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Abstract
Fatigue Characteristics of Pressurized Artificial Muscles
Ryan Anthony Capps
Pressurized artificial muscles show promise in both standard aircraft actuation
operations and in morphing structures as an alternative to currently used actuation
systems due to their high power-to-weight ratio. Pressurized artificial muscles have
already demonstrated the necessary force production to be utilized as an alternative
actuation mechanism. In order to better understand the feasibility of using pressurized
artificial muscles as a standard actuation mechanism it is necessary to determine the life
cycle of pressurized artificial muscles under high pressures, loads, and strains, and how
muscle geometry and materials effect the life cycle of the artificial muscle.
This thesis presents a study to determine the fatigue characteristics of pressurized
artificial muscles to address the issues noted above. The life cycle of the pressurized
artificial muscle is examined at high internal pressures and high strains. The materials
composing the pressurized artificial muscle, and the artificial muscle geometry are
changed throughout the study to determine their effect on the life cycle of a pressurized
artificial muscle. Finally a morphing aileron utilizing pressurized artificial muscles as the
actuation mechanism is fatigue tested.
Fatigue testing results show that pressurized artificial muscle fatigue life is
dependent on both actuator materials and geometry. Latex rubber bladders were shown
to perform better than bladders of other materials. Increasing the wall thickness of the
latex bladder increased the life cycle of the pressurized artificial muscles. Additionally,
casting the pressurized artificial muscle in a cylindrical polyurethane resin matrix
increased the life cycle of the actuator, and increasing the diameter of this resin matrix
further increased the life cycle of the actuator.
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Chapter 1

Introduction and Literature Review

Pressurized artificial muscles, sometimes referred to as McKibben muscles,
consist of an elastic polymer inner bladder surrounded by a braided sleeve composed of
stiff fibers. Sleeves can be composed of dry fibers as in a traditional artificial muscle, or
fibers embedded in a matrix material as in a flexible matrix composite actuator [1]. As the
inner bladder is pressurized it expands radially outwards. The braided sleeve surrounding
the bladder restricts the radial expansion of the bladder which causes the actuator to
contract. The contraction of the actuator is governed by the wind angle of the braided
sleeve as measured from the longitudinal axis; a wind angle less than 54°44' causes
contraction and greater than 54°44' causes actuator extension. [1, 2].

Figure 1.1: Extending Actuator (top) and Contracting Actuator (bottom) [3] [Daewon, K.,
Ryan, C., and Michael, P. "Morphing Trailing Edge Control Using Flexible Matrix Composite
Actuators," 53rd AIAA/ASME/ASCE/AHS/ASC Structures, Structural Dynamics and Materials
Conference. American Institute of Aeronautics and Astronautics, 2012.] Used under fair use, 2014
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Figure 1.2: Actuator Showing Modes of Both Contraction and Elongation [4] [Philen, M. K.,
Shan, Y., Prakash, P., Wang, K. W., Rahn, C. D., Zydney, A. L., and Bakis, C. E. "Fibrillar Network
Adaptive Structure with Ion-transport Actuation," Journal of Intelligent Material Systems and
Structures Vol. 18, No. 4, 2007, pp. 323-334.] Used under fair use, 2014.

1.1

History of Pressurized Artificial Muscles
Pressurized artificial muscles were first invented by Richard Gaylord as a

replacement for a piston and cylinder actuation mechanism with the description “Fluid
Actuated Motor System and Stroking Device” [5]. The pressurized artificial muscle was
made famous by Joseph McKibben for use in the medical industry and soon took on the
name Mckibben muscle; the McKibben muscle was primarily used as an actuation
mechanism for arm and hand orthotics [6, 7]. Early pressurized artificial muscles required
large pneumatic storage tanks and were quickly phased out of use. In the 1980s
Bridgestone developed pressurized artificial muscles called “rubbertuators” to actuate
robotic arms used for painting in hazardous environments [1, 8].
Daerden et al. [9], developed a pleated artificial muscle that achieves contraction
of the actuator by using a radially folded sleeve around the inner bladder instead of using
a braided sleeve. When the actuator is pressurized the pleated sleeve unwraps and
allows the actuator to contract. An advantage of this configuration is that there is no
2

friction present when the actuator contracts, which allows for easier control of the actuator
since hysteresis is not present. Another advantage of the pleated configuration is that by
allowing the actuator bladder to fully expand instead of constricting the bladder
deformation energy is not lost during actuator contraction so force output can be higher.
Disadvantages of pleated artificial muscles include complicated manufacturing and large
radial deformation which adds space constraints on the actuator’s operating environment
[9].
Although early applications of pressurized artificial muscles were primarily in the
fields of medicine and robotics they have recently seen applications in the aerospace
industry as an alternative actuation mechanism. Woods et al. [10] arranged two
pressurized muscles as an antagonistic pair to actuate a trailing edge flap. They also used
antagonistic pairs of pressurized artificial muscles to actuate the trailing edge flap of a
helicopter blade. They used pressurized artificial muscles to produce large deflections of
the trailing edge flap to enable primary control of the helicopter as well as small deflections
of the trailing edge flap to enable vibration control [11].
Kim et al. [3] embedded pressurized artificial muscles into a polyurethane resin
mold of a spoiler to demonstrate the effectiveness of using flexible matrix composite
actuators for direct control of a morphing wing. By using hydraulic oil as the working fluid
they demonstrated that the stiffness of the wing in the morphed position could be
increased by simply locking the incompressible oil within the embedded actuators. This
is important as it shows pressurized artificial muscles can be used as variable stiffness
actuators [3, 12].

