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SUMMARY

X
This is the third and final report of a three-year study on compliant

robotic structures. Such structures are designed of continuously flexible

elastomeric tubes that either extend as bellows, or bend transversely, or twist

about the longitudinal axis when subjected to internal pressure. The motion of

such a tube under controlled internal pressure depends on its directional

2

stiffness, achieved through the orientation of both the wall corrugations and

reinforcing fibers. Tube elements in series, or end-to-end, make up a robotic

===

limb. A single limb may be emploved as a manipulator arm. Several limbs acting

in parallel may be used as a compliant gripping device that conforms to the

object being manipulated; and multiple limbs in parallel may be used as legs for

walking machines.

ok -In the present report, we have, concentrate?’bn the analysis, the design, and

f

tle
;Tuo—heve»tempered’quficonceptual designs with a knowledge of muscle structure in

} the experimental evaluation of the above mentioned elements. In these studies,
[ selected animals. Hn,ﬂascribg,a computer-aided control scheme’applied to a

s .

]

i

demonstration project: a manipulator arm made up of bending e.ements in series.

This 50 cm arm successfully manages smooth, open-loop, pick-and-place

R BER

manipulations with cycle times as small as 4.2 seconds and with placement

i
i
[}
; ﬁ reproducibility within 5% of the target point. fre 1
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Chapter I

STATIC BEHAVIOR OF HIGH FLEXURE MANIPULATOR ARMS

Joseph M. Snyder and James F. Wilson

& W EE

INTRODUCTION

(., A high flexure manipulator arm is shown in Figure 1. The
& arm, which may carry an end payload, is comprised of several
o, small tubular elements and is moved to various positions by
* adjusting the internal pressure of these elements. A single
E; element of this arm is shown in Figure 2. The element is

oy fabricated from a polymeric material, has a thin corrugated
?? bellows section for part of its circumference, and a flat

~ reinforced strip along one side. Rigid caps are provided at

et

each end. As shown in Figure 2, the neutral axis of bending

-y

of the element is located in the flat strip, eccentric from

the center of pressure on the end caps. When the element is

3

(Y,

pressurized it behaves as the beam shown in Figure 3, where

the pressure load, F,, rotates to follow the tangent to the

ter

elastic line and is offset by distance d,. The purpose of

.;,n_;

the present study is to present a mathematical model to

l
&

predict the large static deformations of a single element

RO

when it is pressurized slowly and lifts an end payload, W,.

The element is modeled as an end loaded elastic cantilever

A X S
&t

cre
L

applied loads. Since the range of deformation of the beam is
too large for the application of linear beam theory, the
beam is analyzed using the exact curvature relations. The
| shape of the elastic curve of a beam derived from the exact

&
v
3
o
P
beam for which self-weight is negligible compared to the
v
’
?
)
q
L]
é curvatures is called the elastica. !
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Fig. 1 The high flexure manipulator arm
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The elastica has been studied for over 200 years. Euler

f&.

(1744) performed the first systematic study of the elastica.

S A ]
‘ & 5
X

A

An account of this early work is given by Timoshenko (1953).

2
5

L,
o0}

Love (1944) presented solutions for the "inflexional"

elastica, loaded with equal and opposite forces at each end

as shown in Figure 4a; and the "non-inflexional" elastica,

¥

with no inflection points, as shown in Figure 4b. Timoshenko 37

in two ways: to develop a model for the static behavior of

»
E?ﬂ (1961) presented an elastica solution for a cantilever beam ?:~
] loaded with a single longitudinal end load and Hummel and ?hv;
;§E Morton (1927) gave a solution for a single transverse end ﬂh»‘
o force. Lau (1982) presented a solution for the general end ﬁ;cﬁ
E load problem shown in Figure 5. All of these solutions were :;':E.-‘
i non-explicit analytical expressions using elliptic ;ﬁi
ﬂ’ integrals. Additional references on the elastica may be jﬁ?u
E? found in the literature survey by Schmidt and DaDeppo (1971) Egi'
The present paper deals with numerical solutions for the ?Sk
- elastica of a cantilever beam subjected to general end 3&;?
EE loads, where the beam models a pressurized tubular element ;%;‘
with an arbitrarily oriented dead weight payload. The ':h
§§ results, presented in nondimensional form, can be utilized Egi\
A}

v ¥
I'II.
N
R AL

LN
'l

the entire arm and to model the arm stiffness needed for a

1
AL

-, dynamic analysis of arm motion.
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MATHEMATICAL MODEL

n Consider the cantilever beam with end loads P,, Q,, and M,

as shown in Figure 5. The origin of the Xy, Y, axes is at the

tip of the beam and the loads P, and Q, remain parallel to

' - these axes. The basic assumptions of the element model are:
: 'g. i) the beam is weightless and all loads are concentrated
S at its tip

