





For the position and angular velocity states, the derivatives are angular velocity
and angular acceleration. Setting these derivatives to zero, we have:
i (3.46)

' LIEICLD) 1 (3.47)

where the I' and I* denote the equilibrium conditions. Equilibrium occurs when:
5 = 6 = 0 because the system is neither moving nor accelerating. My can be written as
a function of the displacement angle, §*, and the operating pressure of the agonist bundle.
For a given pressure, the equilibrium displacement angle can be found in MATLAB
using a numeric solver.

Although these equations of motion are sufficient for estimating the quasi-static
and equilibrium behavior of the system, they would need to be improved to accurately
predict dynamic behavior. The system will experience viscous damping due to multiple
sources, including dynamic damping in the miniature PAMs, damping in the springs, and
frictional damping at the bell crank pivot points. The viscous damping coefficient for the
system is difficult to predict due to the number of contributing sources. Because damping
is traditionally incorporated into the model with a —c& term, where ¢ is the rotational
friction or damping coefficient, damping is zero at the equilibrium condition when § = 0.
Thus, damping can be reasonably ignored in the prediction of quasi-static steady-state
behavior for the system.

There are additional considerations that would need to be incorporated into a
model for the dynamic behavior of the pneumatic actuator and the dynamic behavior of
the system. Kang et al. (2009) proposed a model for the dynamic modeling of the

actuation of PAMs that accounted for the airflow dynamics through pneumatic valve
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orifices and the thermodynamics of the air inside the bladder as the actuation pressure
fluctuates. Robinson et al. (2014) developed a dynamic model for the pneumatic
actuators that accounted for the compressibility of air, heat transfer in the system valves,
PAM volume fluctuation during actuation, and the PAM deadband pressure. Woods ef al.
(2014) developed a dynamic model for an antagonist pair bidirectional actuator for
trailing edge flap control. The model incorporated a spool valve mass flow rate model, a
tubing loss model, the PAM model (including an internal PAM pressure model, PAM
internal air volume model, and the PAM force model), the system geometry and
kinematics, and the flap dynamics equation of motion with inertia, stiffness, and damping

terms.

3.4.2. Hysteresis

As discussed in Section 3.3.3, the equilibrium angle and antagonist bundle force
vary depending on whether the agonist bundle is being pressurized or depressurized. This
is a consequence of the hysteresis in the PAM performance data due to internal friction in
the miniature PAMs (Chou and Hannaford 1996, Davis and Caldwell 2006). From Fig.
3.12, the hysteresis accounts for approximately a degree of difference between the
pressurization and depressurization quasi-static equilibrium angles at 276 kPa (40 psi).
Therefore, using the average miniature PAM agonist model developed in Section 2.3.1
and the antagonist model developed in Section 3.2.2 to predict the actuation behavior of
miniature PAMs will cause the bidirectional actuator model under predict the antagonist
force and over predict the agonist force as the system is pressurized. Each PAM
contributes up to a 5 N (1.1 1b) magnitude variation in its agonist and antagonist force

when the experimental data with the hysteresis is compared to the model of the average
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miniature PAM force. With blocked forces in the 55 N (12.4 1b) range at a maximum
pressure of 621 kPa (90 psi), this force variation between the model and experimental
data with hysteresis is significant when each PAM in the agonist and antagonist bundle is
contributing to the total error in force predicted by the model.

To better predict the behavior of the bidirectional actuator, the models of the
individual miniature PAMs are updated to account for hysteresis. Hocking and Wereley
(2013) modeled the friction force as:

Fp = —kp(Fpay) sgn(v) (3.48)
where kg is a friction coefficient, Fpaym 1s average miniature PAM force without friction,
and v is the velocity. The total PAM force is F = Fpam + Fr. The velocity is positive
during contraction (the unloading portion of the curve), so the friction force decreases the
overall miniature PAM force. During extension, the velocity is negative (the loading
portion of the curve) and the friction force increases the overall miniature PAM force.

The agonist hysteresis is well predicted by varying the friction coefficient as a
function of pressure as:

kr =—0.001P + 0.22. (3.49)

The results are presented in Fig. 3.18 for the four miniature PAMs included in the
agonist bundle. This model is worse in the free contraction region; however, the high
passive stiffness of the antagonist bundle should prevent the system from achieving a

high enough displacement angle to operate in the more poorly predicted regions.
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Figure 3.18. Model of agonist actuation behavior of miniature PAMs: the Gaylord Force

(Fg) plus the Nonlinear Force Balance Model (Fnirg) plus the Friction Force (Fr) plotted

versus the experimental data (F) and average experimental data (Favg) at 138, 276, 414,
and 552 kPa (20, 40, 60, and 80 psi).

The antagonist hysteresis for the unpressurized miniature PAMs is well predicted

by assuming a constant friction coefficient of kr = 0.12. The results are presented in Fig.

3.19 for the four miniature PAMs included in the antagonist bundle. Although the model

still under predicts the force during the loading portion of the hysteresis curve at lower

extensions, the friction coefficient was chosen to better predict the experimental data at

higher extensions.
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Figure 3.19. Model of the antagonist actuation behavior of unpressurized miniature
PAMs: the Gaylord Force (Fg) plus the Nonlinear Force Balance Model (Fxirs) plus the
Friction Force (Fr) plotted versus the experimental data (F) and average experimental
data (Fave).

3.4.3. Spring Forces

The current model only predicts the equilibrium behavior for the system without
any externally applied forces. The system was designed to attach spring forces to the bell
crank to provide an additional applied moment to resist angular displacement. The model
needs to be updated to incorporate the effect of the springs on the equilibrium angle and

forces.
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As seen in Fig. 3.20, as the displacement angle, 8, changes, the lengths and
moment arms of the springs also vary. The calculations of the spring lengths and
effective moment arms are similar to the calculations for the displacement and effective

moment arms of the agonist and antagonist bundles.

=

Xy

Spring Spring
(Agonist side)  (Antagonist side)

Figure 3.20: Dimensioned sketch of the applied torques due to spring forces in a
bidirectional PAM actuator with a bell crank lever mechanism.
For the spring attached to the agonist arm of the bell crank (spring #1), the
constant, known system parameters are the offsets of the spring mounting points from the
bell crank pivot point in the x-direction and y-direction (X and ys) for each spring, as

well was the angle ¢y between the x-axis and the initial lever arm of the bell crank.
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During angular displacement of the system, the angle, y, between the x-axis and

the active lever arm is found by subtracting the system displacement angle, 6, from ¢:
Y =¢y—0. (3.50)
The displacements of the agonist bell crank pivot point from the spring mounting

point in the x-direction and y-direction (X and y;) are determined as follows:

cos (1)

Xg =x0ffm—xoff (351)
sin(y))
Vs = TXoff Cosldha) * Yorr- (3.52)

The corresponding spring length (L) is:

Ly =/x2 +y2. (3.53)
The angle between the active lever arm and the axis of the effective moment arm

(Refr) for the spring force is determined by:

6 =1 — atan (x—d) (3.54)

Ya
The corresponding effective moment arm is:

cos (8)

Reff = xoff m (355)

The length and effective moment arm of the spring attached to the antagonist half
of the bell crank (spring #2) are found using a similar approach. The angle, y, between
the x-axis and the active lever arm is found by adding the system displacement angle, o,
to do:

W = o + 6. (3.56)
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The displacements of the antagonist bell crank pivot point from its spring

mounting point in the x-direction and y-direction and the spring length are determined as

follows:
cos (¥)
Xg = Xoffm—xoff (357)
sin (1)
Vs = —Xoff cos (b0 + Yorr (3.58)

Ly =/x2 +y2. (3.59)
The angle between the active lever arm and the axis of the effective moment arm

(Refr) for the spring force and the moment arm are determined by:

0 =1 — atan (;—d) (3.60)
d
Resy = xopy 218 (3.61)
eff = Xoff cos(do)’ :

The spring force for each spring is:
Fs = k(Ls — Lo) (3.62)
where L is the unstretched length of the spring.
An updated free body diagram is provided in Fig. 3.21. With the springs included
in the system, the total moment is updated to include the additional moments due to the

spring forces. Now, summing of the moments about the pivot point yields:

MO,tot = FaReff,a - FpReff,p - Fiseff,sl + FszReff,sz- (3-63)
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agonist

Figure 3.21. Free body diagram for bidirectional actuator with bell crank mechanism and
extension springs.