1.2

Modeling of Pressurized Artificial Muscles
Several approaches have been taken to model both the static and dynamic

characteristics of the pressurized artificial muscle. Schlute et al. [2] proposed one of the
first papers to analytically determine the relationship between tensile force output and
internal pressure of the actuator based on actuator geometry. They used a force-balance
method to determine the effect of actuator diameter, actuator length, initial braid angle,
and internal pressure to determine the tensile force output of an actuator. They also
3

determined the maximum braid angle that could be achieved by a contracting pressurized
artificial muscle was 54°44'. In a separate calculation they determined the force output of
the actuator using the geometry of the actuator, the braid angle, and the material
properties of the actuator’s constituent materials. Schlute et al. [2] did extensive tensile
testing to compare their experimental results with their analytical model of the actuators.
Caldwell et al. [13] used the principle of virtual work to derive the relationship
between actuator geometry, braid angle, and internal pressure. They also discussed the
nonlinearity of pressurized artificial muscles, and the difficulties this poses in both
modeling and in developing an effective control system for pressurized artificial muscles.
Ching-Ping and Hannaford proposed a static model of pressurized artificial muscles
based on the principle of virtual work [14]. This model offered a correction factor for the
wall thickness of the actuator bladder to match experimental results. They offered a
simplified version of the model of Caldwell et al. [13] by linearizing the model. Ching-Ping
and Hannaford also discuss hysteresis observed in the actuator due to Coulomb friction
between the bladder and braided sheath, between the braided threads of the sheath and
themselves, and by the shape-changing of the bladder. They proposed a dynamic model
to account for friction by adding a friction value of ±2.5 to the modeling equations, and
observed that the hysteresis is frequency independent [14].
Tondu and Lopez proposed a model based on the principle of virtual work that
characterized the pressurized artificial muscle by three parameters: initial braid angle,
initial length, and initial radius. They also improved the dynamic modeling proposed by
Chou and Hannaford through further inspection of friction within the actuator [15].
Tsagarakis and Caldwell used both a force balance approach and the principle of
virtual work to develop a static model of pressurized artificial muscles that was compared
to a 1.97m long actuator [16]. To develop this model they used the principle of virtual work
to model the actuator first as a perfect cylinder, and then again to show the effects of
curvature at the actuator end-fitting. Experimental testing was done to validate their
results; they found their model was more accurate at mid and large longitudinal
deformations than previous models. At smaller longitudinal deformations their model
produced an error of about 8% to 10% compared to experimental values. Their model
4

was 30% to 50% more accurate compared to their experimental results than any models
previously developed had been [16].
Adkins and Rivlin developed a model for the large deformation of incompressible
isotropic thin shells that would later become the basis for pressurized artificial muscle
models based on continuum mechanics [17]. They developed equations for the
equilibrium and boundary conditions of an isotropic thin shell that account for the large
principal extension ratios that occur in a highly elastic material such as an elastic polymer.
The paper specifically investigates uniform circular diaphragms of incompressible highly
elastic materials where the diaphragm is clamped around the circumference and a
uniform pressure is applied to one of the major surfaces of the diaphragm. Their model is
able to determine the shape of the entire inflated diaphragm if the deformation of one
point is known in addition to the boundary conditions; this can in turn be used to determine
the pressure within the diaphragm [17].
Liu and Rahn proposed a model based on continuum mechanics to determine the
deformed actuator shape, the fiber angle, and both the fiber and membrane stresses for
a pressurized artificial muscle [18]. The model uses large deformation membrane theory
developed by Adkins and Rivlin (1952) and Green and Adkins (1970). The results were
compared with experimental data, and were found to be within 5% of the experimental
values [18].
Shan et al. [19] proposed a model based on continuum mechanics to improve the
accuracy of previous actuator model. They combined large deformation membrane theory
from Adkins and Rivlin (1952) and Green and Adkins (1970) with large deformation theory
for laminated fiber-reinforced composites from Orgill and Wilson (1986) and Joshi and
Murphy (1990) to develop the model. The model includes fiber extensibility and material
and geometric nonlinearities that occur during large deformation of the actuator and fiber
reorientation during deformation. This model was used to determine the actuator shape
as well as longitudinal, hoop, and transverse strains due to internal pressure and axial
force of the actuator. Experiments were carried out to validate the model; the model
showed good agreement with the experimental results [19].
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Doumit et al. [20] developed a static model of pressurized artificial muscles
with the aim of improving the static effects caused by deformation at the end-fittings of
the pressurized artificial muscle. Additionally their model examined the friction in the
actuator to enhance friction modeling of their static model. They assumed there was no
friction between the braided sleeve and the actuator, and the only friction that occurred
was between the threads of the braided sleeve. Experimental testing of pressurized
artificial muscles manufactured by the authors was compared to their analytical model
and the model of Chou and Hannaford. Their model proved to be more accurate than that
of Chou and Hannaford.
The continuum mechanics approach was used by Philen to develop an analytical
model of a fluidic flexible matrix composite actuator that could track a desired forcedisplacement response for the actuator [21]. This model separately modeled the braided
sleeve of the actuator, the inner elastomeric liner of the actuator, the fluid used to drive
the actuator, and a servo valve used to control the fluid driving the actuator. Each
subsystem was combined into a nonlinear model that is able to predict the dynamic
response of the actuator. The research demonstrated that active valve control can provide
stiffness tuning by tracking a desired force-displacement trajectory [21].
Finite element analysis of pressurized artificial muscles has been studied in recent
years. Zhou et al. [22] developed a pressurized artificial muscle finite element to be used
in finite element analysis. The element was derived in a one-dimensional local coordinate
system and then transformed into a global three-dimensional coordinate system. The
element can model internal pressure, braid angle, radius, length, axial force of the
actuator, and takes nonlinearity into account. Three verification problems with analytical
solutions were compared to the finite element solutions using their finite element to
validate their model [22].
A finite element analysis of a pressurized artificial muscle was done using the
program LUSAS by Ramasamy et al [23]. They developed their model using a cylinder
with one layer having the material properties of the inner elastomeric bladder, and one
layer having the material property of the braid. The bladder and braid materials were
modeled as orthotropic materials. A simple model was created that did not take into
6