. é; ii) the beam material is linear elastic

iii) the beam is inextensible

e

iv) the effects of Poisson’s ratio and transverse shearing

deformations on the bending deflections are negligible

v) unloaded, the beam is straight with length L

vi) 1loaded, the curvature of the beam, d6/ds,, is

Ty
el
et et .

nonpositive.

ii Based on these assumptions, the differential equation of
. the elastica is
A de  _
S Elgs, = ~Pa¥, = Qs = M, (1)
N
" K where E is the modulus of elasticity and I is the second
SN moment of area of the beam cross section. With the following
pe nondimensional parameters
.
e S,
s = 7, (2a)
1 T;\ x
i x = ¢ (2b)
Yy
o .:J' y = ._L_ (2C)
P L’
. Q,L’
” Q = FI (2e)
)
3
A
" 8
v!
ia
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vy,

M,L
M = BT (Zf)

equation (1) is transformed to the following nondimensional
form

e =-Py-oQx-N (3)

When equation (3) is differentiated with respect to s and

the following relations are used

dx = cos8 ds (4a)
dy = sinb ds (4b)
equation (3) becomes
40 __peing -
as? Psin$é Qcosh (5)

This equation is integrated as

de 8

ds
I ds d(ag) = I (-Psin® - Qcos@) deé (6)
M 53

where @ is the slope of the elastic curve at the tip of the
beam. The result is

2
%(gg} - %M2== P(cos® - cosa) + Q(sino -sine) (7)
When equation (7) is solved for do/ds, which is

nonpositive in this problem, the following equation is

obtained

ds = ~dé (8)
J2P(cos8 - cosa) + 2Q(sina - sing) + M°

LI
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Equation (8) is stated more concisely as

!— ds —do (9)

B Jja + b cos(8+6)

&"' where

a=M - Db cos(a + ) (10a)
.
Pty
r b = 24P + Q° (10b)
;ﬁ 8, = arctan(%] , Wwhere -m<@,<n (10c)
Xa

Equation (9) is integrated over the length of the beam to

ib obtain
)
8+8, o
o l1-s = 11
o ] Ja + b cos¢ (11)
‘ 89
- where ¢=6+6,. Equation (11) is a non-explicit,closed form
"t
" solution for the rotation of the beam, 6, at the arc length
ii coordinate s. The nondimensional coordinates at s are
le‘en
cos (¢-6,) d
) o Na + b cos¢
-.,.- 0
- 6+8
_ [ sin(¢-8)) do¢
y = (12b)
!5 | Ja + b cos¢
: i
Equations (11) and (12) may be expressed in terms of
W
7,
5; elliptic integrals, but this provides no advantage in
obtaining numerical results for this problem. The solutions
;f remain non-explicit and must be solved numerically. Given
the nondimensional loads P, Q, and M and the arc length
;ﬁ coordinate s, compatible solutions (0,x,y:®) for the shape
" of the elastica may be calculated from equations (10) -
S'.‘» (12) . The loading is expressed next.
Y
)
2
'x.,
10
.
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4 LOADING CONDITIONS
]
!! The static behavior of a single element is modeled by the
) A
z beam with the loads and orientations shown in Figure 6. W,
4 -\Q
' RS and N, are the force and moment due to the weight of the
Yy *
‘ ' payload at the tip of the element. Gravity is assumed to act
- s
g ?: at the constant angle § as shown. F, is the pressure load at
~. the tip, acting at eccentricity d, from the neutral axis,
o see Figure 2. The direction and magnitude of W, remains
:: :& unchanged as the element rotates, while F, rotates to match
‘I | 9
by the slope at the tip of the element. N, varies with both «
l\.
o~ and the configuration of the payload.
3y Define the following nondimensional loading parameters:
Lo
Lo F,L?
b F = T (13a)
“ W, L?
:i ’ W = fI— (l3b)
¥
I N,L
E R (13¢)
L} dd
‘ . d = T (13d)
M T The nondimensional loads of equations (10) are
2} =-F cosa - W cosf (14a)
A
Y Q = F sino + W sinp (14b)
T
- M=N+Fd (14c)
. which are used with equations (11) and (12) to calculate the
'
) -
. elastica of the element model.
} .
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ALTERNATE EQUILIBRIUM STATES

An elastica problem may possess more than one possible
solution. Figure 7 illustrates two of the possible
equilibrium states for an elastica loaded with an end force
F,. If F, is applied directly to the unloaded beam, the
configuration of Figure 7a will result. However, the
configuration of Figure 7b will result if the load F, is
applied to the beam before F, is applied and removed after
F, is applied. This example illustrates that the loading
history must be defined for an elastica solution to be
unique. The elastica solutions that follow are unique
because for a fixed initial payload the internal pressure
loading is monotone increasing, which is consistent with the
curvature assumptions used in the derivation of equations

(11) and (12).

