vicinity of the man-suit system. 
tems  could operate without interference. 

At this point in the space-suit mobility research and development program, it 
1 appears that the space-suit p ressure  stabilizer could serve to 

(1) Minimize pressure  fluctuations in state-of-the-art space suits to *0.05 psi  
(0.035 N/cm2) and 

(2) Permit  the use of nonconstant-volume joints which possess desirable mobility 
characteristics. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., March 12, 1969, 
127-53-18-01-23. 
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APPENDIX 

THEORETICAL ANALYSIS OF AN EQUIPOTENTIAL SYSTEM 

A theoretical analysis was performed in an effort to develop a better understanding 
of the force and volumetric characteristics of a triangularly convoluted elbow joint. (See 
ref. 1.) This appendix represents a summary of the procedures and results of that anal- 
ysis.  The system, as referred to in this analysis, involves the joint-assist mechanism, 
space-suit pressure stabilizer, and a simulated space-suit elbow joint. This system is 
shown in figure 2. 

When the assist spring is mounted to the undeflected joint, it is provided with a 
discrete amount of energy. Bending the joint permits the spring to perform work on the 
system. Part of this energy is stored in the joint, and the remainder is used to satisfy 
the requirements of the stabilizer. As is stated in the body of the report, when the joint 
is bent, the volumes of both the joint and stabilizer are subject to change. However, 
since the reduction in volume of the joint is equal to the increase in volume of the stabi- 
lizer, the net pressure-volume work on the system is zero. 

Combining the preceding considerations with the principle of conservation of energy, 
the following expression is established for Wa, the work done by the joint assist: 

Wa = Uj + US (4) 

In this equation, Uj and Us, both functions of 8, represent the internal potential 
energy stored in the joint and stabilizer, respectively, as the joint is bent from 8 = Oo. 
It is noted that although equations (4) and (2) represent energy balances for the same sys- 
tem, the two equations differ from one another. However, since Wa represents the 
work done by the assist, it may be represented by 

where Ut represents the total potential energy of the assist when 8 = Oo, and Ua is 
the potential energy that remains after 8 has assumed some finite value. If this expres- 
sion for Wa is substituted into equation (4) and the resultant t e r m s  properly rearranged, 
the relationship 

Uj + Us + Ua = Ut 

is obtained which is identical to equation (2) for J = 1, s = 2, and a = 3.  

The evaluation of t e rms  in equation (4) is based on the assumption that the amount 
of energy' consumed by friction is negligible and that since temperature changes a r e  
small, the internal energy of the air remains essentially constant. Let a frame of refer- 
ence be attached to the joint as shown in figure 15 and figure 13. In addition, let R1 

16 
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APPENDIX - Continued 

4 

and yl, both functions of 
for convolutes along the neutral axis of the joint. 

8, represent the coordinates that denote the termination point 
Figure 15 shows that 

Therefore, the total work performed by the joint assist is 

Wa = 2 1 Fa dz (5) 

In addition, it is seen that 

I 
2 

z = L + - - (yl + L COS e )  

where L is the distance from the assist mount to the first convolute, and 2 is the 
length of the convoluted portion of the joint. Differentiating this expression with respect 
to 
expression: 

8 and substituting the resultant value into equation (5) results in the following 

By using the equality 

equation (6) may be written 

e e 
Wa = 2L Jo Fa sin 0 dB - 2 S, FaYl' dB 

In the same manner, it can be shown that 

e e 
Uj  = 2L Jo F i  sin e dB - 2 Jo Fiy l '  d e  

(7) 

where 
volume. 

F i  represents the force requirements for the assist if the joint were of constant 

The energy requirements for the stabilizer are determined as follows: 

D 
US = FS Io dD = FsD (9) 

Let AV represent the change in volume that occurs in the joint when it is bent to some 
angle 28. Therefore, 

17 



APPENDIX - Continued 

2 AV = rrs D 

or 

Substituting this value into equation (9), 

where V' represents  the rate of change of volume as a function of 8. 

The substitution of equations (7), (8), and (10) into equation (4) produces the fol- 
lowing expression: 

e e 
' d e  = 2L 1 F i  sin 8 d e  - 2 lo Fiy l '  de  

0 
2~ loe Fa sin 0 d8 - 2 

Equation (11) represents  an equality of energy terms.  It must, however, be valid for  any 
discrete value of 6 that might be selected. Therefore, the integrands of this equation 
must possess  the same relationship with respect to one another as the integrals do so  
that equation (11) may be written in the desired form 

The next step in the analysis requires that expressions, which a r e  functions of the vari- 
able 8, be obtained for AV, V', yI1, and Fa. * 

Volumetric Analysis 

Fo r  the volumetric portion of the analysis, which involves AV and V', the 
assumption was made that during bending, the volume of the a r m  contained within the 
joint remains essentially constant. Therefore, since the analysis was concerned only 
with change and rate of change of volume, the procedures ignored the presence of the a r m  
in the joint. In addition, the assumption was made that although the restraint cables per-  
mit some elongation of the axial length of the joint during bending, the magnitude of this 
elongation was considered to be negligible. 