account tip effects during actuator deformation, and used a linear analysis. The results of
the analysis showed a linear force-length relation instead of a parabolic relation found
during experimentation. The authors concluded a more accurate model could be
developed by using a nonlinear analysis, modeling the bladder using a hyperelastic
material, taking tip effects into account, and modifying the braid geometry to account for
fiber interactions within the braid and on the membrane [23].

1.3

Fatigue Life of Pressurized Artificial Muscles
Fatigue of pressurized artificial muscles has not been studied as extensively as

static and dynamic modeling of the muscles. Caldwell et al. [24] conducted tests on
cylindrical rubber samples at different oscillation stroke lengths to determine the fatigue
life of rubber under tensile loading. The authors found that both stroke length and the
minimum strain the actuator is allowed to return to at the end of the stroke had an effect
on fatigue life, with fatigue life decreasing as both of these parameters were increased
[24]
Klute and Hannaford conducted the first published fatigue model and test results
of pressurized artificial muscles [25]. The authors presented a model to determine
actuator life cycle based on actuator contraction ratio and elastomer bladder material.
Their model assumes that small cracks in the elastomer bladder will propagate until
actuator failure. They used classical crack propagation theory and published data of
fatigue life of latex rubber in uniaxial tension published by Caldwell et al., to determine
the final fatigue life of a pressurized artificial muscle. Fatigue testing was done on
pressurized artificial muscles with natural latex rubber and silicone rubber bladders; the
natural latex rubber showed higher fatigue life and a close agreement with the theoretical
model proposed [25].
Techniques to extend the actuator life cycle were proposed by Kingsley and Quinn
[26]. The standard actuators they manufactured were composed of a single latex bladder
and a single outer braided sleeve and lasted for 90 and 150 cycles at 95 psi. Attempts to
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improve the life cycle of the pressurized muscle were achieved by adding a spandex
sheath around the inner elastomer bladder to keep the actuator braids from pinching the
elastomer bladder (increased life cycle to 720 and 900 cycles at 95 psi), pre-stressing the
latex and braided sleeve (increased life cycle to 1800 cycles at 95 psi), adding an
additional latex bladder (increased life cycle to 1650 cycles at 95 psi), folding the braided
sleeve at the end fitting (increased life cycle to 4150 cycles at 95 psi), using different
materials for the braided sleeve (increased life cycle to 3000 cycles at 95 psi), and finally
by removing the spandex sheath, extending the latex bladder over the clamps, and then
wrapping an additional layer of spandex over the ends to increase the clamping force
(increased life cycle to 14,700 cycles at 95 psi). Their experimental results were
compared with those of Klute and Hannaford; the authors were able to extend the life
cycle of the actuator past the theoretical life cycle proposed by the model of Klute and
Hannaford [26].
Gentry and Wereley did fatigue testing on actuators composed of a latex rubber
bladder and a PET braided sleeve [27]. The actuators were tested at uniaxial contraction
ratios of 3.74 %, 5.39%, and 5.86%. The actuators were tested for 120 million cycles at
different loading conditions. When the actuators were periodically tested in quasi-static
loading tests it was observed that the actuators produced more force and contraction at
a given pressure [27].

1.4

Motivation and Research Objectives
Although there have been previous investigations into the fatigue life of

pressurized artificial muscles there is little information on fatigue at large internal
pressures, loads, and strains. If pressurized artificial muscles are to be utilized for
commercial applications it is desirable to know their fatigue characteristics at these more
extreme operating conditions.
The goals of this research are to achieve greater understanding of the fatigue life
of pressurized artificial muscles and their method of failure, to determine the relationship
between the pressurized artificial muscle materials, geometry, and fabrication methods
with the life cycle of the pressurized artificial muscles, and to improve the fabrication
8

methods of the pressurized artificial muscle in an effort to extend the life cycle of the
pressurized artificial muscle. Lastly, it is desired to perform fatigue testing of pressurized
artificial muscles at more extreme operating conditions than previous studies, specifically,
fatigue testing under high pressure and strain.

1.5

Thesis Overview
The following gives a brief overview of what will be discussed in each remaining

chapter.
Chapter 2 discusses the design and fabrication of the pressurized artificial muscles
studied in this thesis. Design and manufacture of the testing frame is then discussed,
followed by the control system used and the experimental parameters.
Chapter 3 discusses the results obtained during pressurized artificial muscle
fatigue testing, and outlines typical displacement and pressure profiles during a fatigue
test.
In Chapter 4 the fabrication of a morphing aileron is presented. The fatigue test
results from fatigue testing the morphing aileron are presented and discussed.
Chapter 5 outlines the conclusions obtained in this research and gives suggestions
for further work that can be conducted to better understand the fatigue life of pressurized
artificial muscles.
Chapter 6 is an appendix that shows the servo valve control signals and the
displacement and pressure profiles for the actuator fatigue tests.
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Chapter 2

Pressurized Artificial Muscle Design and

Experiment Design
Previous pressurized artificial muscle designs by Kim et al. [3] used a custom-built
filament winding machine to manufacture actuators. The machine was capable of winding
wetted carbon fiber strands over a rubber bladder at a desired braid angle using a custom
GUI. The pressurized artificial muscles tested used carbon fiber wetted in an elastomer
resin. These actuators were not as strong as previous actuators manufactured with dry
braided sleeves due to bonding problems between the elastomer resin and the epoxy
used to secure the bladder and sleeves within the end fitting [3].

