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FOREWORD

This report describes the work performed by the Cornell
Aeronautical Lavoratory under Contract No. NONR-3830(00), sponsored
by the Office of Naval Research of the Department of the Navy. The time

period covered is from 16 April 1962 to 15 February 1963,

The program

was conducted under the direction of Dr. Gilbert C. Tolhurst, Code 454,

Psychological Sciences Division, Office of Naval Research.

REER R SIS N

m

e Wethe Sectiee

[ Pett Socties Cl
[T U dais 1

SR, )

'Per - _om Q\e-

vy

. “" LAl s

e Si ;

—— ————
—— e n
—m————

|

1+ G

VO-1692-V-2

g -

o el e L W

.-
E-Sa




& - Aldatrgpie

- -

bt . " o Po—

b

I - - il

ABSTRACT

[A preliminary investigation leading to the design of a wearable,
full-scafé exoskeleton is described. The proposed exoskeleton is intended
(1) to follow the major movements of the wearer (except for the fingers, toes,
and neck), and (2} to be adjustable so that it can be worn by different subjec@
A feature of the proposed exoskeleton is that each exoskeletal joint has adjust-
able stops that can be used to limit the range of motion. Dimensions of
tl('é links between the joints of the exoskeleton have been specified on the
basis that the resultant structure should be able to resist any combination of
muscular forces caused by the wearer. The weight and inertia are estimated

for the arm complex of the exoskeleton.
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1. INTRODUCTION

The Man Amplifier, as conceived by Cornell Aeronautical Laboratory,
Inc., (CAL), is an exoskeleton, employing powered joints, that is worn by
a man to augment and amplify his muscular strength and to increase his en-
durance in the performance of tasks requiring large amounts of physical
exertion.

In the developed concept, the Man Amplifier woula consist of a
structural exoskeleton with appropriate articulated joints, compatible with
those of man. All external loads, as well as the weight of the Man Amplifier
itself, are borne by this structural skeleton. Each joint is powered by one
or more servomotors which provide the necessary torques and power boost.
These servomotors (1) respond to the outputs of sensors linking man and
machine and (2) cause the appropriate mechanism to follow the natural
motion of 1ts human counterpart. In the original concept, a portable, self-
contained power pack is attached to the back of the exoskeleton to provide
the necessary power,

Preliminary investigations* of the Man Amplifier concept
(Reference 14) consisted of (1) analytical stuc.es to define some of the major
problem areas which must be examined in detail before the techrical feasi-
bility of the concept can be established, and (2) experiments, using the CAL
¢lbow-joint amplifier, to obtain a preliminary indication of man-machine

compatibility.

Sponsored by the Aerospace Medical Division, Air Force Systems
Cormmand under Contract No. AF 138(600)-1922,

1 VO-1692-V-2
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It was concluded that: (1) duplication, in the Man Amplifier, of
all the human motion capability is impractical, (2) experimentation is
necessary to deterrnine the essential joints, motion ranges and dynamic
responses, (3) the inability to counter the overturning moments will, in
many instances, limit the load-handling capability of the Man Amplifier,
(4) conventional valve-controlled hydriulic servos are unsuitable for the
Man Arnplifier, and (5) particularly di.‘icult problems will be encountered

in the general areas of mechanical desig , sensors and servomechanisms.

CAL is conducting, during the present program, an investigation
of the compatibility existing between a human occupant and an exoskeletal
structure possessing limited joint degrees of freedom. The ultimate
objective of this program is the determination of the feasibility of surround-
ing the human with a powered exoskeleton in such manner that he is able to
perform tasks applicable to a military mission. This report summarizes
the studies that were performed, cduring the present contract, to (1) select
arrangements of and (2) generate a preliminary design for a non-powered
exoskelctal structure. The design is intended to represent a reasonable
comprumise between the need to accommodate the essential joint motions of

the human body and the need to produce a device that can be installed on and
worn by a human operator.

It is postulated that the exoskeletal structure described in this
report can be used to determine qualitatively, the minimal number of joints
(and their location) that must be provided in an exoskeletal structure, in

order that the wearer can perform certain tasks,

Section 2 of this report presents the preliminary design of three
basic exoskeletal joints. Section 3 presents the prelimninary design of the

overall exoskeleton, wherein basic exoskeletal joints are combined to permit

the essential movements of the wearer (finger, toe and neck movements are

excluded). Dimensions of the human body, pertinent to the design of the exo-
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skeleton, and the ranges of dimensions required to include 90 percent of the
adult, male population are also presented.

