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THE LADD ACTUATOR AS A PROSTHETIC MUSCLE

Jacobsen, $.C., Jerard, R.B., Knutti, D., and Carruth, J.

I. INTRODUCTION

There are numerous methods by which a prosthetic 1imb may'be actu-
ated, Electrically powered 1imbs typically ut{lize a motor together
with a reduction mechanism such as gear train, harmonic drive, ball
screw or-belt and pulley system. These devices may be competitively
rated according to criterion such as weight, cost, noise, efficiency,
1ife, dynamic performance, etc. The LADD actuator offers a favorable
alternative when evaluated under the above criteria (2){3).

The LADD actuator is a contractile mechanism which can be used
in antagonist pairs in & manner similar. to natural muscles. Figure 1
11lustrates that the principle of operation is similar to a rope ladder
which shortens when twisted. In contrast to the rope ladder, the LADD
consists of numerous flexible Jinks {fibers) deployed around the cir-
cumference of the series of hoops.” The LADD actuator can be used to
convert rotary to linear motion or 1inear to rotary motion. Fibers
are attached to the hoops such that strength, fatigue 11fe, and
efficiency are maximized. :

Figure 1 - The fundamental
element of the actuator is
the single LADD cell which
consists of two rings
joined by many flexible.
1inks. When the rings
incur relative rotation
the cell shortens. The
cells may be joined to-
gether in a chain to pro-
vide larger contraction
defiections.

Figure 2 - Perfonmanke b LR
of the LADD actu- | l ' <39
ator is described . i\l

mathematically in
terms of the pa-
rameters shown

in the diagram.
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IT. - APPLICATIONS

The LADD is an excellent prosthetic and orthotic o.tuator for the
following reasons:

1. Minimal acoustic noise generation

2. High strength

3. Low weight

4. Inexpensive to manufacture

5. High efficiency

6. Llubrication is not required

7. The LADD exhibits very favorable dynamic performance

To date the LADD actuator has been utilized in two devices. In
the "Utah Arm" elbow flexion is actuated by LADD's. In another con-
figuration, the LADD has been used to actuate prehension in an or-
thotic hand splint. :

1. The Utah Arm

Figure 3 shows a view of the "Utah Amm" which is a prosthesis
for above-elbow amputees. In this application the LADD's are
configured as antagonist pairs much 1ike the biceps and triceps
muscles. The LADD's are positioned axially within the forearm
shell. At the wrist end of the forearm the LADD's are driven
by a DC servomotor. At the elbow end, the antagonist LADD's
terminate over a nonlinear pulley. The nanlinear pulley serves
to maintain tension within the LADD actuators and achieves a
position dependent reduction ratio between the servomotor and
the elbow. The LADG's are very quiet and permit very free
motion of the forearm when not under power. The LADD’s also
contribute to the very low weight of the "Utah Arm." The

"Utah Arm" weighs approximately 2.5 pounds and has fully
powered elbow flexion, wrist rotation, and terminal device
closure, All batteries and electronics are contained within
the arm.itself (1}{4).

Figure 3 - The "Utah
Arm" utilizes antag-
onist concentric
LADD actuators for
elbow flexion.

2. Orthotic Device

Figure 4 shows the LADD actuator configured on a hand orthetic
splint. The function of the LADD actuator is to cause closure
of the hand. Again, the LADD actuator is driven by a small DC
motor through an overriding clutch which Yimits the maximum
torque which can be generated by the system. The device is
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Imost totally noiseless, requires no lubrication, and is very
ight in weight. The device shown in the figure was used pri-
arily to evaluate performance. Later models will be rede-
igned so that the LADD actuators are totally enclosed.

Figure 4 - The LADD
can be used to con-
trol hand closure
in an erthatic
splint,

KINEMATICS AND STATICS QF THE LADD ACTUATOR

The following characteristics of the LADD actuator will be
discussed.

1. Angular rotation versus linear contraction.

2. Applied torque versus contraction force.

3. Applied force and torque versus link load and hoop stress.

4. Actuator compliance which results from elasticity of the Tinks.

5. Stability versus cell aspect ratio.

Angular Rotation of the Actuator Versus Linear Contraction

Figure 1 fllustrates the simple geometry of the device. Equation 1
describes the deflection versus input rotation for a LADD with
zerg length hoops assumad.

2
c=1-£, {iqﬂ-{l-). sint (&) (1)

C is the percent contraction and p is the cell aspect ratio
{L/D}. n is the number of cells in the chain and & is the
total rotational input. For the case with unity cell aspect
ratio, Equation 1 simplifies as shown below:

€C=1- cos { 57} (2}

Applied Torque Versus Contraction Force

The overall force (F) vs. torque (M} relationship is defined
by Equation 3.

ED _ _ 4pf (3)
. L sin (%ﬁ
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3. Applied Force and Torque Versus iink Load and Hoop Stress

The tensile load (P) carried by the links 1s shown by
Equation 4.