Figure 2.1: Filament Winding Machine

This chapter of the thesis describes the design and manufacturing methods for
pressurized artificial muscles, design of the testing frame, and experimental setup for the
fatigue tests. Section 2.1 discusses the design and manufacture of pressurized artificial
muscles. Section 2.2 discusses the design of the fatigue testing frame. Section 2.3 details
how the servo valve and pump system work and are connected to the pressurized artificial
muscles. Section 2.4 discusses the control system used to conduct the test and the
equipment used for data logging. Section 2.5 discusses the fatigue testing parameters.
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2.1

Pressurized Artificial Muscle Design and Manufacture
The pressurized artificial muscles designed for fatigue testing are composed of an

elastomeric bladder, braided Kevlar sleeves, a female swivel hydraulic hose fitting, a male
hydraulic hose fitting, and two pieces of PVC heat-shrink tubing.

Figure 2.2: Actuator Manufacturing Components

To construct the actuator an elastomeric bladder is cut to 18.4 cm for a standard
actuator, or to a shorter length if a shorter actuator is desired. If the actuator is going to
have a braided sleeve attached inside the hose fitting the braided sleeve should also be
cut to 18.4 cm. The elastomeric bladder is then inserted in the braided sleeve, and the
ends of the braided sleeve and bladder are both inserted into each hose fitting. Epoxy is
injected into the hose fittings, and the hose fittings are swaged to lock the bladder and
braid into place.

Figure 2.3: [Left] Braided Sleeve Inserted into Hose Fitting, [Right] Swaged Hose Fitting
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If an actuator without an inner braided sleeve is being constructed the ends of the
elastomeric bladder are inserted into the hose fittings, epoxy is injected into each hose
fitting, and the hose fittings are then swaged. If a bladder with a bladder wall thickness of
0.798 mm is used two 0.65 cm long pieces of braided Kevlar sleeve need to be inserted
over each end of the elastomeric bladder; this increases the volume of the bladder portion
within the hose fitting and keeps the bladder from falling out of the hose fitting. Once the
hose fittings have been swaged the braided Kevlar sleeve is epoxied to the outside of
each hose fitting. A piece of PVC heat-shrink tubing is then applied over each hose fitting
and a heat gun is used to shrink the PVC over the braided sleeve to improve bonding
between the braided sleeve and the hose fitting.

Figure 2.4: [Left] Bladder Inserted into Hose Fitting, [Right] PVC Heat-shrink Tubing
Applied at Hose Fitting

All actuators were constructed with bladders that had an inner diameter of 0.3175
cm. Actuators with active lengths of 14 cm, 15.5 cm, and 16 cm and fabricated with latex
rubber bladders with wall thicknesses of 0.794 mm, 1.588 mm, and 2.381 mm were
tested. Actuators with an active length of 16 cm and fabricated with bladders made of
nitrile rubber and silicone rubber with a wall thickness of 1.588 mm were also constructed.
Several actuators were cast in a polyurethane resin matrix after being constructed.
The resin matrix was used to decrease the braid-locking discussed in Section 3.2. To cast
the actuators in resin the actuators were suspended from a clamp. Pieces of PVC tubing
with diameters of 12.7 mm and 25.4 mm were cut in half and clamped around the actuator
12

depending on what thickness of resin matrix was desired. The bottom part of the PVC
tubing was plugged with clay and the tubing was filled with a polyurethane resin. Two
different polyurethane resins were used to form the matrix around the actuator; Reoflex
60 and VytaFlex 20 with shore hardness’s of 60a and 20a respectively.

Figure 2.5: PVC Tube Filled With Resin

Figure 2.6: Tube of PVC Tubing Cut in Half
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Figure 2.7: Entire Resin Casting Assembly

Figure 2.8: Single Resin Cast Actuator with a Single Outer Sleeve

Actuators were also fabricated with a bladder under vacuum. These actuators were
constructed the same way as the resin cast actuators with the only difference being that
a vacuum pump was attached to the male hose fitting of the actuator. This put the actuator
bladder under vacuum, which shrinks the diameter of the actuator. The idea behind doing
14

this was to improve the bond between the braided sleeve and polyurethane matrix. By
decreasing the diameter of the actuator bladder the polyurethane matrix would be able to
fill the space between the bladder and resin sleeve that was originally filled with bladder
material. These actuators did not end up performing well, so only eight were constructed.

Figure 2.9: Three Dry Braid Actuators with a Single Outer Sleeve

Actuators were initially manufactured with only dry sleeves. The next type of
actuator manufactured was cast in a cylindrical resin matrix with a diameter of 12.7 mm
followed by actuators cast in a cylindrical resin matrix with a diameter of 25.4 mm.