13
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'z:: NUMERICAL RESULTS
. E' The problem shown in Figure 8 represents a vertical
:":‘;' o element lifting a point mass of weight W,. The point mass is )
;:: tg located at the tip of the element, on the neutral axis so
& N that N=0. This problem was solved numerically in
g d nondimerisional form using equations (10)-{12) and (14). To
' ‘3; solve the problem, given d, F, and W, equation (11) is first
e .- solved for a (s=0) using bisection and secant iteration.
-:'E: & After a is calculated, the equations are used in an explicit
EEE );; manner to determine the planar coordinates at a sufficient
' ‘ number of points on the neutral axis to describe its
::‘ :QE deformed shape. Numerical guadrature is used to evaluate all
|::: “\ integrals in the equations. The computer code used for these
JR: calculations is in Appendix A. Figures 9-16 show the
’ “ calculated results for a range of nondimensional parameters
r’:’ A representative of practical experimental elements. Each of
A these figures shows, for given values of d and W, the
,ﬂ j elastica of the element when subjected to different values
F :E' of the nondimensional pressure load, F. For clarity, these
N figures employ the fixed X-Y coordinate system of Figure 8,
:c' > normalized by the element length L. )
;:. :,‘: Figures 9 and 10 show the elastica with no dead weight 3
» ; load (W=0). As expected, for a given level of pressure 1
‘_ ?«'. loading, F, the curvature and the tip rotation increase as ‘
' the eccentricity, d, of the pressure load increases. Figures :
r2
o )
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11-16 show that shortly after the tip of the element rotates
past ninety degrees, a relatively small increment of
pressure load causes a "flip-over", or large change in shape
of the elastica. This behavior, not observed when W=0
(Figures 9 and 10), becomes more pronounced as W increases.
Flip-over is of special interest because it can cause
significant problems in the control of the manipulator arm.
Figures 11 and 12, for which W=2.5, present a more
detailed view of the flip-over phenomenom. Figure 1lla, for
which d=0.1, shows the shape of the elastica as F varies
from 0 to 15. A large change in shape occurs as F increases
from 11.8 to 11.9. Figure 11b shows the shape of the
elastica as F increases from 11.8 to 11.9 in increments of
one hundredth. The element still changes shape in an abrupt
manner as F is increased using these finer load increments,
the change occurring between F=11.84 and F=11.85. This
abrupt flip-over also occurs in the elasticas presented in
Figures 13 through 16. Figure 12a, for which d=0.2, shows
the shape of the elastica as F varies from 0 to 10. A large
change in shape occurs as F increases from 8 to 9. Figure
12b shows the shape of the element model as F increases from
8 to 9 in increments of one tenth. The element changes shape
in a regular manner as F is increased using these finer load

increments.The behavior illustrated by Figure 12b represents
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* )
Figures 9 and 10, where W=D, and the abrupt flip-over which S
p
w“ occurs in the remaining figures.
(]
. Table 1 presents the pressure load at the onset of flip- g
" I'-
b over, F_, the tip rotatiom at the onset of flip-over, o, g
e '\
;; and the change in tip rotation due to flip-over, Ax, for a :‘_
range of values of W and d. F_ is reported to the nearest g
! .ﬂ
{ ' [
k o hundredth and 8a is computed by subtracting ¢, from the tip pe
K (]
o rotation calculated for F_+.01. When W=2.5 and d=0.2, F, A
o X
is reported to an integer value and @_ and Aax are not '
! 3. reported because the change in shape is not abrupt and hence *-
A LY
: ~
these guantities cannot be precisely identified. The data of N,
. . (o os '
i Table 1 is presented graphically in Figures 17, 18, and 19. =
: 3 These data show that flip-ower becomes more pronounced with \
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", -~
ﬁ increasing payload, W, and with decreasing eccentricity, d. 3
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CONCLUDING REMARKS

:
!! Flip-over is the result of interaction between the payload

W and the pressure load F. The payload always acts in the

X same direction while the pressure load is a follower load

3 that rotates with the tip of the elastica. Before flip-over,
b an initial payload tends to return the elastica to its

::2 undeformed shape. When the element is near vertical (a near
i 0) both F and W impose a tensile load on the element,

;- increasing its stiffness and causing deformations to be

Cj relatively small. When the tip rotation exceeds ninety

‘ degrees, the vertical component of F opposes W. This reduces
:E the restraining effect of W on element deformation so that

small changes in the pressure load lead to flip-over.
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¢ E‘ NEW LIMB ELEMENTS ]
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¢ Jihad N. Ghattas and James F. Wilson '
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INTRODUCTION

v

g

k) Elastic limb elements are used as structural components

W]
~ of flexible robotic manipulator arms. Two kinds of

¢ o elements, bending and torque elements, can be linked end to :

Ly n) .

3 f..v A

~ end to form an entire manipulator arm. See Figure 1, Such "
. elements incorporate flexible bellows, and can be

ﬁ .- pressurized independently to effect the motion of the X

LAY

NEEN manipulator arm. Pressurization of bending elements causes N
;_ them to bend, enabling the arm to lift its payload (Wilson, .
o ] ¢
. ]

[a 1984a). Pressurization of torque elements causes them to

e

[4 74 ) )

3 ;b rotate, providing twisting action for the arm (Wilson and

S Orgill, 1986).