Section 4 presents the forces that the non-amplified exoskeleton
must resist when the ranges of motion of the mechanical joints are restricted.
The cross-sectional dimensions of the exoskeletal links necessary to enable
the exoskeleton to resist these forces without yielding are alsu presented.
Section 5 contains a comparison between the physical properties (weight,
inertia) of the average human arm and the arm complex of the exoskeleton.
Concluding remarks are made in Section 6.

Appendix 8. 1 presents a list of all movements (and the range of
each movement) that have been provided in the exoskeleton to accommodate

the upper extremity, trunk, and lower extremity. A bibliography is pre-
sented in Appendix 8, 2.

3 VO-1692-v-2
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2. DESIGN OF BASIC EXOSKELETAL JOINTS

The following factors are considered requirementé for proper
design of the exoskeletal joints: (a) the joints must permit at least the
same range of motion as their human counte+rp,art, (b) the joints must be
small to minimize interference with the wearer, (c) the joint must be light
in weight, (d) the joint must have mechanisms to limit the motion in each
degree of freedom, (e) the joint must have extremely low friction (i.e., with
high friction, effort required by the wearer to move a joint will, in itself,
cause degradation of performance), and (f) the joints should be similar to

one another, mechanically speaking, for ease of design and fabrication.

It has been found (Retference 1) that a point fixed on one body mem-
ber moves very nearly in a circular path, relative to the adjacent member.
Further, Reference 2 states that a circle of one-half to three-quarters
inch diameter will enclose the path of the instant center of rotation for most
human joints. Consequently, nearly all orthopaedic appliances and pros-
thetic devices use pinned joints. Some orthopaedic appliances do allow the
instantaneous center of rotation to shift; however, the fact that these devices
are not widely used leads us to infer that the resulting improvement in
simulation of the motion of the joint does not warrant the additional complexity
and expense. Because of the above considerations, a decision was made to

use pinned joints in the design of the non-powered exoskeleton.

If the motion of a human joint is matched,approximately, by exo-
skeletal joints with fixed centers o rotation, (i.e., pinned joints) the motion
of any exoskeletal joint is limited to three or fewer degrees of freedom. The
three degrees of freedom ure the three angles of rotation, Y , & , and V" .

shown in Figure 1.

4 VO-1692-V-2
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FIGURE 1 - DEGREES OF FREEDOM

Rotation through these angles may be produced in the exoskeleton by com-
bining the mechanisms shown in Figure 2. '"Stops'', shown on each joint in

Figure 2, can be used to limit the range of rotation.

The operation and adjustment of the stops of the joint shown in
Figure 2A, can be described as follows. Parts A and B are free to rotate
about the shaft. The two outer surfaces of Part A, adjacent to the shaft, are
serrated. The stops have mating serrations so that tightening the nuts locks
the stops firmly to Part A, Protrusions on the stops limit the motion of
Part B relative to Part A, Adjustment of the range of rotation between stops
is made by placing the stops in different positions and tightening the nuts.
The operation of the joint shown in Figure 2B can be described in a similar
manner., Part A is free to rotate on the hinge shaft, and the shaft is fixed
to Part B. The clamping screw fastens the stops to the shaft, and mating
serrations hold the stops in place. Protrusions on the stops contact a pro-
trusion on Part A, thus limiting the range of rotation. Adjustment of the

limits of rotation is rnade by rotating the two stops relative to Part A and

reclamping.
5 VO-1692-V-2 |
J
R S T U o - . - e AR




e - S gy B e e

T e e

g R
gt
E I

L T IR

Al ¢

Watmarn

blawd Wby e

- pramm, g gy gy

In Figure 2C, Parts A and B are sections of cylinders, able to
slide relative to each other but held in contact by Part C. Part D, (two
parts are required, but only one is shown) clamped to Part A, limits the
relative motion. The limits of rotation are adjusted by changing the

position of Part D. This joint is shown assembled in Figure 5.