Figure 2.10: From Top, Dry Sleeve Actuator, 12.7 mm Cylindrical Resin Matrix Actuator,
25.4 mm Cylindrical Resin Matrix Actuator

The hose fittings used for all actuators are a 1/8” hose by 1/4” JIC 37° female swivel
hose fitting and a 1/8” hose by 1/8” NPTF male hose fitting. The epoxy used in the
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manufacture of the actuators was 3M Scotch-Weld Epoxy Adhesive DP-460. The Kevlar
used for the braided sleeves was 0.75” diameter Kevlar Aramid fiber.

2.2

Fatigue Testing Frame Design
The testing frame for fatigue testing the actuators was constructed of 2.54 cm wide

by 7.62 cm high extruded aluminum. The testing frame was designed to be able to test
five pressurized artificial muscles simultaneously. Testing by Kim et al., showed actuators
capable of producing over 4400 N of uniaxial tension force [3]. Fatigue testing was not
expected to reach this high of a force since the maximum spring stiffness of the linear
springs used in testing was 48.4 N/cm.
The constraint on the minimum spacing between actuators was determined using
the constraint that each actuator had to be able to fully inflate without being interfered
with by the walls of the testing frame or by the other actuators inflating next to it. The
radius of a fully contracted actuator is 1.07 cm, which limits the distance the actuator can
be placed from the test frame walls to at least 1.08 cm. The radius limits the distance
between the actuators to at least 2.15 cm. This constraint placed the minimum length of
the plates and beams for holding the actuators at 10.72 cm.
The testing frame physical dimensions were designed around constructing a frame
that could fit into the lab space without taking up an excessive amount of space. The final
length decided on for the aluminum plates and beams holding the actuators was 39.85
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cm. Henceforth this dimension will be referred to as width when being spoken of in the
global testing frame reference.

Figure 2.11: Front View of Testing Frame
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Figure 2.12: Side View of Testing Frame
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Figure 2.13: Top View of Testing Frame

The testing frame developed is shown in Figure 2.14. A schematic of the testing
frame from two sides and the top are shown in Figure 2.11, Figure 2.12, and Figure 2.13.
The components of the base of the testing frame are drawn in black. The space where
actuators are mounted is shown in yellow. The base consists of two parallel extruded
aluminum beams with two perpendicular extruded aluminum beams attached at the end
of the testing frame nearest to the reservoir to mount the hydraulic pump on. A 10.16 cm
wide by 1.27 cm high by 39.8643 cm long aluminum plate (lower red plate in diagram)
was attached to two beams with nuts and bolts. This plate is the bottom plate the actuators
are attached to. Five holes were drilled into this aluminum plate at intervals of 6.35 cm
apart starting at the center of the aluminum plate to mount the actuators to be tested.
Only four actuators ended up being tested at a time due to a manufacturing mistake when
attaching the piping to the aluminum plate.
The next level of the testing frame is shown built on top of the base in green. This
section consisted of four 4.663 cm extruded aluminum beams perpendicular to the two
long base beams. Two of these extruded aluminum beams were attached to the testing
frame such that the outer edge of the beams were flush with the outer edges of the
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aluminum actuator attachment plate as shown in the figure. These beams are referred to
as the supporting extruded aluminum beams in the section above regarding the actuator
spacing calculations. The gap between these two beams where the actuator is mounted
is 2.54 cm. Two additional extruded aluminum beams were attached perpendicular to the
long base beams and 7.62 cm from the outer edge of the supporting extruded aluminum.
These two beams provide the base for the remaining part of the testing frame, and will be
referred to as the middle base. L-brackets were used to attach each of these beams to
the bottom base beams.
The next part of the testing frame is shown built on top of the first two sections in
blue. Two 33.02 cm long extruded aluminum beams were attached perpendicular to the
middle base beams so that they were positioned flush and parallel with the bottom base
beams. Two 25.0825 cm long vertical extruded aluminum beam columns were attached
to these beams on either side of the testing frame using eight-hole aluminum plates. Two
more 56.515 cm long horizontal extruded aluminum beams were attached to these
vertical columns using eight-hole aluminum plates so that the horizontal beams were
positioned directly above the horizontal beams the vertical columns are attached to.
These two beams will be referred to as the top base beams in the next paragraph.
The last section of the assembly is shown built on top of the first three sections in
purple. This section consisted of two 47.4663 cm long extruded aluminum beams
attached perpendicular to the top base beams and directly above the bottom two
supporting extruded aluminum beans. These beams were attached using L-brackets, and
are referred to as the top supporting actuator attachment beams in the section above
regarding the actuator spacing calculations. An aluminum actuator attachment plate of
10.16 cm wide by 1.27 cm by 47.4663 cm long was bolted to these extruded aluminum
beams. Five holes were drilled into this aluminum plate at intervals of 6.35 cm apart
starting at the center of the aluminum plate so that they were positioned directly above
the holes drilled in the bottom actuator attachment plate.
A “Four in One” compact hydraulic pump manufactured by Marathon Electric was
used to drive hydraulic fluid through the system. The pump motor is a single-phase two
horse-power motor with an rpm of 1,725 and allows the pump a maximum flow rate of
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1.44 gallons per minute at 1,725 rpm. The motor can either be run at 110 VAC with a
current of 22 amps or 220 VAC with a current of 11 amps. Due to electrical codes and
safety considerations in the lab the motor was wired to run at 220 VAC and 11 amps, and
had an additional safety precaution in the form of a kill-switch that could be used to turn
off the motor in addition to unplugging it. The pump is 75% efficient. The main portion of
the testing frame where the actuators are attached is shown in Figure 2.14 below.