P "

- Most robotic arms in use today consist of hinged or :

\ pivoted joints connected by rigid links. Flexible A

N ,

g manipulators utilizing pressurized elastic elements have :

.

‘o N -

ij'i several advantages over such rigid-link arms, including: -

7 N
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=
A
o4
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bending elements
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v LY
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(9

toraue (”\ \
element ~ '

AN LN A

end effector 4 /
(cripper)

payload

Figure 1: Robotic manipulator arm comprised of
bending and torque elements. Bending elements lift
payload; torque elements provide twisting, or

"wrist" action. Pressur.: to each element is inde-
vencdently controlled.
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1) Increased durability in harsh environments due to
the impact resistance and ruggedness of elastomeric
materials.
2) Reduction in arm self weight due to the remote
location of the power source (air pressure supply).
3) Increased speed due to the reduction in self weight.

4) Increased lifting capacity relative to self weight.

Disadvantages include an increased complexity in precisely
controlling the arm’s position with pressurized air. ;
There are several previous studies that are relevent to
the present work. For instance, the instability of bellows
subjected to internal pressure was studied by Haringx
(1952). Wilson (1984b) evaluated mathematical models for
computing the overall stiffness for bellows of various
shapes. Wilson and Orgill (1986) analyzed uniformly stressed

orthotropic cylindrical shells using linear theory. Such a

model may be used to describe the overall deformation ~q
characteristics of the torque element. ﬁ
o

In this chapter, the mechanical behavior of bending and A

torque elements are experimentally evaluated. Then the .
measured relationships among deflection, internal pressure,

and external loading are compared to linear theory.

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

...........
......
...........
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- Wom

,._. irreparable pressure leaks.

>,

. All elements were made of type A150 black rubber. The

f modulus of elasticity of this rubber was previously measured

. in the range of 740 to 2330 psi., corresponding to the
uncycled and cycled tensile specimens, respectively (Wilson,

- 1986). End fittings were aluminum in the case of the

. bending elements, and brass in the case of the torque

< element. End fittings were designed to allow the controlled

7 intake and exhaust of air while preventing leakage of air

i from the element.
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DESCRIPTION OF ELEMENT CONFIGURATIONS

Three types of elements were evaluated. These were:

1) Bending elements with uniform size of bellows gaps.
Both elements with one and two bellows (the single-
and double-sided elements) were evaluated.

2) Bending elements with bellows gaps of optimum size.
Two sizes were evaluated: small and large.

3) Torgque element.

In addition, a bending element with six bellows (the
"satellite" configuration) was considered, although

quantitative tests were not performed on it because of
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Bending Elements with Uniform Size Bellows Gaps.

The "single-sided" bending element consists of a solid
slab attached to a corrugated bellows. See Figure 2. The
bellows consists of cylindrical shells with radii r, and r,
connected by annular plates. A detail of the bending
element is shown in Figure 3. The single-sided element
shown in Figure 2 has equal interior and exterior gaps (a = b
in Figure 3). The thickness of the bellows wall is t.

The bellows portion of the bending element can be
modelled as a cylidrical tube with effective wall thickness

t,, radius R equal to the bellows mean radius, or

el
(r+r,)/2, and an effective modulus of elasticity

E’ based on the material modulus E and the bellows geometry
(Wilson, 1984b). See Figure 4a. The entire bending element

is modeled as a composite, cantilever beam of length L with

transverse end load F, and moment M; and Mp. See

Figure 4b. The effect of longitudinal end loading is
neglected. From elementary beam theory, the transverse tip

deflection is

F,L’ 12
8 = 3g1, * (M~M)zET; (1)

where E is the material modulus and I, is the overall
second area moment of the composite beam section consisting
of: (1) the slab with modulus E and (2) the tube model of

the bellows with modulus equal to its effective modulus E’.
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Figure 3: Detail of bending element bellows.
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Figure 4: Composite beam model of bending element
comprised of slab and tube model of bellows (4a).
4b: cantilevered beam with loading.
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I, is calculated by first locating the neutral axis, or

y. = 5‘2:——% (2)
where the cross-sectional areas of the cylinder and slab are
A_ = 27Rt, (3)
and
A, = bh, (4)

H

The effective thickness t, of the cylindrical tube is

e

The second moment of area about the section neutral axis is then

3
s s

b
= 3 - 2 -
» = TRt + Ac[yc yna] A As(ys Yoa ]

2

I (6)

The moment M, due to pressurization is given by the

the net force of the air pressure at the tube end acting at

a distance (Y.7Y,.) from the neutral axis. The net force

acts at the tube center and is the product of the pressure and

the effective area at the tube end, or pﬂRz. Thus,
Mp becomes
M, = PIR(Y Y, ) (7)

Program LINDEFL.FOR, listed in Appendix B, calculates
element deflections using Equations (1)-(7) where E’ is
based on the Haringx bellows model.

