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ABSTRACT

Most recovery systems could be improved if
they used a smaller main parachute yet landed
with a slower descent velocity. Depending on the
application, benefits could include reduced system
weight, faster opening, lower opening force,
opening at higher airspeeds, reduced impact
loads, and reduced impact attenuation material
bulk and weight. This paper, describes a device
that reduces parachute landing velocity by rapidly
retracting the payload toward the parachute
shortly before impact. ;

Newly developed flexible composite
technology makes compact ‘and highly efficient
long-stroke actuators for parachute retraction
possible. These actuators are slender flexible
tubes with a mechanical attachment at each end
and a pneumatic fitting at one end. Prior to
pressurization, the actuator |s flexible and can be
packed with the parachute.: When pressure is
applied through the end fttmg, the actuator
contracts strongly, prowdmg a force useful for a
variety of applications. Thé name "Pneumaitic
Muscle Actuator” (PMA) is' descnptlve of this
device.
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This paper discusses parachute retraction
and the use of PMAs for the soft landing of cargo
and vehicles. Parachute retraction soft landing is

currently being studied at the US Army Soldier &

Biological Chemical Command, Soldier Systems
Center where continuing analysis and tests are
showing this concept’s potential.

HISTORICAL BACKGROUND

A contracting braided tube device was known
and described at least as far back as a 1940
patent by Pierce (US 2,211,478). The device
described was actually related to mining

- operations, rather than airdrop, but shows the

principle of the pneumatuc muscle quite clearly
(Figure 1).

A pneumatic muscle for retraction soft
landing was described in 1949 by DeHaven (US
2,483,088) (Figure 2). DeHaven’s invention was
remarkable, first, in that it came in a time before
high tenacity fibers, and second, in that it
described such details as the pyrotechnic gas
generator and closure of the braided tube in ways
that can scarcely be faulted today.
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Figure 1 Pierce’s Patent Drawing
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Figure 2 DeHaven’s Patent Drawing

The more recent association of the
pneumatic muscle actuator with retraction soft
landing stems from soft landing research at
Natick’ and a concept for pneumatic parafoil and
parachute steering being developed at Vertigo®.
This paper discusses the characteristics of PMAs
as they apply to soft landing and progresses
toward implementing a practical soft landing
system.

SOFT LANDING SYSTEM DESCRIPTION

A soft landing airdrop system consists of a
payload, parachute(s) and the retraction device.
The payload and the parachute can be completely
standard, inventory items. In the example of an
airdropped HMMWYV (Figure 3) we assume a
payload weight of approximately 10,000 Ib. and
the use of two G-11 parachutes. This is an
interesting example and an application with high
potential payoff because this combination
descends at approximately 28 ft/sec, but could
land at 10 fi/sec or less eliminating the need for
impact attenuation material.

A pneumatic muscle actuator (PMA) used as
a retraction device consists of a braided fiber
tube, a gas barrier liner, one end closure with a
mechanical load attachment, and one end with a
mechanical load attachment, a pyrotechnic gas
generator and a ground proximity sensing initiator.
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Figure 3 HMWWYV Soft Land:ing System
PMA FORCE EQUATION

The actuator is constructed as a tube of
braided fibers. The braid includes only bias fibers,
which allows the tube to ;change length in
response to force and pressure changes. In
operation, the actuator also changes diameter and
fiber bias angle whenever length changes in
response to pressure or applied load. (Bias angle
is measured from lines parallel to the tube axis.)
Length and diameter are related to bias angle by:

g _ sinp

do — Sinﬁo,;and
| osp
lo T cosfo .

The force generated by a pneumatic muscie
actuator can be found by summing the axial
component of tension in the fibers and subtracting
the axial pressure reaction. :lt is found that at
small angles the tension component summation
far exceeds the pressure reaction, producing a net
tension, or contraction force. However, it is easier
to solve for the force by theiprinciple of. virtual
work as is done below. ;

Setting the work done by an infinitesimal

change in length equal to t:he change in the
internal energy of the gas contained in the system,
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Fed=PedV

which leads to the force equation:
_ pdvy
F=P3

~ The derivative of volume with respect to
length is found conveniently by defining a unit
length as the axial length that one fiber of the
braid travels as it traverses one circumference of
the cylinder. If the braid is slit and laid flat that
fiber forms the hypotenuse of a right triangle with
sides zd and I, having a length S.

% =n2d? + PP

d
[= t:nﬁ

The volume of the unit length cylinder is:

V="2d?