The volume of the joint can be considered to be composed of two parts. One is the 
volume contained within the convolutes themselves, and the other is the remaining volume 
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APPENDIX - Continued 

or core  volume. Because of the rigid, circular restraint-cable retaining rings, the core  
volume is forced to maintain an annular configuration during bending. In addition, the 
restraint  cables, which closely define the neutral plane, maintain the axial length of the 
joint at a fixed value. Therefore, no change in volume can occur in the core volume of 
the joint. If a change in volume does occur, it must take place within the triangular por- 
tion of the joint. 
along the length of the joint as dictated by the deformation mode of the neutral axis. 
Actual measurements indicate that the configuration of the neutral axis during bending 
can be represented with a satisfactory degree of accuracy by a parabolic curve. A com- 
parison of the actual and the assumed deformation mode is shown in figure 16. 

It is known, however, that the magnitude of convolute deformation var ies  

In view of these considerations, the initial phase of the volumetric analysis is lim- 
ited in scope to a single arbi t rary convolute. 
mum deformation for this convolute, before and after bending, is shown in figure 17. The 
subscripts o and i are used to indicate quantities for the region of the joint in tension 
and the region of the joint in compression, respectively. 

The configuration for the plane of maxi- 

An evaluation of the results of the theoretical analysis indicated that a good approx- 
imation could be obtained by limiting variations in volume to changes occurring in the tr i-  
angular portion of the joint. The source of e r r o r  in producing the approximation is evi- 
dent f rom figure 17. The triangular volume for the region in tension should be reduced by 
Vs,o, whereas the triangular volume for the region in compression should be increased by 
Vs,i. The remaining volume would then be the core volume which w a s  assumed to remain 
constant during flexure of the joint. 

After obtaining an expression for the change in volume of the arbitrary convolute 
in t e rms  of CY (see fig. 17), the average half-angle of bend a! was found to be equal to 
the value of 
that is 

CY that all the convolutes would have if the bending mode were circular; 

- e  C Y = -  
N 

L where N is the number of convolutes in the joint. Therefore, the total change in volume 
of the joint w a s  approximated by N AVc where AVc is the change in volume of one 
convolute whose half-angle of bend is CY. This procedure produced the following expres- 
sion for the total change in volume of the joint: 

- 



APPENDIX - Continued 

From this expression, it follows that 

A comparison of equation (13) with the actual volume changes of the joint is shown 
in figure 18. From these results, the assumptions required for  this analysis appear to 
be satisfactory. 

Force Analysis 

For  the determination of Fi, the force requirements for the assist if  the joint 

(1) The analysis is limited to 0 greater  than Oo but less than 90°, 

(2) In view of the difficulty associated with a theoretical analysis, F, the force 

were  of constant volume, the following assumptions and limitations were made: 

required to bend the unpressurized joint, is not taken into consideration. The contribu- 
tion of F to F: is determined by actual measurements performed on the joint. 

assumption that internal friction and bending s t r e s ses  in the material of the joint a r e  
independent of pressure is necessary. 

(3) In view of the procedures to be used in obtaining a value for F, the additional 

Figure 19 shows as a f r ee  body a portion of the joint removed by passing a cutting 
plane CC through the plane of symmetry of the arbi t rary convolute. If Ac represents 
the a r e a  at the interface, the force pAc is the resultant force necessary to contain the 
gas at the cutting plane. Since the point of application of the force is as yet unknown, let 
it act at 0, the centroid of the core  a rea  o r  the axial center of the plane of symmetry, 
and let the moment of pAc about 0 be represented by Mc. In addition, Fp repre-  
sents the sum of the vertical forces  in the joint material resulting solely from the fact  
that the joint is pressurized; Mp is the corresponding moment of Fp about 0. The 
other vertical force  Fb and corresponding moment Mb represent s t r e s ses  in the 
material when the unpressurized joint is bent. As stated in the second assumption, Fb  
and Mb a r e  not considered in the theoretical analysis. Their contributions to Fg a r e  
obtained by actual measurements. The resultant of all t ransverse forces  is represented 
by Ft, T is the tension in the retaining cable, and F:, of course, represents the 
spring force. 