The "double-sided" bending element consists of two
single-sided elements with their slabs bonded to each other.
See Figure 5. The two bellows are on opposite sides of

the attached slabs and can be pressurized independently of

41

..... .
‘:l"‘-f

D N N I A N I IR A ERTAC AN R I O R e
T S s R e S S S R N g

NUSLNOAEL A_J'

Y

F)

AN

*x

-% -
o
l\}

4
>

AT
L

&
]
»

S 5

LAY
\‘l "

Y

o

Y. 1
Nad

Nh R

P A
? »

.,.
3@'2.

., :f.'l*.':'."-fd.. (ﬁ"{}:“: y

Y@
O D

L A
R

TN 14
(SN W Sy S L

g

SRR

2
PR

P
<l

-C. -. I. V..
NN



s

-
b

=

-
S

N i
bellows
slab
slab
v gl
bellows /
\
5

_/v ’//

T

//4

g

b

(b) (c) (@)
Figure 5: Double-sided bending element (a).
Element bends up when pressure in lower bellows >
pressure in upper bellows (b): pressure in lower

and upper bellows equal (c): pressure in upper
bellows > pressure in lower bellows (d4).
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each other. The advantages of the double-sided
configuration are:

1) The element can bend under pressure to both sides of
the element’s neutral axis (instead of just to one
side, as in the case of the single-sided element).
Motion can be better controlled, since motion due to
the action of one bellows can be opposed or even

reversed by the action of the opposing bellows.

Bending Elements with Optimum Size Bellows Gaps.

The bending elements with the optimum size of bellows

)

gaps have configurations similar to the single-sided

elements above, except that the interior and exterior gaps

(a and b in Figure 3) are not equal. Dimensions a and b, as

T B T IR e el

well as radii r, and r, and wall thickness t, were selected

so as to maximize the performance of the element (Ghattas,

o N e

1988). The performance is characterized by the maximum
degree to which the element can bend toward the bellows
side without a closing of its gaps. The element must also
meet deflection and payload capacity requirements.

The dimensions of the small and large elements are shown

in Figures 6 and 7. These elements exhibit a maximum

P

bending angle as described above of 69 and 108 degrees,

respectively. This is a significant improvement over the

-an’;.l
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maximum angle for their counterpart elements in which a = b

and the maximum bending angle was 45 degrees.

Torque Element.

The torque element is a cylindrical tube with bellows
corrugations at a helix angle of 70 degrees. The dimensions
of the torque element are shown in Figure 8.

The end rotation of the torque element is given by

Wilson and Orgill (1986) as

¢ = R(1+€,),, (8)
where L is the length of the element, R is the mean radius
of the element, €,, is the longitudinal strain, and

v, is the shear strain. 1In the latter reference, the

8z
longitudinal and shear strains are computed for various

element and loading parameters.

Satellite Bellows Configuraton.

The bending element with the satellite bellows
configuration consists of six bellows arranged
circumferencially (as "satellites") about a flexible central
core. Such a configuration is shown in Figure 9. As shown
below, six satellites is the number which yields the highest

moment due to pressurization for a given arm ouside diameter.
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The advantages of the satellite configuration are the
same as those of the double-sided element over the single-
sided element. 1In addition, motion is not limited to the
plane. Out-of-plane motion is possible because the
circumferencial arrangement of the bellows enables the
element to bend around not just one neutral axis, but any
neutral axis in the cross section. For example, in Figure
10, if bellows 1, 2, and 3 are pressurized equally, the
element will bend about neutral axis a. However, if bellows
2, 3, and 4 are pressurized equally, the element will bend
about neutral axis b. Bending about any intermediate axis
can be achieved by unequally pressurizing the bellows, or by
pressurizing some other combination of bellows.

The optimum number of satellite bellows was determined
to be six. The optimum number m is the number that yields
the highest bending moment for a given outside diameter

OD of the entire cluster and a given internal pressure p.

The moment M due to the pressurization of all bellows to one
side of the neutral axis is given by the product of the net

force due to the air pressure p (pressure times the

P AL

effective area at the end of the bellows) and the distances

i

of those bellows from the neutral axis. Referring to

8"

Figures 11 and 12 for the distances of the bellows centroids

from the neutral axis, the expression for moment M becomes
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g1 R R &=

Neutral (a)

Axis a

Neutral®
Axis b

(k)

Figure 10: Variable neutral axis of satellite

configuration. (a): 1, 2, 3 pressurized yields
bending about neutral axis a. (b): 2, 3, ‘4

pressurized yields bending about neutral axis b.

50

7 M LA U LA U LA AL LA A A N L A U A S A s S NN U N NSO



—

2%

-

5

e
oy
» .