N B

=2s?—P)

And, the volume derivative is:

%‘7/-=z1;[(s2—.lz)~2l2]

= 2-[s%-3P]
: 2 242
= 21?[”2,d2 + ;izﬁ t:nzﬁ ]
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The contraction force is therefore: Maximum stroke and force is produced by an
actuator having a small initial bias angle. The
graph found in Figure 4 was calculated for a
F= %sz[" - Enz'z';] pneumatic muscle actuator having an initial bias
angle of 15 degrees. Note the remarkably high
. . tension coefficient, starting at well over twenty,
The equation can be written as a force  and the useful contraction of nearly 40 percent.
coefficient that compares the force generated to
the force produced by a pneumatic cylinder of the 30
same diameter:

AN

N
1]

AN

Cr= -—Pd%

=@ 1]
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/]
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N

Force Coefficient, Ct

[3]

N
N\

or in terms of length: 0 0.1 02 03 04
Contraction Ratio, 1-i/lo

( 2 tan2p [ 5 ] Figure 4 PMA Force Curve from Theory
=7

tan2fol ' ~ tan?p Actual force generated is reduced by any

A more useful form of this equaﬁon in terms reSistance Of the indiViduaI ﬁber bund'es to

of a single variable is pivoting on one another with bias angle changes

and by the expansion of the stretched elastomeric

gas barrier inside the braided tube. The actual

cosp tanp force is also reduced by the fixed end fittings,

which are not allowed to expand in diameter as

Cr= (”sﬁ") (fa"ﬁ") [ tanzﬁ ] does the rest of the tube. The following section

compares static force measurements with this
simplified estimate.

Cr= [sin*f-2 cos?S]

sinf,

Since dynamics of the retraction system are
more conveniently calculated with the length

variable, use
_ -1( L
= cos ( - COS ﬂo)
to amrive at...

Cr= [sinz(eos”1 7o cos /J’OD——Z cosz(cos = locosﬁo))]
Tr= sinBo
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STATIC TESTING

Prototype fabrication and testing were used
to validate the predicted PMA performance. The
graph contained in Figure 5 shows the force
generated in a 1.05 inch diameter, 34 inch long
PMA. i

Actual force generated 'is less than the
theoretical prediction. This is to be expected from
end effects, liner elasticity ancj fiber-fiber friction.
The ratio of actual to predicted force is aiso
plotted. Over the operating range, the efficiency
of the muscle is in the range 85% to 65%, with the
highest efficiency during initial contraction.

Pneumatici Muscle Test Results

test: 18 Nov 97

Contraction Ratio (1-/lo) (nd)
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PERFORMANCE COMPARISONS

How do PMAs compare to other devices
capable of the same action? Figure 6 illustrates
several comparisons. '

Inflating PMAs requires the use of either
stored compressed gas or a pyrotechnic gas
generator. The first bar graph compares an
advanced lead-acid battery with a hot
pyrotechnically generated gas (1000°F) and a
compressed gas stored at 59°F. When the work
required is of short enough duration to allow the
use of a single discharge of hot gas, the
pyrotechnic generator is superior. For multiple
actuator strokes over a long period of time, the
lead-acid battery is superior when compared to
compressed gas storage.

Specific power is compared in the second bar
graph of Figure 6. A truck winch is used as an
example of an electromechanical device. The
- PMA is far superior because increasing the power
of a PMA requires only increasing the size of the
flow passage, which does not increase the weight
of the PMA. Increasing the power of an electric
motor requires additional iron and copper in direct
proportion to the amount of power required. This
comparison is applicable to parachute retraction,
parafoil steering and parafoil flare.

The third comparison shown in Figure 6 is for
the specific impulse, which is most useful for soft
landing retraction. The PMA is compared to a
solid propellant retro-rocket for which a good
specific impulse would be approximately 280
seconds. Various simulations of PMA retraction
processes indicate a specific impulse of
approximately 1400 seconds, which represents a
considerable improvement.