The basic joints shown in Figure 2 can be used to construct the
entire joint system of the exoskeleton (except the spine where a different
configuration is desirable) because they can be appropriately combined
to permit all degree; of {reedom of a joint. Section 3 describes how
movement of each human joint is matched approximately by the appropriate

selection of the basic joints,
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3. PRELIMINARY DESIGN OF THE EXOSKELETAL STRUCTURE

3.1 Anatomical Factors Governing Selection of Basic Joints

The motion of each joint in the human skeleton is discussed

; below, in relationship to the manner in which the exoskeleton permits the
h ; wearer to perform normal body motions. Sketches of assembled portions i
- of the exoskeleton are included where appropriate, and sketches of com-
} ; plete assemblies of the exoskeleton, showing all exoskeletal joints, are

presented in Section 3. 2.

[
e

3.1.1 Shoulder-Arm-Wrist Complex

adu

The scapula, or shoulder girdle, can be abducted, . 1

i adducted and rotated. These motions, shown in Figure 16, page 40, as
movements A and B, are permitted in the exoskeleton by four axes of

_ rotation, two for each shoulder (axes A and B in Figure 10, page 23 ).

, : Reference 1 states that the center of the circular path that approximates

the motion of the scapula is at the intersection of the humeral axis and

sagittal plane. The exoskeletal joint cannot be located at this point within

the body; therefore, it has been placed near the sagittal plane at the back

I SO

of the wearer. Some relative motion will occur between the exoskeleton
and the shoulder be :ause the exoskeletal joint is not located at the equi-

f valent center of rotation of the scapula; however, the relative rotation of

the scapula on the thoracic wall is small, thus the motion between the :
exoskeleton and shoulder will also be small, A sketch of the exoskeletal

joint to permit motion of the scapula is shown in Figure 3.

.,..,
Shvam——
P
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The humerus, or upper arm, can be moved relative to the

scapula in the following ways:

1) flexion, extension and forward clevation,

(Figure 16, movement C)

2) abduction, adduction and sideward elevation,

(Figure 16, ~movement D)

3) internal and external rotation,

(Figure 16, movement E).

Flexion, extension and forward elevation are permitted in the exoskeleton
by rotation about an axis passing througl the joint between the humerus and
scapula (Figure 10, axis C). Flexion and extension of the upper arm, after
sideward elevation, is permitted in the exoskeleton by a joint located above
the shoulder, with the axis passing through the shoulder joint (Figure 10,
axis C'). Abduction, adduction and sideward elevation are permitted in the
exoskeleton by two parallel axes located above the shoulder (Figure 10,
axes D and D'), Both of these axes, rather than one axis in front of or be-
hind the shoulder, are used for the following reason. Any mechanical
device in front of the shoulder would prevent the weaver from first elevating
his arm sideward and then adducting it. Similarly, any mechanical device
behind the shoulder would prevent the wearer from first elevating his arm
forward and then abducting it. The two parallel axes are not coincident
with the axis of the joint between the scapula and the humerus; however,
rotation about each axis is independent so that the center of rotation of the
exoskeletal joint is not held fixed but is free to match the motion of the in-
stant center of rotation of the human skeleton, A sketch of this joint is

shown in Figure 4.

12 VO-1692-V-2
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Internal and external rotation of the upper arm are permitted in the
exoskeleton by a sleeve located between the elbow and shoulder of the

wearer (Figure 10, axis E). A sketch of this exoskeletal joint is shown in
Figure 5.

The elbow joint is capable of flexion - extension (Figure 16, axis F)
and supination - pronation (Figure 16, axis G). Elbow flexion - extension is
perrmitted in the exoskeleton by a pinned joint, with the axis of rotation
passing through the elbow joint of the wearer (Figure 10, axis F). Supina-
tion - pronation is permitted in the exoskeleton by a sleeve located between
the wrist and elbow of the wearer (Figure 10, axis G), similar to the

sleeve for the upper arm,

Wrist extension - flexion (Figure 16, movement H) and ulnar -
radial deviation (Figure 16, movement I) are permitted in the exoskeleton
by two perpendicular axes (Figure 10, axes H and I), crossing at the
approximate center of the wrist joint. A sketch of this exoskeletal joint is
shown in Figure 6. A handgrip is provided for attaching '"hand' devices and

to cause the wrist of the exoskeleton to follow the movement of the wearer.

3.1.2 Spine Complex

The spinal column is capable of the following
motions:

1) lateral, sideward, flexion (Figure 16,

movement J),

2) forward flexion and hyperextension

(Figure 16, movement K),

3) rotation (Figure 16, movement L).