To find the equilibrium angle, §*, of the system for a given actuation pressure, the
angular acceleration of the system is set equal to zero and numerically solved for the
equilibrium displacement angle using the updated expression for My, which is a

function of the actuation pressure and displacement angle:

v MO,tOt(P'a*) _ 0

5 (3.64)
IO

3.4.4. Comparison of Model to Experimental Results

The experimental data and model predictions for the equilibrium angle and
corresponding agonist and antagonist bundle forces at pressures of 20, 40, 60, and 80 psi
are provided in Tables 3.4-5. The model predictions are provided for the model
developed using the original miniature PAM force model of the average experimental
data without the corrections for hysteresis, and for the model developed using the updated

miniature PAM force model to account for the hysteresis.
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Table 3.4: Equilibrium angle versus agonist bundle actuation pressure determined
through experiment and predicted through modeling with and without considering the
hysteresis in the miniature PAM actuation behavior.

Pressure Equilibrium Angle
(psi) )
Nominal Experiment Model
Without hysteresis With hysteresis
80 5.7 6.0 5.5
60 4.8 5.2 4.8
40 3.7 4.1 3.8
20 2.1 2.5 2.5

Table 3.5: Equilibrium agonist and antagonist bundle forces versus agonist bundle
actuation pressure determined through experiment and predicted through modeling with
and without considering the hysteresis in the miniature PAM actuation behavior.

Pressure  Equilibrium Agonist Bundle Force  Equilibrium Antagonist Bundle Force

(psi) (Ib) (Ib)
Nominal Experiment Model Experiment Model

Without With Without With
hysteresis hysteresis hysteresis  hysteresis

80 16.7 18.6 16.9 17.6 21.7 19.5

60 12.5 13.0 11.7 12.8 14.9 13.2

40 8.0 7.1 6.3 7.8 8.0 7.0

20 4.0 1.3 1.1 3.7 1.3 1.1

When the nonlinear force balance model for the average miniature PAM actuation
behavior is used, the model of the quasi-static behavior of the bidirectional actuator over
predicts the equilibrium angle and the force values at equilibrium when compared to the
experimental results. Adding a friction term to account for the hysteresis and assuming
the agonist bundle operates on the unloading portion of the hysteresis curve and the
antagonist bundle operates on the loading portion of the hysteresis curve during
pressurization reduces the predicted equilibrium angle and corresponding equilibrium
force values closer to those determined through experimental testing. The following

results are presented for only the model with hysteresis correction.
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Even with the hysteresis model, the individual miniature PAM model force
predictions are less accurate at lower pressures, under predicting the experimental force
values. This likely explains why the model force predictions are lower and the
equilibrium angle is less accurate for the 20 psi case. Additionally, there is likely some
torsional friction in the system, especially at the bearing locations for the pivot shaft and
the pivot points on the bell crank. This torsional friction would resist the angular
displacement of the system, which would slightly increase the agonist force and decrease
the antagonist force at the equilibrium positions. The system may also not be starting at
an equilibrium angle of exactly zero degrees, but having a non-zero initial displacement
angle has a minimal effect on the results for small initial displacement angles.

The experimental data and model predictions for the equilibrium angle and bundle
forces for the system with springs are provided in Table 3.6. Here, the spring constant for
each spring was measured to be 4.55 Ib/inch and the resting length of each spring was 4.5
inches. As in the case without the springs, the model is worse at lower pressures. For the
60 and 80 psi cases, the model predicts the experimental equilibrium angle within 0.3
degrees and the corresponding equilibrium forces within 1.4 1b.

Table 3.6: Equilibrium angle and forces versus agonist bundle actuation pressure

determined through experiment and predicted through modeling for a bidirectional
actuator with springs providing an applied torque.

Pressure Equilibrium Angle Equilibrium Agonist ~ Equilibrium Antagonist
(psi) ) Bundle Force Bundle Force
(Ib) (Ib)

Nominal Experiment Model Experiment Model Experiment Model
80 5.0 52 16.4 17.7 16.0 15.9
60 4.1 4.4 12.4 12.4 11.7 10.3
40 2.9 34 8.1 7.0 7.3 4.9
20 1.3 2.2 4.0 1.6 3.5 0
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Experimental data was also collected with an initial extension in each bundle. To
update the model for this scenario, the initial force readings from the load cells in the
unpressurized system (F, = 1.5 1b, F, = 1.7 lb) were recorded. These readings were used
to estimate the initial extension in each bundle from their corresponding antagonist force
versus contraction models. When the bundle length at a given displacement angle is
calculated, the initial extension length is added to the resting length of the bundle before
the change in length at the given displacement angle is subtracted to find the current
length. The data for this case is provided in Table 3.7. This process increases the forces in
each bundle and reduces the equilibrium angle at each pressure from the experimental
results from Tables 3.4-5. Here, the model is predicts the experimental angle within 0.4
degrees at the higher measured pressures, and the corresponding forces within 1.8 Ib.

Table 3.7: Equilibrium angle and forces versus agonist bundle actuation pressure

determined through experiment and predicted through modeling for a bidirectional
actuator with an initial extension in the miniature PAM bundles.

Pressure Equilibrium Angle Equilibrium Agonist Equilibrium Antagonist
(psi) °) Bundle Force Bundle Force
(Ib) (Ib)
Nominal Experiment Model Experiment Model Experiment Model
80 5.1 4.7 18.7 20.5 235 23.2
60 43 4.1 14.2 14.8 17.4 16.4
40 3.2 3.2 9.6 9.0 11.5 9.8
20 1.8 2.0 5.1 3.4 5.8 3.6

Using the model for the bidirectional actuator, the equilibrium conditions of the
system are compared for different combinations of miniature PAMs operated at different
actuation pressures. In Table 3.8, each bundle is assumed to have eight miniature PAMs,
which are the eight miniature PAMs described in Table 3.1 that have been used

throughout this study. In the four active PAM case, the agonist bundle is assumed to be
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the agonist bundle specified in Section 3.3.3: miniature PAMs #2, 4, 7, and 8. In the two
active PAM case, the agonist bundle is assumed to be PAMs #4 and 8. The behavior for
each case will vary slightly depending on the combination of miniature PAMs included in
each bundle; however, the general trends should be consistent.