Figure 2.14: Actuator Testing Frame
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Figure 2.15: Angled View of Fatigue Testing Frame

The pump originally came with a 3 gallon reservoir. When testing was starting it
was found that the temperature of the hydraulic fluid being cycled through the system was
reaching the maximum allowable temperature within ten minutes of continuously running
the system. This was a problem since cooling the reservoir back to room temperature
would take over two hours. The original plastic reservoir was removed, and the reservoir
was replaced with a 20 gallon steel reservoir. Steel was chosen as the material for the
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reservoir since it would help conduct heat from the hydraulic oil to the atmosphere better
than plastic. By choosing a reservoir with a much larger capacity the increase in the
temperature of the hydraulic oil would increase much more slowly since the volume of the
reservoir was increased.
Modifications were needed to attach the hydraulic reservoir to the pump manifold.
The original piping for the hydraulic pump outlet and over-pressurization port was
removed. Stainless steel tubing with an outer diameter of 3/8” was connected to each of
these ports using 3/8” high-pressure compression fittings, and the outlet of the tubing was
returned to the hydraulic reservoir. A 3/4” high-pressure compression fitting was used to
attach stainless steel tubing with an outer diameter of 3/4” to the hydraulic reservoir outlet
port. A reducer was used to connect this pipe to a 1/2” stainless steel pipe which was
attached directly to the hydraulic pump inlet port. There was a problem with the manifold
leaking when the pump was in operation so a small 12 VDC pump was used to pump the
leaking hydraulic oil from the test section oil pan back into the hydraulic reservoir. The
complete testing frame and reservoir with the fiberglass shield around it is shown below
in Figure 2.16.
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Figure 2.16: Testing Frame with Protective Casing and Reservoir

2.3

Servo Valve
A Parker servo valve is used to regulate when the actuators being tested are

pressurized. The servo valve allows the pressure between two different ports to be
regulated based on the voltage input to the servo valve. The servo valve accepts voltages
between -10 VDC and +10 VDC. When the servo valve has a positive voltage input to it
the “A” port opens and drains the “B” port. When the servo valve has a negative voltage
input to it the “B” port opens and the “A” port drains. The “P” port is the servo valve input
port. The “T” port is the servo valve out port.
The “B” port was plugged for this application. The “P” port was connected to the
hydraulic pump outlet port with 3/8” diameter stainless steel tubing and high-pressure
compression fittings. The “T” port was run back to the hydraulic reservoir using 0.3175
cm diameter stainless steel tubing; an oil filter was attached to the stainless steel tubing
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where it outputs to the hydraulic reservoir. The “A” port of the servo valve was connected
to a 2.54 cm wide by 2.54 cm high by 12.065 cm long 6-port stainless steel manifold that
leads to the actuators using 0.3175 cm diameter stainless steel tubing and compression
fittings.
Each port in the manifold has 0.3175 cm diameter stainless steel tubing connected
to a tee valve; one port of the tee valve has an Ashcroft Pressure Transducer connected,
and the other port has a 0.635 cm stainless steel pipe that runs through the hole in the
top aluminum plate connected to a female quick release valve. The male hose fitting of
each actuator is attached to a male quick release valve, and the female hose fitting is
plugged with a custom plug that includes a hole bored through it. A linear spring is
attached from the hole to a steel lifting eyebolt that is bolted through the hole in the bottom
aluminum plate. The linear springs used have a spring constant of 48.4 N/cm.
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Springs

Figure 2.17: Actuators Mounted in Testing Frame

Once the actuator is connected to the linear spring the male fittings is connected to
the female quick-release valve. The nut on the eyebolt is tightened to pre-tension the
actuator.

2.4

Experiment Control and Data Logging
The computer programs dSPACE and ControlDesk are used for control of the

servo valve and data collection from the pressure transducers and rotary encoder.
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Simulink is used to build the basic model for the system. The Simulink model shown in
Figure 2.18 includes a Pulse and Sine Wave block to control the signal sent to the servo
valve, analog to digital conversion blocks to read the signals from the pressure
transducers, and an encoder position block to convert the signal from the rotary encoder
to a displacement value. ControlDesk is used to view the displacement and internal
pressure of the actuators in real-time; the ControlDesk GUI is shown in Figure 2.19.
Matlab is used to manipulate the parameters for each component of the Simulink model,
and for saving the data collected by the system. The program saves the pressure histories
for each actuator, the time history while the test was running, the signal history driving the
servo valve, and the position obtained from the rotary encoder.
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Figure 2.18: Fatigue Testing Simulink Block Diagram
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Figure 2.19: ControlDesk GUI during a Fatigue Test

The pressure transducers used to record pressure are Ashcroft pressure
transducers, model number K17M0215F22000. They have a maximum pressure rating
of 2000 psi. They accept an input between 10 and 36 VDC and output between 1 and 5
VDC. An AMT102-V3411 rotary encoder was used to record the displacement of the
actuator. A wheel was attached to this rotary encoder and weights were suspended from
one end of a string and the other end was attached to the bottom of the actuator. The
rotary encoder was calibrated with this wheel attached to determine the actuators
displacement.