14 VO-1692-V-2
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Lateral flexion is permitted in the exoskeleton by an axis lying in
the sagittal plane and located near the waist of the wearer (Figure 11, !
axis J, page 24). Flexion and hyperextension is permitted in the exoske-
leton by an axis of rotation that is perpendicular to the sagittal plane and
located near the waist of the wearer (Figure 11, axis K). Rotation is per-
mitted in the exoskeleton by an axis of rotation located along the back of

the wearer. (Figure 11, axis L),

The above exoskeletal axes are not located at the approximate
cent2r of rotation for spinal column motion because, first, the instant
centers of rotation are within the body, and second, the motion of ths spine
is the result of the motion of many small bones a..: thus does not have a
fixed center of rotation. The effect of distance between the center of the
exoskeletal joint and the instant center of rotation of the human body is to
lengthen or shorten the exoskeletal spinal column during the movements.
Therefore, a sliding joint (Figure 11, along axis L') is included in the
exoskeletal spinal column. Figure 7 shows the exoskeletal sliding joint

that permits spinal column motion.

3.1.3 Lower-Extremity Complex

The hip joint is capable of the following move-

ments:

1) flexion, extension and hyperextension
(Figure 16, movement M),

2) adduction and abduction (Figure 16,

movement N),

3) inward and outward rotation (Figure 15,

movement P),

17 VO-1692-v-2
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Flexion, extension and hyperextenaion are permitted in the exo-
skeleton by an axis of rotation perp:ndicular to the sagittal plane (in the
neutral position) and passing through the hip joint (Figure 12, axis M, page 26).
Adduction and abduction are permitted in the exoskeleton by a rotational axis
parallel to the sagittal plane and passing through the hip joint (Figure 12,
axis N). Rotation is permitted in the exoskeleton by a rotating sleeve
(similar in design to Figure 5) placed between the hip and the knee (Figure 12,
axis P). The rotating sleeve follows motion of the upper leg and therefore is
able to permit inward and outward rotation in any leg position. A sketch of the
exoskeletal joint that permits flexion, extension, abduction and adduction is

shown in Figure 8.

Flexion and extensiun of the knee (Figure 16, axis Q) are permitted
in the exoskeleton by an axis of rotation passing through the knee (Figure 12,
axis Q).

Dorsal and plantar flexion of the ankle (Figure 16, axis R) is per-
mitted in the exoskeleton by an axis of rotation passing through the ankle joint
(Figure 12, axis R).

The foot is capable of adduction - abduction (Figure 16, movement S),
inversion - eversion (Figure 16, movement T) and flexion - hyperextension
(Figire 16, movement U). Adduction and abduction are permitted in the exc.-
skeleton by an axis of rotation perpendicular to the ground (in the neutral
position) and located behind and outward from the leg (Figure 12, axis S). This
axis is not located at the approximate center of rotation. However, the range
of movement is small (10 deg. total motion); thus the relative motion between
the wearei and the exoskeleton will be small. Inversion and eversion are
permitted in the exoskeleton by a pinned joint located behind the foot of the
wearer, with the axis of rotation passing through the joint between the ankle
and the foot (Figure 12, axis T). Flexion and hyperextension are permitted
in the exoskeleton by a separation in the foot plate (Figure 12, axis U). Both

19 VO-1692-V-2
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sections of the foot plate are attached to the wearer's shoe. The separation
permits the shoe to flex, and thus permits flexion and hyperextension of
the foot. A drawing of the exoskeletal joint for the foot and ankle joint is

shown in Figure 9.

3.2 Sketches of the Preliminary Design of the Assembled
Exoskeletal Structure

Figure 10 is a sketch of the exoskeletal structure proposed
for the shoulder-arm-wrist complex. The unit is attached to the wearer
in the following manner. A shoulder harness supports the exoskeletal
joint at the back of the wearer (axes A and B). A yoke is provided at each
shoulder to cause the exoskeletal joint to follow movement of the shoulder
during scapula, or shoulder girdle, motion. A handgrip and arm strap
are provided to cause the exoskeletal wrist joint to follow the wearer's
motion.

When the upper arm is elevated to the horizontal position axes C
and C' become parallel and thus become redundant. Likewise, when the
upper arm is in the neutral position axes C' and E are redundant. There-
fore, an arm strap is provided at the upper arm to cause the exoskeletal

link to follow motion of the upper arm for the positions when the axes are
redundant.