In Table 3.8, the equilibrium angle and corresponding forces are predicted using
the bidirectional actuator model for two energy equivalent cases. In the first case, eight
active agonist miniature PAMs actuated at half-pressure are expected to achieve an
equilibrium angle of 3.6°, compared to the 4.3° achieved by four active agonist miniature
PAMs actuated at full-pressure. Similarly, four active agonist miniature PAMs actuated
at half-pressure are expected to achieve an equilibrium angle of 3.3°, compared to the
3.7° achieved by two active agonist miniature PAMs actuated at full-pressure. The
bidirectional actuator system can achieve higher deflection angles when operated at
higher pressures in energy equivalent configurations because there are fewer energy
losses in the system. The corresponding equilibrium forces are higher when the agonist
bundles are operated at higher pressures.

Table 3.8: Equilibrium angle and forces versus agonist bundle actuation pressure and
number of active agonist miniature PAMs for energy equivalent configurations.

No. No. Pressure Equilibrium  Equilibrium Equilibrium
Agonist  Antagonist (psi) Angle Agonist Antagonist
PAMs PAMs “) Bundle Force Bundle Force
(Ib) (Ib)
8 8 40 3.6 10.5 11.6
4 8 80 4.3 19.4 21.7
4 8 40 33 7.2 7.8
2 8 80 3.7 11.2 12.3
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3.5. Conclusions

PAMs are unidirectional actuators that can be operated in an antagonistic pair
configuration to produce bidirectional motion. This study considered the antagonist
behavior of a bundle of miniature PAMs and the quasi-static behavior of two bundles of
miniature PAMs in an agonist-antagonist configuration. The antagonist behavior of a
bundle of miniature PAMs can be modeled by summing the force versus contraction
profiles of the individual miniature PAMs included in a bundle after applying a shift in
the curves based on the length variations between the miniature PAMs in the bundle. This
model applies to both agonist and antagonist behavior. The percent error for the ideal
model, generated by summing the actuation behavior of the individual miniature PAMs
without applying the shift to account for length variations, and the percent loss from the
ideal model to the corrected model are much higher for antagonistic behavior than the
agonistic behavior due to the high passive stiffness of PAMs as they are extended past
their natural resting length.

In this study, a bidirectional actuator was designed to allow for the
characterization and modeling of the bidirectional behavior of two bundles of miniature
PAMs operated in an agonist-antagonist configuration. Pressure, angular displacement,
agonist bundle force, and antagonist bundle force data were collected during the quasi-
static operation of the bidirectional actuator. The quasi-static behavior was modeled using
system geometry, with a modification to account for the different lengths of each PAM in
the bundle when one bundle plate is held fixed and the other is allowed to rotate.
Additionally, the individual miniature PAM models of the agonist and antagonist

behavior were updated to account for the hysteresis in the miniature PAM experimental
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data. The force variations due to this hysteresis account for a significant portion of the
total bundle forces at the low-force operating range of the bidirectional actuator
considered here.

A given angular displacement of the actuator corresponds to a specific contraction
of the agonist bundle and extension of the antagonist bundle, which in turn correspond to
specific agonist and antagonist force values for each bundle. The force versus contraction
profiles of the bundles are functions of the force versus contraction profiles of the
individual miniature PAMs in the bundles and the variation in lengths of the miniature
PAMs in the bundle. The consideration of energy equivalent configurations illustrated the
efficiency benefits of operating the fewest number miniature PAMs, at higher operating
pressures, necessary to achieve a desired force or deflection.

Due to the high passive stiffness of PAMs as they are stretched passed their
natural resting length, the achievable system deflection is limited, so researchers have
looked into methods of improving the range by choosing appropriate mechanism through
with PAMs generate the system deflection and by introducing a bias contraction and
pressure. To improve the performance of the bidirectional actuator considered here, the
dimensions of the bell crank mechanism could be optimized, and a bias contraction could
be introduced to the system. A bias pressure would then be needed to ensure joint
stiffness. Improvements to the miniature PAM fabrication process to reduce the length
variation in the miniature PAMs would correspond to an increase in both the agonist and
antagonist forces at a given contraction or extension.

The next step in the research should be to conduct dynamic testing of the

bidirectional actuator to see how the agonist-antagonist configuration of two bundles of
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miniature PAMs performs dynamically. Some necessary modeling considerations to
predict this dynamic behavior would include the airflow dynamics and heat transfer at the
valve orifices, the thermodynamics and compressibility of the pressurized air inside the
PAMs during actuation, and the losses, inertia, stiffness, and experimentally-determined

damping in the system (Kang et al. 2009, Robinson et al. 2014, Woods et al. 2014).
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4. Space Qualified Pneumatic Artificial Muscles

4.1. Introduction

4.1.1. Application of PAMs to Space Robotics

Pneumatic artificial muscles (PAMs), or McKibben artificial muscles, are
lightweight, naturally compliant actuators that behave like human muscles. A PAM
consists of bladder made from elastomeric tubing, surrounded by a braided sleeve, and
sealed with an end fitting attachment at each end. When pressurized through one of its
two end fittings, a PAM expands radially and contracts axially, generating a pulling force
in the axial direction. PAMs produce their maximum force when held at their resting state
(blocked force) and zero force after being allowed to fully contract to their actuated state
(free contraction). Figure 4.1 shows a PAM being held at its blocked force and free
contraction states.

PAMs are used in robotic manipulators, including robotic hands (Boblan et al.
2003, Rothling et al. 2007), arms (Tondu et al. 2005, Robinson et al. 2011), and legs
(Colbrunn 2000, Vermeulen 2006). Researchers have developed pneumatically actuated
power assist devices for hand gripping (Sasaki et al. 2004, Tadano et al. 2010, Wu et al.
2010) and arm actuation (Ying et al. 2007), which could be applied to improve the
mobility of hands and arms in pressure suits (Salmoiraghi and Akin 2012). Pillsbury et al.
(2015) considered the use of miniature PAMs to pneumatically power an extra-vehicular
activity (EVA) glove exoskeleton to improve the dexterity of astronauts wearing EVA

gloves.
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(a) Blocked Force (b) Free Contraction

Figure 4.1: The blocked force and free contraction states of a PAM with a Latex Rubber
Tubing (17 OD, % ID) bladder and Kevlar (1.5” nominal OD) braided sleeve.

There are numerous applications for robotics in space, examples of which include
rovers, the Space Shuttle Robotic Manipulator System, and the International Space
Station Mobile Servicing System. A review of space robotics is provided by Wilcox et al.
(2006). However, little prior research has been completed on the use of PAMs as

actuators for space robotics.
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Key benefits of PAMs include their high power-to-weight ratios and specific
work at low actuation pressures (Chou and Hannaford 1994, Robinson et al. 2011, Vocke
et al. 2012). PAMs have a simple structure that can be assembled from commercially
available materials. Additionally, PAMs have been endurance-tested for over 120 million
loading cycles with minimal wear and without any noticeable performance degradation
(Woods et al. 2012). Although the range of acceptable bladder and braided sleeve
materials would be limited for space-qualified PAMs, the high power-to-weight ratios
and specific work offer potential weight-savings benefits over traditional electric motors.
Additionally, the excellent durability and fatigue-resistance properties of PAMs would be

beneficial for longer duration space robotics missions.