5

X,

-
L 3o

i o 4

i A
~

£
~

)

Vv

P

P
55

v,
&

AN

T AT R

L i

N - . o [ - - - = ag . i
[ Al I AN A TV Y I . RV R I R | ol A Cd W Ll AN o S I L N LR P AP AR PR T I S

— X sin(i27/n+T/n)

sin (77/n) r/sin(7/n)sin(37/n)

bellows

/

L

Neutra
Axis

sin (77/n)

Ob/2 = r + r ; r = oD
~ sin( /n) ! 21 + 1/sin(7/n} ]

Figure 11: Element with m number of satellite
bellows, m even
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INT(m/2-1) 21i

M = pnr? ¥ sin(—ﬁ—+a) (9)

10
Note that the cluster OD determines the bellows outside

radius, i.e. (from Figure 11)

oD
r = 1 (10)
2( Y stninzmy )

Substituting this expression into that for moment due

to internal pressure gives the result

B apn ob 3INT@2-D | pns
M= 9sin(n/m) of 14 1 EJ 51n(~ﬁ~+a] (11)
sin(n/m)

where

o = { ;—(21r/m) ogor meven } (12)
Jom/m)  (or m odd)
and INT is the integer function that trucates after the
decimal point.

To find the highest moment for a given pressure p and
cluster outside diameter OD, M was computed for various
satellite numbers m. The results tabulated in Figure 13
show that for six satellite bellows, the moment will be
highest. For m>6, the moment decreases as the satellites

become infinitely small but their distances to the neutral

axis approach 0OD/2.
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Figure 13: moment in element with unit pressure and i."
v, outside diameter 2 as a function of number of satellite a
: bellows. '
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The limb shown in Figure 9 consists of two bending
elements, each with six comercially available satellite
bellows of dipped latex rubber that surround 2 central
core made of a smooth rubber tube. Successive pressuriza-
tion of the satellite elements did produce bending about
different neutral axes. However, because of the inconsis-
tency of the bellows wall thicknesses, irreparable air

leaks occurred even at pressures as low as 10 psi and

experiments of a quantatative nature could not be performed.

DESCRIPTION OF THE EXPERIMENTS

The purpose of the experiments was to test the
behavior of the elements and to compare their behavior to
the results predicted by linear theory. The five types of
elements tested were:

1) Uniform bellows gap bending element.

2) Double-sided, uniform gap bending element.

3) Small, optimum bellows gap bending element.

4) Large, optimum bellows gap bending element.

5) Torque element.

Experiments performed on the bending elements were:
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Q& 1) Measurements of tip deflection under internal 5
" pressurization. Internal pressure in the bellows §
és was incrementally increased and the resulting tip ;
- deflection measured. No load was applied. 5
:: 2) Measurements of load capacity. Load at tip was 2
) incrementally increased and the pressure required to

maintain the tip at zero deflection was measured.

}’)" l;,-"

3) These same measurements were made on the double-

sided element where the initial pressure p’in

" each side was chosen as 4 and then 8 psi.

Experiments performed on the torque element were:

; 1) Measurments of end rotation under internal
pressurization. Internal pressure was incrementally
increased and the resulting end rotation measured.

No torque was applied.

- 2) Measurements of torque capacity. Torque applied at

é ES tip was incrementally increased and the pressure 3
E l required to maintain zero end rotation was %
E: - measured. %
E ;: 3) Measurements of end rotation under torque applied at a
E - end. Applied torque was incrementally increased and S
E “ the resulting end rotation measured. Internal ﬁ
ﬁ ) pressure was maintained at 0 psi. 7
X 3
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The experimental apparatus used in the bending tests is
shown in Figure 14. The tip deflection of each cantilevered
bending elements was measured with a depth micrometer with
an accuracy of :0.0005 in. Loads were applied by suspend-
ing weights from the tip each element.

The experimental apparatus used in the torsion tests is
shown in Figure 15. Pure torque was applied to this element
through the system of weights and pulleys. End rotation was
determined by measuring the deflection of a rod attached to
the end of the torque element.

All elements were pressurized with laboratory air which
passed through a regulator that controlled pressure up to 30

psi with an accuracy of :0.2 psi.
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Figure 15: Method of applying pure torque to
element and measuring end rotation.
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EXPERIMENTAL RESULTS AND COMPARISONS TO THEORY

The test results for the static response of bending and
torque elements are graphed in Figures 16-26. Also shown on
the graphs are the best-fit lines for the data in the linear
range of response of the elements. Their slopes are
tabulated in Tables 1 and 2. As can be seen in the graphs,
most tests exhibited essentially linear response over a
certain range, after which the response became nonlinear.

The results are also compared to predicted behavior. To
predict element behavior, bellows stiffnessess were computed
using the Haringx model (Wilson, 1984b). The bellows
stiffnesses were used to calculate the relationships among
pressure, deflection, and end load for the benaing elements
and among pressure, rotation, and end moment for the torque
element. These are also tabulated in Tables 1 and 2, where
they are compared to the experimental values.