Figure 11 is a sketch of the exoskeletal structure for the spinal
column. The top of the unit is supported by the shoulder harness mentioned

above, and the bottom of the unit is supported by a waist harness.

21 VO-1692-v-2
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Figure 12 presents the preliminary design of the exoskeletal
} structure for the lower extremity. The unit is attached to the wearer at
the waist harness, the thigh and the foot. The waist and thigh attachments

are similar to the corresponding devices for the upper extremities. The

ey gid
H 1

foot attachment is visualized as a clamp that attaches the shoe of the wearer

i to the exoskeletal foot plate,

- ; 3.3 General Dimensions of the Human Body

' The design of the exoskeleton requires that locations of
} approximate joint centers and pertinent external body points be known.

i The exoskeleton must be adjustable so that it can be worn by a number of

e

z subjects, therefore the probable ranges of the dimensions must be known.
Figure 13 presents dimensions that locate the approximate joint cente:s !r
i of the human body, and ranges of these dimensions for 90 percent of the |
adult, male population. In most cases, the data presented in Figure 13 3
were taken directly from References 3, 4, 5, and 6. When the desired
, i dimensions were not directly obtainable from the above sources, dimen-

sions were either added or subtracted to yield the desired dimension.

The range of this new dimension about its mean was then determined by

the method discussed in Reference 7, Section 8. 3. 4
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FIGURE /12 - PRELIMINARY DESIGN OF THE
EXOSKELETAL STRUCTURE FOR

THE LOWER EX7TREMITY
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FIGURE 13- BODY DIMENSIONS
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l Mean "
i Value Range
i Dimension Descrigtion Inches Inches
]
| A Shoulder Breadth - Overall 17.9 16.5 - 19. 4
”I B Shoulder Breadth - Joint Center 14.3 13.2 - 15. 4
: to Joint Center
C Top of Shoulder to Center of 13.0 12,2 - 13.8
Elbow Joint L
D Center of Shoulder Joint to 11.3 10,3 - 12.3 '
Center of Elbow Joint
; E Center of Elbow Joint to 9.9 9.6 - 10.2
‘l Center of Wrist Joint
‘ F Center of Wrist Joint to Center 3.5 3.2- 3.8 ’
of Grip {
i
! G Cervical to Top of Shoulder 2.6 2,5- 2.7 1
H Cervical to Center of Shoulder 4,2 - 4, i
Joint .
1 Upper Arm Girth 10.9 9.7-12.1 .
| J Forearm Girth 10. 5 9.5-11.5
[ K Waist to Shoulder Joint Center 11.9 11.0 - 12.8
| L Waist Breadth 10. 7 9.4 -12.0
] M Hip Breadth 13.2 12.1 - 14. 3
N Hip Joint Center to Hip-Joint 6.3 5.7- 6.9 ’
} Center
! P Waist to Hip-Joint Center 8 6.1 - 17 -
; Q Hip-Joint Center to Knee-Joint 17.1 15.2 - 19.0
_) Center
Knee-Joint Center to Ankle-Joint 16.1 14,5 - 17. 7
Center ‘
S Ankle-Joint Center to Base of Foot 3.4 3.1- 3,7 ;
T Waist Girth 32.0 29,0 - 35.0 1
{
U Hip Girth 37.8 35.5 - 40.0 ;
v Thigh Girth 17.3 15.9 - 18. 7
w Calf Girth 14. 4 13.4 - 15. 4 i
*
Ranges shown include 90 percent of the adult, male population
) Figure 13 - BODY DIMENSIONS (CONTINUED)
E 28 VO-1692-V-2
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4. STRUCTURAL ANALYSIS OF THE EXOSKELETON

The non-powered exoskeleton is not intended to resist large forces.
However, if the rotation at a particular joint is limited the exoskeleton must
be sufficiently rigid so that structural deflections do not permit equivalent
rotations. Therefore, the exoskeleton must be able to resist muscular

forces without yielding and without deforming significantly.