2.5

Testing Parameters
Initially actuators were tested in groups of four. Once an actuator failed it was

removed from the testing frame and the remaining actuators were tested until all four of
the actuators had failed. When an actuator failed and was removed from the testing frame,
the parameters determining the control signal sent to the servo valve needed to be
updated to prevent over-pressurization of the actuators during the next testing run. As
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the number of actuators being testing decreased, the portion of the control signal that was
positive needed to be shortened. A composite signal of a Sine Wave and Unit Pulse
Signal was used as the servo valve control signal. The parameters entered into Simulink
and the period of the constructed wave along with the number of actuators being tested
is shown below in Table 2.1: Simulink Block Parameters
Table 2.1: Simulink Block Parameters

Actuators

Pulse Period (ms)

Pulse Width (ms)

Sine Samples Per Period (ms)

Period (s)

1

3400

425

1700

3.4

2

3400

850

3400

3.4

3

5200

1300

5200

5.2

4

6800

1700

6800

6.8

The pulse period and sine samples per period give the period in milliseconds of
each individual waveform used for constructing the control signal. The Pulse Width
parameter gives how many milliseconds the pulse lasts for. The amplitude of the sine
wave is 2 and the amplitude of the pulse width is 1 for every test case. A saturation
function is used to ensure that the voltage output by the dSPACE control board does not
go above or below +1 or -1. The saturation is set at ± 1 because dSPACE outputs ten
times the prescribed voltage.
The servo valve accepts voltage inputs between +10 V+10𝑉 and−10𝑉-10 V.
Positive voltage causes port “A” to open and port “D” to drain, and negative voltage
causes port “D” to open and port “A” to drain. The servo valve is driven using a combined
sinusoid and unit impulse. The resulting signal is a sine wave until it reaches its positive
peak, which increases the pressure in the actuator. The signal then drops to a negative
value until the sine portion of the signal becomes positive again, which causes the servo
valve to drain and de-pressurizes the actuator.
Figure 2.20A below shows the component parts of the waveform; the pulse signal
is shown in red, the sine signal is shown in blue, and the saturation function limits are
shown with the green circles for the case of two actuators. The resulting control signal is
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shown in Figure 2.20B for the case of testing two actuators over a ten second time frame.
A black line is shown at 0 V; when the actuator control signal is above this line the servo
valve is inflating the actuator, and when the actuator control signal is below this line the
servo valve is draining the actuator.

B)

A)

Figure 2.20: A) Individual Signals B) Resulting Signal Over 10 Seconds for 2 Actuators

The component signals for the case of two, three, and four actuators match up
over one period each. The corresponding component signal and control waveform for
each of these cases can be seen in Appendix A. The period of the component signals is
not the same when a single actuator is tested. Figure 2.21 shows the component signals
and resulting control signal over a ten second time frame for the case of one actuator
being tested. The period of the sine wave is decreased so that the actuator does not overinflate, but the period of the pulse wave is increased to ensure the actuator has enough
time to fully drain. This results in the sine wave being repeated over one period of the
pulse wave.
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B)

A)

Figure 2.21: A) Individual Signals B) Resulting Signal Over 10 Seconds for 1 Actuator
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Chapter 3
3.1

Actuator Results

Actuator Testing Results
The following table contains the descriptions of the pressurized artificial muscles

(referred to as actuators) and their abbreviation as they are presented in the graphs and
results below. All of the actuators discussed in the results are assumed to have latex
bladders and an active length of 16 cm unless otherwise noted. The two actuators that
were cast while the bladder was under vacuum are indicated with “vacuum” under the
bladder thickness column. The actuators fabricated with only a dry sleeve are abbreviated
with a single capital letter and number; the letter changes as bladder thickness changes,
and the number changes for each different type of actuator for each bladder thickness.
The abbreviations with an “r” or “R” appended to them mean the actuator was cast in a
polyurethane resin matrix; a lowercase “r” means the resin matrix had a diameter of 1.27
cm and an uppercase “R” means the resin matrix had a diameter of 2.54 cm.
Table 3.1: Actuator Abbreviations

Bladder Thickness (mm)

Sleeve

Resin Matrix

Length (cm)

Abbreviation

0.794

Single, Outer

None

16

A1

0.794

Single, Outer

Reoflex 60, Thin

16

A2r

0.794

Single, Outer

VytaFlex 20, Thin

14

A3r

0.794, Vacuum

Single, Outer

VytaFlex 20, Thick

16

A4R

1.58

Single, Outer

None

16

B1

1.58

Single, Inner

None

16

B2

1.58

Single, Outer

VytaFlex 20, Thick

16

B3R

1.58

Single, Outer

None

15.5

B4

VytaFlex 20, Thick

15.5

B5R

None

14

B6

Single, Inner
1.58

Single, Outer
Single, Inner

1.58

Single, Outer
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1.58

Single, Outer

VytaFlex 20, Thin

14

B7r

1.58, Vacuum

Single, Outer

VytaFlex 20, Thick

16

B8R

1.58, Silicone

Single, Outer

VytaFlex 20, Thick

16

B9R

1.58, Nitrile

Single, Outer

VtaFlex 20, Thick

16

B10R

2.38

Single, Outer

None

16

C1

2.38

Single, Outer

ReoFlex 60, Thin

16

C2r

2.38

Single, Outer

VytaFlex 20, Thin

16

C3r

2.38

Single, Outer

None

14

C4

2.38

Single, Outer

VytaFlex 20, Thin

14

C5r

2.38

Single, Outer

VytaFlex 20, Thick

16

C6R

The total iterations achieved for each actuator and the resulting failure mode are
summarized in the three tables below. The results are broken up by the thickness of the
actuator bladder wall starting with the thinnest bladder wall.
Table 3.2: 0.794 mm Bladder Thickness Actuator Iterations and Failure Mode

Actuator

Iterations

Failure

A1

75

Braid Locking

A1

100

Braid Locking

A2r

379

Bladder

A2r

464

Bladder

A2r

262

Braid-locking

A2r

311

Bladder

A3r

1

Pressure – 2550 kPa

A3r

1

Pressure – 2070 kPa

A3r

1

Pressure – 1380 kPa

A4R

127

Bladder

A4R

216

Bladder
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Table 3.3: 1.58 mm Bladder Thickness Actuator Iterations and Failure Mode