SOFT LANDING PERFORMANCE

Krainski' has previously reported on the
simulation of a soft landing retractor implemented
with a mechanically stroke-amplified pneumatic
cylinder. The primary differences in the
simulation of this system when compared io
Krainski’s work are in the number of rigid bodies
and the flow model. Because the majority of the
mass of the device moves with either the payload
or the parachute, a 2-body simulation is adequate
for the pneumatic muscle. Krainski uses a
volume of stored gas that communicates with no
flow restriction to the pneumatic cylinder at the
time of initiation, while the PMA system under

investigation uses choked flow from a hot, high
pressure source.
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Figure 6 PMA Performance Comparisons
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A simple simulation : was written in
spreadsheet format to explore the design
variables and performance.! The integration

method is stepwise constant ‘acceleration, using
the forces of the previous time step to calculate
the displacement and velocity. This allows
calculation in a single pass through the sheet, is
accurate for slowly varying forces, and can be
verified by looking at the sensmwty of the result to
the time step value. .

The graphs in Figure 7 ;show performance
estimates for a 14 ft long, 6.0 Qinch diameter PMA
retracting a 10,000 Ibm payload. A gas generator
burn of 6.0 Ib/sec for 0.20 seconds produces a
peak acceleration of 8.8 g and a AV of 18.8 ft/sec.
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Figure 7 Calculated Soﬂ Landing
of 10,000 ibm Payload
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With an initial descend rate of 26.7 fi/sec
(under two G-11 parachutes), descent rate is
reduced to less than 10 ft/sec for a period of 0.21
seconds. If the trigger initiates at between 3.7 and
1.9 (2.8 and 0.9) feet above the ground, the
resulting impact will be less than 10 ft/sec.

DYNAMIC TESTING

A dynamic test was also conducted using a
300 Ib torso dummy and a 1.05 inch diameter, 16
ft long PMA. The test setup is shown in the photo
of Figure 8, with the dummy at the top of its
trajectory. '

Figure 8 Dynamic Test with 300 Ibm

The dummy was lifted off the ground by rapid
inflation from a reservoir tank that had initial
pressures varying from 25 to 150 psig. The flow
into the PMA was slowed by pipe losses compared
to an integrated gas generator, but the contraction
was still strong and rapid. PMA tension loads
were measured and are plotted in the graph of
Figure 9.
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16 ft Pneumatic Muscle Dummy Pick-up Tests

test: 12 Dec 97
plot: 15 Dec 97
plot by: BHN
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Figure 9 Force Curves from Dynamic Tests

FINITE ELEMENT MODELING OF PMAS

The ability to predict PMA performance and
behavior with a high fidelity model is desirable for
the prediction of forces applied to the load, the
effects of end caps on performance, varying
material properties, static shapes under loads,
force histories, and other real effects not included
in the basic force equation.

A finite-element-based structural dynamic
(SD) model is utilized to model PMA statics and
dynamics. The software known as “TENSIONg”
has many features that make it especially useful
for modeling fiber reinforced membrane structures
like PMAs. The TENSION9 theory with airdrop
system modeling examples are described in detail
in other works®*. TENSIONO is also being- applied
to model controllable round and cross canopy
airdrop systems where a PMA control actuator
could deform the canopy system and produce
glide®. The code is coupled to a pre and post
processing software suite written in Matlabry. A
module to “build® PMA models has been
constructed for easy assembly of PMA “unit cells”
and duplication of the unit cells into PMA
structures.

In addition, the TENSIONY software has
recently added a user-defined, rotated-coordinate-
system feature which allows the user to build a
single column of PMA unit cells to model a “sliver”
of the PMA’s circumference in detail down to
every fiber in the braid but at significantly lower

computational cost. Simulations with this option
are ongoing and will not be reported in detail here.
A one-inch diameter, 15-foot long, quarter-
symmetry PMA model is presented here as an
example (Figure 10).

INITIAL GEOMETRY OF PMA PINNED TOP IEW

Figure 10 FEA model of PMA

For this 1 inch diameter model, the overall
length is 15 feet (close to the pull up experiments)
and the weight applied to the base is equivalent to
a total payload weight of 250 pounds. In this
case, the model’s circumference contains 5 unit
cells while the length is 307 unit cells long. The
total model contains 1535 unit cells. This equates
to 3,383 node points and 12,286 elements (6,140
two-noded cables, 6,140 3-noded membranes and
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6 concentrated mass clements). The model is
initially unstretched and both an intenal pressure
of five psi and gravity are “turned on” at the start
of the simulation. The pressure is increased from
five psi to 50 psi over the first 0.1 seconds and
then held at 50 psi for the duration of the
simulation. A small quantity of mass-proportional
damping is used throughout the simulation. This is

used to assist in numerical stability and simulate a -

small amount of damping in the fiber braid
material which may be modeled with two-noded
dampers in the future.