P-} (4)

m is the number of 1inks around the hoop.

Equation 5 shows the compresive hoop stress (s) carried
by a thin walled hoop with 1inks evenly and densely
attached (5). ' : '

Hw o sin? 8 (5)

4. ‘Actuator Compliance Versus Link Elasticity

In practice the elasticity of the fiber 1inks causes the
entire LADD to exhibit elastic behavior. Due to the ge-

. ometry of the LADD actuator, the compliance fs dependent
upon the particular position of the LADD. Consideration
of the compliance is important to many applications since
it effects positional accuracy and dynamic performance.
The following equation gives the effective 1inearized
compliance of a single LADD cell. The complete nonlinear
expression is considerably more complicated and will not
be given here. :

" Compliance = -E-= ﬁ (%)2

5 is the deflectfon of the LADD under load F. "A* is the
cross-sectional area of the links and “E" is the modulus
of elasticity of the 1ink material. Note that for zero
input rotation compliance of the LADD is just that.of the
links. As the cell contracts, the compliance increases.

5. Stability Versus Cell Aspect Ratio

As a LADD is twisted it contracts. For aspect ratios

greater than one, it is possible for cell to become un-
stable when a certain input rotation is achieved--that
is as @ increases, the torque ceases to increase and in
fact begins to decrease. If the length of the 1inks is
Targer than the diameter of the hoops in the LADD, then
an tnstability will occur if the input rotation exceeds
2 certain amount. For that reason, most LADD’s used to
date have had a cell aspect ratio smaller than unity.
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Figure 5 - If the cell aspect
ratio is greater than one,
a LADD cell may exhibit
unstable contraction
characteristics.

IV. PERFORMANCE OF THE LADD ACTUATOR

A number of tests have been conducted to establish the ultimate
strength characteristics of the LADD actuator and its potential fa-
tigue T1ife. In conjunction with these tests, a variety of materfals
and manufacturing techniques have been investigated. As expected,
materials and manufacturing techniques are critical importance to
high performance of the LADD actuators.

1. Ultimate Strength
A nine-sixteenth inch outer diameter LADD actuator fabricated of

Kevlar-0 can support in excess of 850 pounds with zero input
rotation. If the LADD is contracted approximately 20 percent,
its ultimate strength will be approximately 450 pounds. A
typical test LADD for this situation is eight inches long,
produces an excursion of about two inches, and wei ghs less
than six grams. :

2. Fatigue Performance

Fatigue tests have also been conducted on LADD's with a variety
of materials and fabrication techmiques. For example, a nine-
sixteenth inch outer diameter LADD with an undeflected length
of eight inches has performed in excess of 6,000,000 cycles.
The particular tests involve cyclically pulling a 50 pound

Toad through a two inch excursion-at a rate of three cycles

per second.

In various tests, LADD's exhibit both plastic and fatigue type
failures. Failures occur in the hoops, in the 1inks, and at
the points where the hoops attach to the links depending on
the particular loading situation. .

Y. CONFIGURATIONS FOR THE LADD ACTUATOR

As with other mechanical devices, LADD®s can be utilized in a
variety of compound configurations. The simplest configurations of
LADD invoive its actuation against a load which causes its own re-
turn (against a spring). Figure 6 illustrates that configuration.

® Registered trademark, DuPont Corpbration.
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Figure 6 - LADD pulls
against spring to
convert rotary fin-
put to a 1inear
displacement.

LADD's can also be
actuation. Figure 7 i
Note that the antagoni

used as antagonist pafrs for doubie acting
Tlustrates that configuration schematically.
st LADD's are driven in unison from one end

and at the other end terminate abouyt a nonlinear pulley. This con-

figuration permits the

design of various position dependent re-

duction ratios. The nonlinear pulley configuration is used for

elhow fTexion of the "
two conrcentric LADD's

Figure 7 - LADD's op- -
erate as antagonist
palrs over non-

' Tinear pulley.

LADD's can also be
figurations. Figure 8
caded configuration.
they increase the stre
actuator assembly.

Figure 8 - The LADD -
actuator may be
used in various
compound con-
figurations

" such as the con-
centric and cas-
caded form. .

CONCLUSIONS

The stringent requ
Timbs have caused many

because of {ts very de
LADD is 1ightweight, s
efficient. The simpii
. candidate for prosthet

CONCENTRIC

Utah Arm." Figure 3 shows a photograph of
acting over a nonlinear pulley.

used in a variety of other compound con-
shows the LADD's in the concentric and cas-
These configurations have the advantage that
ngth while decreasing the length of the

irements for actuation of various prosthetic
devices to meet with various degrees of
failure. The LADD overcomes some of the previous difficulties

sirable performance characteristics. The
trong, quiet, inexpensive, greaseless, and
city of the LADD actuator makes it an ideal
ic and many other applications.
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