4.1.2. Space Qualified Materials

To utilize PAMs in space robotics, researchers must determine the appropriate
choice of space-qualified materials for the components of PAMs. An overview of the
necessary considerations when selecting materials for use in space is provided by
Finckenor and de Groh (2015) in Space Environment Effects from the International Space
Statin Researcher’s Guide Series published by the NASA ISS Program Sciences Office.
Materials in space are exposed to vacuum, radiation, atomic oxygen, thermal cycling,
contamination, and impacts from debris. NASA maintains a handbook that overviews the
appropriate measures for conducting material testing at ground facilities: GEVS-SE Rev
A General Environmental Verification Specification for STS & ELV Payloads,
Subsystems and Components.

The vacuum in space will cause outgassing, or the release of gasses trapped in

materials, which can result in contamination of other nearby surfaces (Finckenor and de
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Groh 2015). NASA’s Materials and Processes Technical Information System (MAPTIS)
includes the Materials Selection Database and Satellite Contamination and Materials
Outgassing Knowledgebase, which provide information on low outgassing materials with
testing results from ASTM ES595, Standard Test Method for Total Mass Loss and
Collected Volatile Condensable Materials from Outgassing in a Vacuum Environment,
and ASTM E1559, Standard Test Method for Contamination Outgassing Characteristics
of Spacecraft Materials.

In space, materials are exposed to extreme temperatures and thermal cycling. The
range of temperatures and rate of cycling for a material depend on numerous factors,
including its orbit, thermo-optical properties, time exposure to sunlight and shadow, and
it’s views of the Sun, Earth, and other spacecraft surfaces (Dever ef al. 2005). Dever et
al. (2005) provide a review of the effects of thermal cycling on different materials.

Atomic oxygen is abundant in low Earth orbit (LEO). It is formed through
interactions of diatomic oxygen with short-wavelength ultraviolet radiation from the sun,
and survives in the low atmospheric density environment of LEO. Atomic oxygen can
cause significant erosion and degradation of materials. Protective coatings, when applied
correctly to minimize the chances of contamination or cracking, can help protect
materials from interaction with atomic oxygen (Banks et al, 2004). ASTM E2089,
Standard Practices for Ground Laboratory Atomic Oxygen Interaction Evaluation of
Materials for Space Applications, provides guidelines for ground laboratory analysis of
material interaction with atomic oxygen.

In the following study, the actuation behavior of PAMs assembled from candidate

bladder and braided sleeve materials for use in space are characterized. This work is
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being done in conjunction with materials selection and mass loss testing conducted at the
Naval Research Laboratory in Washington, DC. The goal of the present research is to
assess whether PAMs assembled from candidate space qualified materials are able to
handle the loads and performance requirements for space robotics, and to compare the
relative actuation performance of different bladder and braided sleeve materials.
Additional mass loss testing, temperature range evaluations, and thermal cycling would

need to be conducted to further assess the space qualified nature of the PAMs.

4.2. Bladder Comparisons

Our research group has previously used the Super-Soft Latex Rubber Tubing and
Kevlar Braided Sleeve (1420 Denier Kevlar 49) as one of our standard pairs of bladder
and braided sleeve for pneumatic artificial muscles. To assess the performance of
candidate space qualified bladder and braided sleeve materials, a Latex Rubber Tubing
bladder with a 1” outer diameter and a %2” inner diameter is used as the reference bladder
and a Kevlar Braided Sleeve with a 1.5” nominal outer diameter is used as the reference

braided sleeve. A picture of the reference PAM is provided in Fig. 4.2.

Figure 4.2: PAM with a Latex Rubber Tubing (1” OD, % ID) bladder and Kevlar
(nominal 1.5 OD) braided sleeve.
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The bladder materials compared in this study are listed in Table 4.1. The first
entry is the standard bladder material for reference. The additional materials compared
are Viton Fluoroelastomer Tubing and Pharma-50 Silicone Tubing. The Viton
Fluoroelastomer Tubing was tested for two different outer diameters and thicknesses: 17
outer diameter with a 1/8” wall thickness and a 7/8” OD with a 1/16” wall thickness. The
Pharma-50 Silicone Tubing had a 7/8” OD and a 1/8” wall thickness. Both candidate
materials had slightly higher Shore Hardness values than the standard Latex Tubing, but
were still sufficiently soft to utilize as PAM bladders. A picture of the bladder materials
is provided in Fig. 4.3. Other bladder materials considered included Tygon Tubing,
Platinum-Cured Silicone Tubing, and Platinum-Cured BioPharm Silicone Tubing.

However, these materials were too stiff to use as bladders for PAMs.

Table 4.1: Bladder Materials.

Material OD ID Shore Hardness Temperature
(in.) (in.) Range (°F)
Latex Rubber Tubing 1 3/4  Soft (Durometer 40A) 0—150°F

Viton Fluoroelastomer Tubing 1 3/4  Soft (Durometer 60A)  -10-400 °F
Viton Fluoroelastomer Tubing  7/8 3/4  Soft (Durometer 60A)  -10—400 °F
Pharma-50 Silicone Tubing 7/8 5/8  Soft (Durometer S0A) -60 — 460 °F

(a) Latex (b) Viton (7/8” OD) (c) Viton (1”7 OD) (d) Pharma-50

Figure 4.3: Bladder materials.
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Each PAM was assembled from a Kevlar Braided Sleeve with a 1.5” nominal
outer diameter. The braided sleeve was pulled tight over the bladders during assembly to
maximize the braid angle and resulting blocked force of the PAMs. The braided sleeve,
bladder, and end fittings were attached with epoxy and hose clamps. The properties for

each PAM are provided in Table 4.2.

Table 4.2. Properties of PAMs used in bladder comparison.

Bladder Material Resting  Braid Angle Blocked Free
Length Prediction Force @ Contraction
(in.) °) 90 psi @ 90 psi

(Ib) (%)

Latex Rubber Tubing 7 13/16 69 954 30.4
(170D, % ID)

Pharma-50 Silicone Tubing 77/8 71 958 26.4

(7/8” OD, 5/8” ID)

Viton Fluoroelastomer Tubing 73/4 68.5 898 22.1
(170D, % ID)

Viton Fluoroelastomer Tubing 77/16 70.5 1059 30.8

(7/8” OD, ¥ ID)

The average length of the four PAMs used for the bladder comparison is 7 7/32
in. with a standard deviation of 0.1943 in. Kothera et al. (2009) showed that the blocked
force and free contraction ratios are independent of length (free contraction increases
linearly with length). Thus, for the small variation in lengths considered here, the
experimental results are comparable. A significant variation in lengths could affect the
experimental results due to the non-cylindrical shape of the PAMs near the end fittings—
the tip effects would have a more significant influence on PAM actuation behavior for
shorter PAMs.

Quasi-static testing was completed in 15 psi increments from 30 to 90 psi.

Displacement and force data were collected using a 22 kip MTS servo-hydraulic test
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machine. Data was collected for each PAM over the course of three complete cycles from
its blocked force state to its free contraction state and back to its blocked force state. The
force versus contraction profiles for each of the four PAMs are provided in Figs. 4.4-6.
Additionally, the average experimental data from testing at 60 and 90 psi are provided in
Fig. 4.7.