Program LINDEFL.FOR was used to compute the theoretical
values for the bending elements and is listed in Appendix
B. Torque element behavior was calculated using results
from Wilson and Orgill (1986). Values were computed for
both the lower and upper bounds of the range of the material
modulus E. For Al150B black rubber, experiments show:

E = 740 psi if uncycled and E = 2330 psi after cycling.
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Bending Element

Deflection/Pressure:

Figures 16-19 show the vertical tip deflection for
bending elements subjected to internal pressure. The
bending elements initially responded linearly, but the
response became nonlinear at higher pressure and deflection.
This is to be expected since linear theory is valid only for
small deformations.

The slopes of the linear response ranges are listed in
Table 1, where they are compared to computed values. From
equation (1), we can see that when there is no end load F,
and no end moment M,, the vertical tip deflection §

becomes

L2
8 =M, 3ET, (13)
where Mp is the moment due to the internal pressure p

acting over the effective area at the bellows end at a
distance from the bellows center to the neutral axis of the
beam. The computed values of §/p based on equations (2)-
(7) and (13) are listed in Table 1.

Figure 17 shows the response of the double-sided element
for 0, 4, and 8 psi. internal pressure in the opposing
bellows. No significant increase in element stiffness was
observed with increasing opposing pressure.

Pressure/load:

Figures 20-23 show the load capacity of the bending
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Figure 1¢: Experimental vertical tip deflection
as a function of pressure for single-sided,
uniform-gap bending element, with no load at tip.
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Figure 17: Experimental vertical tip deflection
as a function of pressure for double-sided,
uniform-gap bending element, with no load at tip,
and with pressure in opposing bellows at 0, 4, and
8 psi.
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Pressure — Vertical Deflection
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;L Figure 19 : Experimental vertical tip deflection Ry
’ of 1large, optimum-gap bending element as a <
. function of pressure, with no 1load at tip. NG
™ Pressurization and depressurization of element ~
shown. X

PPN




Single—zided Element
Lood Capoaty, deita=0

Lk

"

EA
a '

L I

~e
Ko

4 %45

Preanura (pol)

-
g

E

T NG, 0%,

r Lf':pl.{—l.'

x"

» =

L
AP AR IR

4

l{f'(.(( l".l’ -y

TS
'l ’l " L )
Raly

SAATY

ul

A

B
&8
4 |
|
|
|
|
{
|
|
|
1
l
|
T T T T T T n
02 04 (ER
Lood Fo (bs.)
0 loading +  unkadirg
Figure 20 : Load capacity for single-sided,
uniform-gap bending element; experimental
pressure required to sustain load with zerc tip
deflection. Loading and unloading of element
shown.
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D) Double—sided Element

Load Capacity, detta = 0
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AR

uniforn-gap bending element; experimental
~ pressure required to sustain locad with zero tip
£ deflection. Pressure in opposing bellows at 0, 4,
and 8 psi. Loading and unloading of element
! shown.

»
s
E 7 Figure 21 : Load capacity for double-sided,
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elements, represented by the pressure required to sustain
the load with zero tip deflection. These figures also show
the limits of linearity for these elements.

The slopes of the linear response ranges are listed in
Table 1 and are compared to computed values. When

deflection § and end moment M, are zero, equation (1)

becomes
3 2
F,L ML
3EI, - 2EI, (14)

The computed values of p/F, based on equations (2)-(7) and
(14) are listed in Table 1. The ratio p/F, is computed
for a single value rather than a range of values since this

ratio is independent of material modulus E.

Torque Element

Figures 24-26 show the results of the torque element
experiments. The slopes for the linear range of behavior
are listed in Table 2, along with calculated values.

To predict the behavior of the torque element, the
ratio of the material modulus to bellows effective modulus
E/E’ for the bellows was calculated using the Haringx
bellows model. The program used was HARINGX.FOR, which is

listed in Appendix B. For the torque element tested:
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Bs
o
=
)]
; o E/E’ = 6.08 (15)
53 This value was then used with the results of Wilson and
[ Orgill (1986) to predict values of shear strain Yo,
x as a function of bellows material and geometric parameters
;ﬁ and pressure p and applied end torque T. v, was then
; used in equation (8) to obtain the desired values. Since
E ] our experiments showed that €,, << 1, this quantity was
‘ o neglected in subsequent calculations for the theoretical
. - behavior of the torgque element.
. Rotation/Pressure:
t R The measured end rotation-internal pressure data are
i shown in Fig. 24. Note the nonlinear response at the higher
. pressure levels. In the linear range, the slope ¢/p is
. E: 2.88 deg/psi.
' .\ The theoretical ratio ¢/p for this torque element,
: « for E/E’ = 6.08, is based on the following results given
) j& in Fig. 2 of Wilson and Orgill (1986):
"
. y, = (3.06)2% (16)
o where E is the material modulus, t is the bellows wall
‘ - thickness, and R is the mean bellows radius. With equations
y - (8) and (16) with €,, = 0, the result is
i % £ = (3.06)% (17)
R Table 2 lists ¢/p for lower and upper bounds of E.
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N Pressure/Torque:
~
o The measured pressure-torque data for zero rotation of
- the torque element are shown in Fig. 25. The slope p/T is
' 2.36 in-1lb/psi and is approximately constant up to p = 10 psi.
;; The theoretical ratio p/T for E/E’ = 6.08, is based on
. Fig. 9 of Wilson and Orgill (1986), or
,.,.:
. T = (3.68)pR’ (18) \
- Solving for T/p,
le
v \
' % = (3.68)R] (19) .
El where T/p is independent of E. Here, R = 0.5 in. which gives &if
- 7 :.r::—
= Lol
p/T 2.17. ?bﬂ