2 

, 

An examination of figure 19 shows five unknowns: T, F:, Fp, Mp, and Ft. 
Therefore, since only three equations of statics a r e  available, other methods must be 
used to reduce the number of unknown quantities. Assume for the moment that the f r ee  
body shown in figure 19 was molded from a rigid material. Then, neither the restraint 
cable nor the assist force is required to maintain the indicated configuration. This 

i 
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APPENDIX - Continued 

situation results from the fact that the rigid joint material has the ability to develop suf- 
ficient internal stress of the type necessary to offset the effect of the pressure forces. 
Therefore, the tension in the restraint  cable and the force of the joint-assist spring are 
zero. Imagine that the joint material  undergoes a gradual transformation from a rigid 
state to the flexible, rubberized state. As the transformation progresses, the tension in 
the cable and the force of the assist spring gradually increase until they reach maximum 
values in the completely rubberized state. Apparently, this transformation occurs 
because the rubber cannot develop internal stresses of sufficient magnitude to offset the 
pressure forces. The conclusion, therefore, is that since the rubberized joint material 
is not capable of developing the type of stress forces  necessary to res i s t  effectively the 
effects of the air pressure,  these stresses do not contribute significantly to the force of 

. 
L the spring assist. 

By using these assumptions and the requirements of static equilibrium, it can be 
shown that 

where e is the distance from 0 to  the centroid of area A,. By representing Mb as 

the following expression is obtained for F:: 

Let figure 20 represent the area Ac at the interface of the joint and cutting 
plane CC. Measurements obtained from the joint during bending indicate that this area 
can be represented, to a satisfactory degree of accuracy, by two ellipses. (A comparison 
of the actual and assumed deformation mode is shown in fig. 21.) The two ellipses are 
arranged in figure 20 so that the semimajor and semiminor axes of one are a. and do, 
respectively, and the semimajor and semiminor axes of the other are ai and di, respec- 
tively. From figure 20, 

4 

9 1 a , = d i = r + h  

do = r + h - Aho 

iJ 
ai = r + h + Ah 

By means of figure 20 and equations (16), an expression can be developed for  e in 
t e rms  of a! and the system parameters. If this expression is substituted into equa- 
tion (15), it can be shown that 
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F: = P(r + h, @ho + Ahi)[2(r + h) + Ahi - Ah4 + F 
RC 

where Aho and Ahi are defined in figure 17. 

It is necessary to evaluate Rc, Ahi, and Aho in t e rms  of 8 so  that their mag- 
nitudes are compatible with the deformation mode of one particular convolute in the joint 
as shown in figure 19. The convolute that lends itself readily to  an evaluation of these 
t e r m s  is the median convolute. Consequently, Rc = R2, the moment a r m  afforded the 
assist force when L is finite. By letting the general expression 

2 8 

y = a x  

represent the deformation mode of the neutral axis of the joint, expressions for  Rc, 
and Aho can be developed in t e rms  of 0 so  that equation (17) becomes 

Ahi,  

I+. 2 b r a  - r2a2 . -  2 b r a  + r2C2  + 
2 h + dh - 2 b r a  - r2a2 h + \lh2 + 2 b r a  - r2a2 

The final expression for Fa is obtained by substituting equations (18) and (14) for F: 
and V', respectively, in equation (12) and by realizing that 

Fs = pnrs 2 

Therefore, 

- Pr2 2 b r a  - r 2 2  a 

h + dh2 + 2 b r a  - r2a2 

2br a + r2 a2 

h + ih2 - 2 b r a  - r a 
+ - b2 

- 

where 
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2 4bre 4r2e2 yFi;=\l. +=-N2,2 

and 

c = tan e i G +  loge(tan e + fi + tan2e) 

The analytical expression representing yl '  in equation (19) was found to be too complex 
for practical use. Therefore, a relationship between y1 and 8 was obtained by direct 
measurement of the joint itself. The slope of the resultant curve indicated that yl' was 
essentially constant for 200 < e < 45'. 

Curve 1 in figure 22 represents F, the assist force requirements associated with 
bending the joint when it is unpressurized. 
the expression for Fa. The addition of these two expressions (eq. (19)) is indicated by 
curve 3. Curve 4 is the actual force requirements for the assist spring. 

Curve 2 represents the theoretical part of 

It was shown in the body of this report that if the convolutes were ganged in groups 
of three, the energy requirements of the stabilizer were virtually eliminated, and the 
joint functioned as if it were of constant volume. Consequently, the assist force require- 
ments a r e  reduced from Fa, representing the stabilized joint, to F:, which is given by 
equation (18). A comparison of this equation with the actual assist force requirements 
for a constant-volume joint is shown in figure 23. The two curves compare very favor- 
ably for angles of bend in excess of 20°. In view of these results, when the convolutes 
a r e  ganged, Fa can be substituted for FZ in equation (18), and, thus, the assist force 
can be represented by the following equation: 

+ 2 b r a  - r 2 2  a! 2 b r a  + r a! ] + F  

h + Jh2 + 2bra! - r2a2 h-+ ih2 - 2 b r a  - r 2 2  a! 

In conclusion, it would appear f rom the results of this theoretical analysis that all 
assumptions required to obtain the preceding equations possess a high degree of validity. 
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Figure 11.- Effect of alternate restraint-cable mount ing on assist force. 
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Figure 21.- Comparison of actual and assumed deformation mode for axial plane at apex of convolute. 
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