The 7/8” OD Viton Fluoroelastomer Tubing had the best performance with the
highest blocked force and free contraction values. The Latex Rubber Tubing and Pharma-
50 Silicone Tubing both had similar blocked force performance, with approximately a
10% reduction in total blocked force at 90 psi from the 7/8” OD Viton Fluoroelastomer
Tubing. The 17 OD Viton Fluoroelastomer Tubing performed worst, with a 15%
reduction in total blocked force at 90 psi. The Latex Rubber Tubing achieved comparable
free contraction values to the 7/8” OD Viton Fluoroelastomer Tubing at higher pressures,
while the Pharma-50 Silicone Tubing and the 17 OD Viton Fluoroelastomer Tubing
achieved less free contraction. The Pharma-50 Silicone Tubing had a free contraction
14% less than that 7/8” OD Viton Fluoroelastomer Tubing, while the 17 OD Viton

Fluoroelastomer Tubing achieved 28% less free contraction.
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Figure 4.4: Experimental data for the force versus contraction profiles of pneumatic
artificial muscles with a Latex Rubber (17 OD, %4 ID) bladder and a Kevlar (nominal
1.5” OD) braided sleeve.
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Figure 4.5: Experimental data for the force versus contraction profiles of pneumatic
artificial muscles with a Pharma-50 Silicone (7/8 OD, 5/8” ID) bladder and a Kevlar
(nominal 1.5 OD) braided sleeve.
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Figure 4.6: Experimental data for the force versus contraction profiles of pneumatic
artificial muscles with a (a) Viton Fluoroelastomer (7/8” OD, % ID) and (b) Viton
Fluoroelastomer (17 OD, % ID) bladder and a Kevlar (nominal 1.5” OD) braided sleeve.
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Figure 4.7: Average experimental data for the force versus contraction profiles of

pneumatic artificial muscles with Latex, Pharma-50, and Viton (7/8” OD and 1 OD)
bladders and a nominal 1.5” OD Kevlar braided sleeve.
There is hysteresis the PAM data, which is a consequence of internal friction in
PAMs (Chou and Hannaford 1996, Davis and Caldwell 2006). The bottom half of each
curve is the unloading portion (from blocked force to free contraction) and the top half is
the loading portion (from free contraction to blocked force). A comparison of the
hysteresis in the PAM data for the different bladder materials at each test pressure, 30 —

90 psi is provided in Table 4.3. The data is compared using a hysteresis ratio, which is

determined as follows:

FC BF
F, ing Al + Floading Al
Hysteresis ratio = fB £ unloailcng fF ¢ loading (3.27)

fBF Funloading dl
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where BF is the blocked force state (zero contraction) and FC is the free contraction state.
Fioading 1 the force along the loading (upper) portion of the force versus contraction curve
and Fugloading 1S the unloading (lower) portion of the force versus contraction curve.

The data from the PAM with Latex Rubber Tubing bladder has the least amount
of hysteresis. The hysteresis in the Pharma-50 Silicone Tubing and the 7/8” OD Viton
Fluoroelastomer Tubing are comparable across the range of pressures, and the 1” OD
Viton Fluoroelastomer Tubing experienced the most hysteresis.

Table 4.3: PAM hysteresis data—bladder comparison with Kevlar braided sleeve
(nominal 1.5 OD).

Hysteresis Ratio

Bladder Material 30 psi 45 psi 60 psi 75 psi 90 psi
Latex Rubber Tubing 0.28 0.19 0.15 0.12 0.10
(1”7 OD, % ID)
Pharma-50 Silicone Tubing 0.44 0.28 0.22 0.19 0.17
(7/8” OD, 5/8” ID)
Viton Fluoroelastomer Tubing 0.85 0.52 0.34 0.27 0.25
(17 OD, %” ID)
Viton Fluoroelastomer Tubing 0.41 0.28 0.23 0.19 0.18

(7/8” 0D, % ID)

4.3. Braided Sleeve Comparisons

The braided sleeve materials compared in this study are listed in Table 4.4. The
first entry is the standard Kevlar braided sleeve with a 1.5” nominal outer diameter for
reference. The additional materials compared are Kevlar braided sleeve with a 27
nominal outer diameter, Vectran LCP braided sleeve with a 1.5 nominal outer diameter,
and Vectran LCP braided sleeve with a 2” nominal outer diameter. A picture of the

braided sleeve materials is provided in Fig. 4.8.
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Table 4.4: Braided Sleeve Materials

Material Nominal OD Denier Nominal Wall Thickness
Kevlar Braided Sleeve 1.5” 1420 0.012»
Kevlar Braided Sleeve 27 1420 0.011>
Vectran Braided Sleeve 1.5” 1500 0.020”
Vectran Braided Sleeve 27 n/a 0.040”

(a) Kevlar (1.5 OD) (b) Kevlar (27 OD) (c) Vectran (1.5” OD) (d) Vectran (2” OD)

Figure 4.8: Braided sleeve materials.

Each PAM was assembled with Latex Rubber Tubing with a 1” outer diameter
and a % inner diameter. Each braided sleeve was pulled tight over its bladder during

assembly to maximize the braid angle. The properties for each PAM are provided in

Table 4.5.

Table 4.5. Properties of PAMs used in braided sleeve comparison.

Braided Sleeve Material ~ Resting  Braid Angle Blocked Force Free Contraction

Length Prediction @ 75 psi @ 75 psi

(in.) ©) (Ib) (%)

Kevlar Braided Sleeve 7 13/16 69 800 30.2
(1.5” OD)

Kevlar Braided Sleeve 7 3/8 70 1220 31.3
(2.0” OD)

Vectran Braided Sleeve 73/4 72 1241 29.6
(1.5” OD)

Vectran Braided Sleeve 71/4 65.5 753 23.8
(2.0” OD)
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Quasi-static testing was completed in 15 psi increments from 30 to 75 psi. The
force versus contraction profiles for each of the four PAMs are provided in Figs. 4.9-10.
Additionally, the average experimental data from testing at 45 and 75 psi are provided in
Fig. 4.11. The PAMs assembled with 2” OD Kevlar and 1.5 OD Vectran braided sleeves
achieved similar performance and out-performed the PAMs assembled with the 1.5 OD
Kevlar and the 2” OD Vectran braided sleeves. The latter two PAMs achieved similar
blocked force readings; however, the 1.5 OD Kevlar PAM’s free contraction values
were comparable to those of the 2 OD Kevlar and 1.5 OD Vectran, while the PAM
with the 2” OD Vectran had the worst free contraction performance.

A comparison of the hysteresis in the PAM data for the different braided sleeve
materials is provided in Table 4.6. The data is compared using the hysteresis ratio from
Eqn. 3.1.

The hysteresis in the PAM with the 1.5” OD Kevlar braided sleeve was the
lowest, while the hysteresis in the 2” OD Vectran braided sleeve was the highest. The
hysteresis in the 2” OD Kevlar and 1.5” OD Vectran braided sleeves were comparable
and close to that of the 1.5” OD Kevlar braided sleeve.

Table 4.6: PAM hysteresis data—braided sleeve comparison with Latex Rubber Tubing
(170D, % ID) bladder.