Seloctod PMA Vortical Displacemants Versus Time: 22013

4

05 1 15 2 25 3 85 4 45 §

e i

Figure 11 FEA dynamic results

Additional features that;, may be added
include Kink and/or fold elements applied to model
the friction effects of the membrane/fiber and
fiber/fiber interactions. In addition, utilization of a
membrane wrinkling model could be applied to the
inner liner membrane (see: ref 5 for more
information on  specialized features of
TENSION9). The simulation: is run for five
seconds in real time. ;

The time history of a payload node and
velocity in the vertical direction are shown in
Figure 11. The simulation predicts a damped
oscillation as expected with the first “peak” being
of primary interest in this simulation. The model
predicts a payload vertical pull of nearly six feet
(over 70 inches) during the first peak. The other
nodes follow the same trend: as expected and
witnessed during the real tests. The velocity of the
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payload reaches well over 'ﬁ1 feet/second (over
130 inches/second).

The end cap shape at the top of the PMA is
shown in Figure 12 at a time of five seconds (the
final time of the simulation). The shape appears
as expected based on static tests conducted with
the one inch diameter PMA. -

These results are relatively close to those
obtained experimentally considering the crude
material properties utilized and the simplified
loading applied. The model also predicts the
accelerations (G-forces) applied to the payload,
the time dependent forces experienced by the
fibers in the model and the stresses experienced

- in the liner membrane. The model has many

assumptions including: a) The membrane and
fibers are attached to each other and relative
sliding is not included, b) The fiber braids are
“pinned” to each other throughout the simulation,
¢) For the symmeiry models, only symmetric
effects are modeled (full 3D models can be used
but they require more computational time), d) The
frictional effects are approximated, e) The applied
pressure is linearly ramped to a constant level and
is kept constant during the oscillations, f) The
material properties are approximated and
assumed to be linearly elastic (the fiber Young’s
Modulus has a significant effect on resuits).

Continued simulation of PMAs is.ongoing. A
“wedge” model utilizing higher order PMA unit
cells has been constructed to model the large six
inch diameter PMA pull tests and static tests.

FINAL GEOMETRY OF PIA PINNED TOP VIEW
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(c)1999 American Institute of Aeronautics & Astronautics

These pull tests and concurrent modeling efforts
should be completed during the summer of 1999.
These models are expected to assist engineers in
designing and utilization of PMAs. As
demonstrated, end cap effects can be modeled.
PMA simulations should assist in the prediction of
changing material types (braid material or liner
material), dimensional and scaling changes, soft-
end-cap designs, maximum effective loading and
the effect of over-pressure on PMA stiffness, PMA
responses to limited or no internal pressure, and
many other features. The TENSIONS software
suite has demonstrated the ability to model PMA
structures and this modeling will continue as the
program develops. The software can be applied
for predicting the dynamic and static behavior of
many fiber reinforced membrane structures.

LARGE MUSCLE TESTING

At the time this paper is being written, a
large, 6-inch-diameter PMA has been construcied
for testing (Figure 13). The purpose is to
demonstrate the manufacturing technology
needed for large PMAs and the force generating
capability needed for soft landing of vehicles.
Force in excess of 100,000 Ibf is expected from
this test article. Tests will be conducted using a

Test

Figure-;l-a Large N_luscl

large crane at the U.S. Army Soldier Systems
Center (Natick).

 Figure 14 contains the preliminary results of
an initial slow lift experiment conducted on the 6-
inch diameter PMA. The graph shows the
response of the PMA length contraction as a
function of the applied internal pressure for a 2100
Ib payload. The initial length measured between
the PMA end caps was 185 inches for this
payload.

PMA Actuator 2100 Lb Lift Test
Results
;‘-'? 190
g 185
S 1807 \
o 175 1
§ 170 . ; .
|
0 5 10 15 20
Internal Pressure (psig)

Figure 14 Preliminary Results of Lift Test

CONCLUSIONS

Pneumatic muscle actuators (PMAs) have a
high potential for use in advanced recovery
systems. Applications may include the following:

+ Landing impact reduction for cargo and
personnel;

Parafoil steering and flare; and

Parachute trajectory control.

+
+

A force equation has been derived for the
ideal PMA and validated by static testing. Static
testing also provides a measure of the efficiency
of actual PMAs. Finite element analysis is being
applied to develop a more general tool for
predicting performance with elastic resistance and
end effects.

The work reported is at an early stage.
Continuing work will include correlation of
measured performance with the predictions of the
simulation tools under development.
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