Rotation/Torque:

m
oot
1 '

]
) ":"n‘.' al ‘l. ‘e |

The measured rotation-torque data are shown in Fig. 26.

»_a

I ":'
’ A} -n
a2 Here, the response is nearly linear for positive rotations up o
s
to 10 deg (rotations following the helix direction); and up *:f
L4
) -
to 20 deg for rotations in the opposite direction. s
. 57
:% The shear strain-torque relationship, based on Fig. 4 of ;:}
l.‘ F "
S
Wilson and Orgill (1986), is e
. _ N
/. Yo, = (0.83)EtR2 (20) }ﬁ{
.f Substituting into (8) and solving for ¢/T, where ¢, = 0, ng:
the result is "'
-:" TV
~ ¢ _ L Oy
" T = (0.83)—75 (21) L
i; Table 2 lists ¢/T the lower and upper bounds of E. f;:
o
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73 s
3
4 ,
T A R e 5




T TuRe oSS
S )
e ._.\..x..\..\..\..\.. b
' : \ I- “ QI .- .\ .l' .

R Ta g B RN i e A
e

: o S .A. - ...\.. A .f“_.... - \f\f\f&f-f\‘-h
e A SO A St e
L S R AC A R ] .quﬁdﬁﬁﬁ ...... : ‘ . A TR ST SERE N WA

“Q
(] L 3
- 4
. o £ O
, 0P
—
+ / en
- o
\ 0 ©
. / W.t
1
A VT
, — © o n
&
) o
. o
1 ] e — Od
. .| ~
- m o e
= - @ — A
. © g = 28
— =) =S 3o
. = o R
A - 2 O ﬂ..
o M m 0 g
2! s )
< mw.m p ui
s |+ B m:an
X 3 B TV
A A oot
s & u P
ol oy
) — d
£
5.ﬁn
N
L £ o
™ R
=)
-~ N
oM
. J0 .
oo
e
,/H Q3
T T T T T T T T P O
) -t <) " ) (o] ] — W) (w9}
~f > ~ — S

aq|—y>ur) | enbuo}




DA A ) 0 At 0 0 40 aAe i tade tu Sa 0, Sul And 00 0 4, AR LA AL A LANS ALt A St A S8 AOMERA AL M Sl i b 0 4 h 08 SCAD e Al sudh g » o=

§ Torque—Rotation

Pressure = 0.0 psi

w s
Rotaotlon (dagreen)

0 -10 1

-4 -2 0 2 4

Torque T (inch-bs.)

e Figure 26: Experimental rotation of torque
element as a function of torque applied at end,
o with zero internal pressure.
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Table 1

BENDING ELEMENTS

Summary of Experimental and
Theoretical Behavior

Test
Element Per. rmed
single- deflection/
sided pressure
pressure/
load
double- deflection/
sided pressure
pressure/
load
small deflection/
optimum pressure
pressure/
load
large deflection/
optimum pressure
pressure/
load

Experimental
Behavior
6/p = 0.884
p/F, = 12.0
8/p = 0.326
p/F, = 8.07

5/p = 0.481

p/F, = 10.1

5/p = 1.31

p/F, = 6.64
76

Theoretical

Behavior

(E = 740 to
2330psi)

1.389 to

9.042

.6280 to .1994

9.042

.9963 to .3164

8.084

2.671 to .8483

3.526

.4411

Units

in/psi

psi/1lb

in/psi

psi/lb

in/psi

psi/1b

in/psi

psi/lb
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Table 2

i TORQUE ELEMENT
Summary of Experimental and

‘E Theoretical Behavior

-

“l

t‘}‘

§; Theoretical

" Behavior

i Test Experimental (E = 740 to

N Element Performed Behavior 2330psi) Units

G torque rotation/ ¢/p = 2.88 6.95 to 2.21 deg/psi

element pressure

.

-
pressure/ p/T = 2.36 2.17 psi/in-1b

" torque

. rotation/ ¢/T = 6.50 15.1 to 4.77 deg/in-1b
torque
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