Hysteresis Ratio

Braided Sleeve Material 30 psi 45 psi 60 psi 75 psi
Kevlar Braided Sleeve (1.5” OD) 0.25 0.18 0.15 0.12
Kevlar Braided Sleeve (2.0” OD) 0.31 0.20 0.17 0.12
Vectran Braided Sleeve (1.5 OD) 0.38 0.26 0.22 0.20
Vectran Braided Sleeve (2.0” OD) 0.56 0.39 0.35 0.35
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Figure 4.9. Experimental data for the force versus contraction profiles of pneumatic
artificial muscles with a (a) Kevlar (1.5” OD) and (b) Kevlar (2” OD) braided sleeves and
a Latex Rubber Tubing (1” OD, % ID) bladder.
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Figure 4.10. Experimental data for the force versus contraction profiles of pneumatic
artificial muscles with a (a) Vectran (1.5” OD) and (b) Vectran (2” OD) braided sleeves
and a Latex Rubber Tubing (17 OD, %4 ID) bladder.
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Figure 4.11. Average experimental data for the force versus contraction profiles of
pneumatic artificial muscles with Kevlar (1.5” and 2” OD) and Vectran (1.5 and 2” OD)
braided sleeves and a Latex Rubber Tubing (1” OD, %4 ID) bladder.

4.4, Pairing of the Top-Performing Bladder and Braided Sleeve Materials

4.4.1. Bladder and Braided Sleeve Materials

For the final PAM comparisons, the material used for the braided sleeve is 1500
Denier Vectran T97 with a 1.5” nominal OD. This braided sleeve was one of the top two
performing candidates from the braided sleeve comparisons and performed better than
the Kevlar braided sleeve during mass loss testing.

Each bladder from the bladder comparison performed well, except the Viton
Fluoroelastomer Tubing with the 1” OD and % ID. The Latex Rubber Tubing (1 OD,
% 1D), Pharma-50 Silicone Tubing (7/8” OD, 5/8” ID), and Viton Fluoroelastomer

Tubing (1” OD and 7/8” ID) are now paired with the Vectran braided sleeve. Here, the
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Viton Fluoroelastomer Tubing has a 1” OD and 7/8” 1D, which has the same thickness as
the better-performing Viton bladder from Section 4.2, but the same OD as the reference
Latex Rubber Tubing bladder. A summary of these bladder materials is provided in Table

4.7. A picture of the three bladder materials is provided in Figure 4.12.

Table 4.7: Bladder Materials.

Material ODb ID Shore Hardness Temperature
(in.) (in.) Range
CE)
Latex Rubber Tubing 1 3/4  Soft (Durometer 40A) 0to 150
Viton Fluoroelastomer Tubing 1 7/8  Soft (Durometer 60A) -10 to 400

Pharma-50 Silicone Tubing 7/8 5/8  Soft (Durometer S0A) -10 to 400

g -

(a) Latex (b) Viton (c) Pharma-50

Figure 4.12: Bladder materials

4.4.1.1. Latex Rubber Tubing

A picture of the PAM assembled with the Latex Rubber Tubing (1 OD, %" ID)
bladder and the Vectran (nominal 1.5 OD) braided sleeve is provided in Fig. 4.13. The
1500 Denier Vectran braided sleeve is thicker than the 1420 Kevlar braided sleeve of the
same outer diameter. This difference in thickness results in the braided sleeve being more

difficult to pull tightly over the bladder, so the resultant PAM has a slightly looser
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Vectran braided sleeve than the Kevlar braided sleeve shown in Fig. 4.2. However, the
nominal 1.5” OD Vectran is still a good fit for the 1” OD Latex bladder. Testing images

of the unpressurized PAM and the pressurized PAM at its blocked force and free

contraction states are provided in Fig. 4.14.

Figure 4.13: PAM with a Latex Rubber Tubing (17 OD, %2 ID) bladder and Vectran
(nominal 1.5 OD) braided sleeve.

r

! - - Y

"(é) Unpressuﬁz;d (b) Blocked Force (é) Free Contraction

Figure 4.14: Quasi-static testing of a PAM with a Latex Rubber Tubing (17 OD, % 1ID)
bladder and Vectran (nominal 1.5 OD) braided sleeve.
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4.4.1.2. Viton Fluoroelastomer Tubing

A picture of the PAM assembled with the Viton Fluoroelastomer Tubing (1 OD,
7/8” 1ID) bladder and the Vectran (nominal 1.5 OD) braided sleeve is provided in Fig.
4.15. Due to the non-cylindrical shape of the Viton bladder, as seen in Fig. 4.12, the PAM
has a non-cylindrical shape in its unpressurized state, and the fit of the braid is loose.
Testing images of the unpressurized PAM and the pressurized PAM at its blocked force

and free contraction states are provided in Fig. 4.16. The shape of the PAM becomes

cylindrical when pressurized.

Figure 4.15. PAM with a Viton Fluoroelastomer Tubing (1 OD, 7/8” ID) bladder and
Vectran (nominal 1.5 OD) braided sleeve.
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Figure 4.16: Quasi-static testing of a PAM with a Viton Fluoroelastomer Tubing (17 OD,
7/8” ID) bladder and a Vectran (nominal 1.5 OD) braided sleeve.

4.4.1.3. Pharma-50 Silicone Tubing

A picture of the PAM assembled with the Pharma-50 Silicone Tubing (7/8” OD,
5/8” ID) bladder and the Vectran (nominal 1.5 OD) braided sleeve is provided in Fig.
4.17. Because the outer diameter of the Pharma-50 tubing is smaller than that of the
Latex Tubing (17 OD), the braided sleeve is looser on the assembled PAM with the
Pharma-50 bladder. Testing images of the unpressurized PAM and the pressurized PAM
at its blocked force and free contraction states are provided in Fig. 4.18. Due to the
looseness of the braid, the bladder does expand some at the blocked force condition. This

would slightly reduce the PAM’s achievable blocked force.
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Figure 4.17. PAM with a Pharma-50 Silicone Tubing (7/8” OD, 5/8” ID) bladder and
Vectran (nominal 1.5 OD) braided sleeve.
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Figure 4.18. Quasi-static testing of a PAM with a Pharma-50 Silicone Tubing (1" OD,
7/8” ID) bladder and a Vectran (nominal 1.5 OD) braided sleeve.
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4.4.2. Experimental Results

A summary of the properties of the three PAMs used for testing is provided in
Table 4.8. The PAM with the Viton Fluoroelastomer Tubing (1”7 OD, 7/8” ID) bladder
failed at its free contraction state while being cycled at 75 psi. A hole formed in the
bladder along the natural fold of the Viton Fluoroelastomer Tubing. Because the failure
happened away from the end fittings, the explanation for the failure is likely that the
bladder was unable to handle the forces due to the pressurized air as a result of the
bladder thickness and weakness along the fold due to the non-cylindrical shape of the
tubing. Images of the failure are provided in Fig. 4.19. In the images, the braided sleeve

has been cut away to reveal the location of the bladder failure.

Table 4.8: Properties of PAMs used in bladder comparison.