Figures 14 and 15 present forces that the exoskeleton must resist.
The following procedure was used to determine the magnitude of these forces
as shown in Table 1. The maximum strength of human joints (data presented
in References 8, 9, 10, 11 and 12) was specified as a bending moment at
the joint center. The force reacted by the exoskeleton was related to the
moment at the joint center by assuming that each body attachment is lo-
cated a distance from the joint center equal to three-quarters of the length
of the adjacent human limb. Table 1 also presents the scurce of each force
(i.e., the motion that is resisted in order to cause the force) and the manner
in which the exoskeleton reacts the force, It should be noted that the force
reaction for the exoskeleton is dependent upon the position of each limb.
However, the force reactions presented in Table 1 are for those limb posi-
tions for which the exoskeleton is weakest, Further, the reactions shown
are with only one force acting at each body attachment at a particular time;
thus it was assumed that a given human limb can exert maximum force only

in one direction at a time,

Table 2 presents the size of each exoskeletal limb required to limit
the maximum stress to a value below 40,000 psi, If the maximum stresses
are held to this level, several commercially available alloys of aluminurn
will be useable for the exoskeleton. The sizes presented in Table 2 are
intended to represent the approximate size of the limbs of the exoskeleton.
More detailed consideration will be given to the strength and stiffness re-

quirements during the process of detail design of the exoskeleton.
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UPPER EXTREMITY EXOSKELETON

~
FIGURE |4 - FORCES REACTED 8Y THE
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FIGURE 185 - FORCES REACTED BY THE
LOWER EXTREMITY EXOSKELETON
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Fre cve 4

Force Magnitude of Force-Lbs.
F‘l 55
Fz 61
F3 78
I-‘4 54
FS 40
F6 49
F7 133
FB 25
F9 20
Ml . 147
(in. -1bs.)
Mz 670
(in. -1bs.)

* Forces refer to Figures 14 and 15.
*% Letters refer to Figures 14 and 15.

§purce

Shoulder Abduction
Sideward Elevation

Shoulder F'lexion
Forward Elevation
Hyperextension

Rotate shoulder
with elbow flexed

Elbow Flexion

Ulnar, radial
rotation of wrist

Extensgion, flexion
of wrist

Hip abduction,
adduction

Extension, flexion
of hip

Rotate hip, knee
flexed

Flexion, exten-
sion of knee

Supination, prona-
tion of elbow

Flexion of ankle
and foot

. 2
Reactwn*

Bend link a about
minor axis

Bend link a about
major axis,

twist link a
Twiat ling a or
bend links a

and b about their
minor axis

Bend links a and
b about their
major axes and
twist links a and
b or bend link b
about its minor
axis and twist
link a

Bend iinks a and
b about their

ma jor or minor
axis

Bend links a and
b about their
major or minor
axis

Bend link ¢ about
its minor axis

Bend link d about
its major axis
and twist link d

Bend links ¢, d
and e about their
minor axes or
bend link e about
its minor axes and
twist links c and b

Bend links ¢, d
and e about their
major axes and
twist links ¢, d
and e

Twist links a
and b

Bend links c, d,
e and { about their
major axes

Table 1 - FORCES REACTED WITHIN THE EXOSKELETON
VO-1692-v-2
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Link Thickness (2) Inches Width-Inches

a(l) 3/4 3/4
b 1/2 v/
c 1/2 1-1/4
d 1/4 1-1/4
e 1/4 1

f 1/4 3/4

(1) Letters refer to Figures 14 and 15
(2) Thickness is measured parallel to major
bending axis

Table 2 - CROSS-SECTIONAL DIMENSIONS OF EXOSKELETAL LINKS

The maximum lateral deflection of all links, due to any combination
of forces, occurs at link 'a' (Figure 14) and is 0.071 inches. The maximum )
angular deflection occurs at link 'e' (Figure 15) and is 3. 61 degrees. These
deflections are sufficiently small compared with the 'looseness' inherent in
any body attachment (due to stretching of the skin and to comfort considerations)
that they may be disregarded.