Bladder Material Resting  Braid Angle Blocked Force  Free Contraction
Length Prediction @ 90 psi @ 90 psi

(in.) @) (Ib) ()

Latex Rubber Tubing 73/4 72.5 1530 31.8
(170D, % ID)

Viton Fluoroelastomer Tubing 73/4 n/a n/a n/a
(170D, 7/8” 1ID)

Pharma-50 Silicone Tubing 77/8 74 1776 29.3

(7/8” 0D, 5/8” 1D)

The force versus contraction profiles for each of the three PAMs are provided in
Figs. 4.20-22. Experimental data was collected at 30 — 90 psi for the Latex Rubber
Tubing (1” OD, %” ID) and the Pharma-50 Silicone Tubing (7/8” OD, 5/8” ID) bladders.
For comparison, a complete set of loading and unloading data is provided for the Viton
Fluoroelastomer Tubing (1”7 OD, 7/8” ID) bladder at 60 psi, and the single unloading

portion of the force versus contraction curve prior to the bladder failure is provided for 75
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psi. Additionally, the average experimental data from testing for the 60 and 90 psi cases
are provided in Fig. 4.23. While the PAM with the Latex bladder achieved slightly better
free contraction performance, by 2.5% contraction at 90 psi, the PAM with the Pharma-
50 bladder generated 246 Ib more force at its 90 psi blocked force state. The PAM with
the Pharma-50 bladder also tended to produce a larger force over a majority of the
percent contraction range relative to the PAM with the Latex bladder and the PAM with

the Viton bladder at 60 psi.

(b)

Figure 4.19: Viton Fluoroelastomer Tubing (17 OD, 7/8” ID) bladder failure.
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Figure 4.20. Experimental data for the force versus contraction profiles of pneumatic
artificial muscles with a Latex (1” OD, % ID) bladder and a Vectran (nominal 1.5” OD)
braided sleeve.
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Figure 4.21. Experimental data for the force versus contraction profiles of pneumatic

artificial muscles with a Viton (17 OD, 7/8” ID) bladder and a Vectran (nominal 1.5”
OD) braided sleeve.
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Figure 4.22. Experimental data for the force versus contraction profiles of pneumatic
artificial muscles with a Pharma-50 (7/8” OD, 5/8” ID) bladder and a Vectran (nominal
1.5” OD) braided sleeve.
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Figure 4.23. Average experimental data for the force versus contraction profiles of
pneumatic artificial muscles with Latex, Viton, and Pharma-50 bladders and a nominal
1.5” OD Vectran braided sleeve.
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A comparison of the hysteresis in the PAM data, for the bladder materials is
provided in Table 4.9, using the hysteresis ratio from Eqn. 3.1. There is less hysteresis in
the performance of the PAM with the Latex bladder than the PAM with the Pharma-50
bladder. Thus, the model of the average actuator behavior can better predict the actual
performance of the actuator for the PAM with the Latex bladder.

Table 4.9: PAM hysteresis data—bladder comparison with Vectran braided sleeve
(nominal 1.5 OD).

Hysteresis Ratio

Bladder Material 30 psi 45 psi 60 psi 75 psi 90 psi
Latex Rubber Tubing 0.37 0.24 0.20 0.18 0.17
(1”7 OD, %” ID)
Viton Fluoroelastomer Tubing n/a n/a 0.27 n/a n/a
(1”7 OD, 7/8” ID)
Pharma-50 Silicone Tubing 0.42 0.31 0.28 0.23 0.22

(7/8” 0D, 5/8” 1D)

The Mullins effect reveals another difference between the Latex and Pharma-50
bladders. The Mullins effect refers to the stress softening of a bladder material that occurs
as a bladder experiences new maximum loading conditions. As the PAM is cycled at
higher pressures, its blocked force and free contraction values increase until a steady state
is reached for a given maximum pressure (Diani et al. 2009, Hocking and Wereley 2013).

The Mullins effect for each bladder is demonstrated in Fig. 4.24. For each
bladder, the actuation profiles at 60 psi are provided after each PAM was cycled at 60 psi,
75 psi, and 90 psi in order of increasing pressure. The blocked force values increase
slightly as the maximum cycling pressure is increased. However, the PAM with Pharma-
50 bladder material experiences a much more significant increase in free contraction.
Therefore, the performance of a PAM with a Pharma-50 bladder will be more dependent

on the maximum loading conditions to which it has been previously exposed.
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Figure 4.24: Mullins effect: quasi-static experimental data at a pressure of (60 psi) after
cycling at (60, 75, and 90 psi).
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4.5. Conclusions

To assess the performance of candidate bladder and braided sleeve materials for
space-qualified pneumatic artificial muscles, three different bladder materials and two
different braided sleeve materials were compared using quasi-static testing. A PAM with
a Latex Rubber Tubing (17 OD, % ID) bladder and 1.5” OD Kevlar braided sleeve was
used as the reference PAM for comparing the performance of the other materials. The
Latex Rubber Tubing was compared to Viton Fluoroelastomer Tubing, with 1/8” and
1/16” thicknesses, and Pharma-50 Silicone Tubing, with a 1/8” thickness. The 1.5” OD
Kevlar braided sleeve was compared to a 2” OD Kevlar braided sleeve and a 1.5” and 2”
OD Vectran braided sleeve. The blocked force, free contraction, hysteresis, and general
force versus contraction behavior for each PAM were experimentally determined and the
results were compared.

The 1.5” OD Vectran braided sleeve was one of the top two performing braided
sleeves and the better candidate for satisfying outgassing requirements. Three additional
PAMs were made with this 1.5” OD Vectran braided sleeve and the Latex Rubber
Tubing, Viton Fluoroelastomer Tubing, and Pharma-50 Silicone Tubing. While the PAM
with the Viton Fluoroelastomer Tubing experienced a bladder failure during testing, the
PAM with the Pharma-50 Silicone Tubing achieved higher blocked force values than the
PAM with the Latex Rubber Tubing, and similar, although slightly lower, free
contraction values. However, the PAM with the Pharma-50 Silicone Tubing experienced
more hysteresis and a more significant stress softening of the bladder due to the Mullins

effect.
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In addition to assessing the performance of any additional bladder or braided
sleeve candidates, the next step will be to choose a bladder and braided sleeve
combination that meets NASA outgassing requirements and is able to achieve the
necessary performance for a robotic application. A swaged end fitting design will need to
be developed for the bladder and braided sleeve combination, which will ensure
improved actuator robustness. Kothera et al. (2009) present a PAM developed using a
swaging process in U.S. Patent No. 20090301292. Afterwards, burst testing, endurance
testing, temperature range evaluations, and thermal cycling can be conducted to further
assess the space-qualified nature of the PAM. Additional future design considerations

include shielding against radiation and atomic oxygen.
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5. Conclusions

5.1.  Summary of Research and Key Conclusions

For this thesis, the agonistic and antagonistic actuation behavior of a bundle of
miniature PAMs were experimentally characterized and modeled. These models were
used to motivate the application of a variable recruitment control strategy to a parallel
bundle of miniature PAMs as an attempt to mimic the selective recruitment of motor
units in a human muscle. The unidirectional bundle models were then used to develop a
model for a bidirectional actuator composed of an antagonistic pair of bundles of
miniature PAMs.

Additionally, full-scale PAMs were fabricated from candidate space qualified
bladder and braided sleeve materials. The actuation behaviors of the candidate space
qualified PAMs were determined through quasi-static testing, and the experimental
results were compared to determine which candidate space qualified materials could be
used to make PAMs that are able to achieve the necessary load requirements for space

robotics applications. The key results of this research are described as follows.

5.1.1. Variable Recruitment of Pneumatic Artificial Muscles

In this first study, the relationship between the application of a variable
recruitment control strategy to a bundle of miniature PAMs and the selective recruitment
of motor units in a human muscle is described. The fabrication, characterization, and
modeling procedures for an individual miniature PAM are described, and a new model is

presented to predict the quasi-static actuation behavior of a bundle of miniature PAMs
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that accounts for length variations of miniature PAMs in the bundle. The model provides
significant improvements in modeling accuracy from a simple summation of the
actuation behavior of the individual miniature PAMs in the bundle.