33 VO-1692-V-2
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. } the lower extremity, when considered as percentages of the corresponding
' properties of the human limb, would be similar to the values presented in
Table 3.
; Exoskeleton
Fraction of
Human Limb
! Human Limb Value Value
_! Total Weight 12 1bs 1.9 1lbs 16. 0% 4
! Static Moment 144 in-1bs 25 in-1bs 17. 4% |
N About Shoulder Joint 4
|
ff Moment of Inertia 0. 745 1b-ft/sec®  0.107 1b-ft/sec®  14.4% :

R PR

v Cdm -
S

- 4- ;;15-;'-:@5’?‘ R

—_———— —~ — v - r -

5. WEIGHTS AND INERTIAS OF THE EXOSKELETON

The exoskeleton should be light in weight and should have minimum
{ inertia. Thus, the weight and inertia of the exoskeletal arm complex, as

conceived in the preliminary design., were calculated, and were compared

with the corresponding physical properties of the average human arm. It

is hypothesized that the relative weights and inertias of the exoskeleton for

About Shoulder Joint 1

——
1}

Table 3 - PHYSICAL PROPERTIES OF SHOULDER-ARM-WRIST COMPLEX

34 ' VO-1692-V-2
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6. CONCLUDING REMARKS

It is concluded from this preliminary design study that a full-scale,
wearable exoskeletal structure, consisting of pinned joints, one sliding
joint, and rigid links will allow the wearer to perform a large number of
useful tasks. Complex kinematic mechanisms do not appear necessary in
the conceived exoskeletal structure. However, it is necessary to fabricate
the exoskeleton to determine if the device will permit the desired freedom
of motion of the wearer. Further, it is necessary to fabricate the device
in order to determine how many joints can be eliminated, while still en-

abling the wearer to perform useful work tasks.

Where an exoskeletal joint cannot be located coincident with the
corresponding human joint, it is proposed that redundant (i.e., parallel)
axes be used to compensate for this lack of alignment. A sliding joint
appears to be more practical than pinned joints for the spinal column of the
exoskeleton, because the joint must permit the exoskeletal spinal column
to lengthen and shorten. Further, it was shown that exoskeletal links of
moderate size can resist the maximum forces caused by the wearer's
muscles whenever the motion range of the joints is restricted. Accordingly,

it is concluded that a p:rractical exoskeleton can be designed and fabricated.

The weight of the exoskeleton appears, at this time, to pose the
most serious problem. The weight and inertia of the exoskeleton, as
currently conceived, was shown to be approximately 15 percent of the
corresponding properties of the human body. It is possible that this weight
will, in itself, significantly degrade the performance of the wearer. In
that event, it will be difficult to determine the minimum number of joints,
their approximate locations and their required ranges of motion that must
be provided in an amplified exoskeletal structure (e. g., in the Man Amplifier),
if degradation of performancze is used as the criteria. However, it should
prove possible to further reduce the weight and inertia of the exoskeleton,
below the values presented above, by more efficient structural design of all
members.
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APPENDICES

e

8.1 Data on Human Limb Movement

S = R

Figure 16 presents upper extremity, trunk, and lower

¥

extremity movements of the human skeleton. The anthropological name

and range of each movement taken from References 3 and 15 are presented
in Table 4.

| E——

[P
T
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FIGLRE |6 -+-/UMAN BODY MOVEMENTS
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TOTAL RANGE

JOINT MOVEMENT DEGREES
SHOULDER A¥ .  FLEXION AND EXTENSION -
GIRDLE B - ROTATION aok
SHOULDER C - FLEXION, EXTENSION 250
FORWARD ELEVATION AND
HYPEREXT ENSION
D - ABDUCTION, ADDUCTION 190
AND SIDEWARD ELEVATION
E - INTERNAL AND EXTERNAL 130
ROTATION
ELBOW F - FLEXION AND EXTENSION 140
G - SUPINATION AND PRONATION 190
WRIST H - FLEXION AND EXTENSION 190
I - ULNAR AND RADIAL ROTA- 75
TION
SPINAL 5 - LATERAL FLEXION 80
COLUMN K - FLEXION AND HYPER- 100
EXT ENSION
L - ROTATION 70
HIP M - FLEXION AND HYPER- 115
EXTENSION
N - ABDUCTION AND ADDUCTION 85 -
P - INTERNAL AND EXTERNAL 75
ROTATION
KNEE Q - FLEXION 120
ANKLE AND R - DORSIFLEXION AND PLANTER- 55
FOOT FLEXION
S - ABDUCTION AND ADDUCTION 10
T - EVERSION AND INVERSION 60
U FLEXION AND HY PEREXTENSION 55

*L-etters refer to Figure .¢
*
iange of shoulder girdle movement is included with shoulder movement.

Table 4 - RANGE OF HUMAN BODY MOVEMENTS
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