The experimental and modeling results are used to motivate the application of a
variable recruitment control strategy, through the comparison of energy equivalent
configurations and operating efficiency calculations. Additionally, the losses in system
efficiency due to length variations between miniature PAMs in the bundle demonstrate

the need for improved accuracy in miniature PAM fabrication techniques.

5.1.2. Antagonistic Pair of Bundles of Miniature Pneumatic Artificial

Muscles

The second study involved the development of a bidirectional actuator composed
of an antagonistic pair of miniature PAM bundles. The antagonistic actuation behavior of
a miniature PAM bundle was accurately modeled using the same modeling technique
applied for the agonistic behavior of a miniature PAM bundle to account for the variation
in active lengths of the miniature PAMs in the bundle. The improvements in the model
accuracy from a simple summation of the force generated by the individual miniature
PAMs were much more significant for the antagonistic bundle behavior than the agonistic
bundle behavior due to the high passive stiffness of PAMs as they are stretched past their
resting lengths.

Experimental testing of the bidirectional actuator revealed the need to account for
hysteresis in the miniature PAM data when developing a model to predict the actuation
behavior of the system. The results also highlighted the limited range of motion for

bidirectional actuators without including a bias contraction and corresponding bias
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pressure. A detailed outline of the system geometry and modeling approach is provided.
Additionally, the expected performance of energy equivalent configurations is compared
and the results support the conclusion from the unidirectional actuator study that it is
most efficient to operate the fewest number of miniature PAMs necessary to achieve a

desired performance objective by operating the active PAMs at higher pressures.

5.1.3. Space Qualified Pneumatic Artificial Muscles

In the third study, the benefits of developing PAMs from space qualified materials
for use in space robotics are presented. Testing is performed on a different bladder and
braided sleeve materials that are candidates for meeting space qualification requirements.
The actuation performance and properties, including blocked force, free contraction, and
hysteresis of the candidate bladder and braided sleeve materials were compared to the
performance of a reference PAM assembled from a standard Latex Rubber Tubing
bladder and Kevlar braided sleeve. The top-performing braided sleeve candidate was
paired with the top-performing bladder materials for additional testing, which included a

comparison of the stress softening of the bladder materials.

5.2.  Contributions to Variable Recruitment and Space Qualified PAM

Studies

The primary contribution of this research was the characterization and model
development for the actuation behavior of bundles of miniature PAMs. This work
advances current knowledge gained from previous variable recruitment studies by

expending the work to include PAMs on the miniature scale. This testing offered
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additional insights into modeling improvements that were less noticeable at the larger
scales considered previously.

The experimental characterization of a bundle of miniature PAMs demonstrated
the quasi-static actuation behavior of the bundle. The data revealed a nonlinear increase
in force as the number miniature PAMs increased, as well as a slight loss in force
generation due to inactive miniature PAMs in the bundles. The results also highlighted
the performance benefits of operating the fewest number of necessary miniature PAMs at
their highest operating pressure. A model was proposed to predict the agonistic force
generation and contraction behavior of a bundle of miniature PAMs by accounting for the
length and performance variations in the individual miniature PAMs included in the
bundles. The proposed model was able to better predict the actuation behavior of the
miniature PAM bundles than a simple summation of the individual miniature PAM
actuation behaviors, providing a significant improvement in the model accuracy.

The efficiency benefits of applying a variable recruitment control technique to a
bundle of miniature PAMs were predicted using the output mechanical work from the
models, as well as the estimated input energy at each operating pressure. The results
indicated that although there is the slight loss in system efficiency as more variation was
introduced into bundles through the addition of new miniature PAMs, this loss was
outweighed by the benefits of operating the fewest number of miniature PAMs in more
optimal pressure ranges. However, the need to minimize the physical variations in the
miniature PAMs included in bundles, through enhancements to the accuracy and

precision of the miniature PAM fabrication process, was demonstrated. Small reductions
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in the length variations within a bundle can provide significant improvements in bundle
force production and efficiency.

The antagonistic actuation behavior of bundles of miniature PAM were also
characterized and modeled using the same modeling technique by accounting for the
length and performance variations in the individual miniature PAMs included in the
bundles. The proposed model was able to better predict the antagonistic behavior of the
miniature PAM bundles than a simple summation of the individual miniature PAM
antagonistic behaviors, providing a significant improvement in the model accuracy. The
model improvement was more significant for predicting than antagonistic behavior than
the agonistic behavior due to the high passive stiffness of PAMs as they are extended past
their resting length.

A bidirectional actuator composed of an antagonistic pair of miniature PAM
bundles was developed. The actuation behavior of the agonist-antagonist pair was
characterized and a model was proposed to predict the quasi-static actuation behavior.
Improvements in modeling accuracy for the bi-directional actuator were achieved when
the agonistic and antagonistic bundle behavior were modeled using individual miniature
PAM models that captured the hysteresis in the miniature PAM actuation behavior.
Additionally, the efficiency benefits of operating the minimum number of miniature
PAMS necessary to achieve a desired deflection angle at higher operating pressures were
demonstrated through the consideration of energy equivalent configurations.

Finally, full-scale PAMs were fabricated from candidate bladder and braided
sleeve materials for meeting space qualification requirements and their quasi-static

actuation behavior was characterized. Experimental data and observations related to the
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blocked force, free contraction, hysteresis, and bladder stress softening properties of the
PAMs were compared. To utilize PAMs in space robotics, PAMs that are able to generate

the necessary loads must be developed from space qualified materials.

5.3.  Suggestions for Future Work

This thesis focused on the characterization and modeling of the quasi-static
behavior of bundles of miniature PAMs. The next logical step in this research would be
to characterize and model the dynamic behavior of a single bundle of miniature PAMs, as
well as the dynamic behavior of an antagonistic pair of miniature PAM bundles in a
bidirectional actuator configuration. Dynamic modeling would require accounting for
airflow dynamics, thermodynamics of the pressurized air, PAM volume fluctuations and
deadband pressures, and system dynamics, including inertia, stiffness, and damping terms
However, it would more effectively capture the actuation behavior of robotic
manipulators during operation.

Once the dynamic behavior of the miniature PAM bundle actuators is understood,
the dynamic models can be used to develop a variable recruitment control strategy for the
actuators. A proof of concept actuator and variable recruitment controller could be used
to better assess the performance and efficiency benefits of the control technique.

Future work should also include improvements to the fabrication process for
miniature PAMs to minimize the variations in resting lengths. The losses in the force
generation capabilities of the bundle were modeled by accounting for the length
variations of the miniature PAMs in the bundle. A reduction in resting length variations
would correspond to an increase in force generation capabilities of a bundle of miniature

PAMs and improvements in the overall system efficiency. An alterative approach would
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be to develop a shimming process to effectively match the actuator length of each
miniature PAM in a bundle.

Additional candidate space qualified bladder and braided sleeve materials should
be used to fabricate candidate space qualified PAMs for quasi-static characterization.
Mass loss testing, temperature range evaluations, and thermal cycling would need to be
conducted to determine if the materials can meet space qualification requirements.
Additionally, burst testing and endurance testing should be completed once a space
qualified bladder and braided sleeve combination is selected and a swaged end fitting

design is developed for the space qualified PAM.
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