Actuator

Iterations

Failure

B1

122

Braid-locking

B1

153

Braid-locking

B1

170

Braid-locking

B1

171

Braid-locking

B1

399

Braid-locking

B1

559

Braid-locking

B1

75

Braid-locking

B1

100

Braid-locking

B1

379

Bladder

B1

464

Bladder

B2

330

Bladder

B2

235

Braid-locking

B2

371

Braid-locking

B3R

407

Bladder

B3R

515

Bladder

B4

282

Braid-locking

B4

52

Braid-locking

B5R

778

Bladder, Resin Torn

B5R

457

Braid-locking, Resin Torn

B5R

642

Bladder, Resin Torn

B5R

767

Bladder

B6

1

Braid Locking

B6

67

Braid Locking

B7r

1

Bladder, Resin Torn

B7r

258

Pressure – 5170 kPa

B8R

433

Bladder

B8R

433

Bladder

B9R

28

Bladder

B9R

23

Bladder

35

B9R

33

Bladder

B9R

24

Bladder

B10R

2

Bladder

B10R

2

Bladder

B10R

2

Bladder

B10R

2

Bladder

B11R

1

End-Fitting Debonding – 3450 kPa

Table 3.4: 2.38 mm Bladder Thickness Actuator Iterations and Failure Mode

Actuator

Iterations

Failure

C1

78

Braid-locking

C1

111

Braid-locking

C1

52

Braid-locking

C1

250

Braid-locking

C1

513

Braid-locking

C1

233

Braid-locking

C1

397

Braid-locking

C1

397

Bladder

C1

380

Braid-locking

C1

297

Pressure

C1

151

End-fitting De-bonded

C1

617

Braid-locking

C1

361

Braid-locking

C2r

752

Bladder, Resin Torn

C2r

964

Braid-locking, Resin Torn

C3r

189

Braid-locking, Resin Torn

C3r

217

Braid-locking, Resin Torn

C3r

1045

Bladder, Resin Torn

C3r

843

Bladder, Resin Torn

C4

355

Braid-locking

C4

367

Braid-locking
36

C5r

861

Bladder, Resin Torn

C6R

1051

Bladder

C6R

1074

Bladder

C6R

1716

Bladder

C6R
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Bladder, Resin Torn

C6R

1023

Bladder

The results in the tables show that the most cycles achieved by an actuator was
the 2.38 mm wall thickness actuator composed of a single outer sleeve and cast in a 2.54
cm diameter VytaFlex 20 resin matrix. Before continuing the discussion of results it is
convenient to show plots of these results for easier comparison. A table of actuator
abbreviations will be repeated before each plot for ease of analysis.
Table 3.5: 0.794 mm Bladder Thickness Actuator Abbreviations

Bladder Thickness (mm)

Sleeve

Resin Matrix

Length (cm)

Abbreviation

0.794

Single, Outer

None

16

A1

0.794

Single, Outer

Reoflex 60, Thin

16

A2r

0.794

Single, Outer

VytaFlex 20, Thin

14

A3r

0.794, Vacuum

Single, Outer

VytaFlex 20, Thick

16

A4R
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Figure 3.1: 0.794 mm Bladder Thickness Actuator Results
Table 3.6: 1.58 mm Bladder Thickness Actuator Abbreviations

Bladder Thickness (mm)

Sleeve

Resin Matrix

Length (cm)

Abbreviation

1.58

Single, Outer

None

16

B1

1.58

Single, Inner

None

16

B2

1.58

Single, Outer

VytaFlex 20, Thick

16

B3R

1.58

Single, Outer

None

15.5

B4

VytaFlex 20, Thick

15.5

B5R

Single, Inner
1.58

Single, Outer
Single, Inner

1.58

Single, Outer

None

14

B6

1.58

Single, Outer

VytaFlex 20, Thin

14

B7r

1.58, Vacuum

Single, Outer

VytaFlex 20, Thick

16

B8R

1.58, Silicone

Single, Outer

VytaFlex 20, Thick

16

B9R
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1.58, Nitrile

Single, Outer

VtaFlex 20, Thick

16

B10R

Figure 3.2: 1.58mm Bladder Thickness Actuator Iterations
Table 3.7: 2.38 mm Bladder Thickness Actuator Abbreviations

Bladder Thickness (mm)

Sleeve

Resin Matrix

Length (cm)

Abbreviation

2.38

Single, Outer

None

16

C1

2.38

Single, Outer

ReoFlex 60, Thin

16

C2r

2.38

Single, Outer

VytaFlex 20, Thin

16

C3r

2.38

Single, Outer

None

14

C4

2.38

Single, Outer

VytaFlex 20, Thin

14

C5r

2.38

Single, Outer

VytaFlex 20, Thick

16

C6R
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Figure 3.3: 2.38mm Bladder Thickness Actuator Iterations

These results show important trends in the life cycle of the actuator. Casting the
actuator in a cylindrical polyurethane matrix increases the life cycle of the actuator for
each bladder thickness. Increasing the diameter of the cylindrical polyurethane matrix
from 1.27 cm to 2.54 cm increases the life cycle of the actuator.
For actuators with a 1.58 mm bladder thickness decreasing the active length of the
actuator to 15.5 cm increased the life cycle of the actuator; however, decreasing the active
length of the actuator to 14 cm shows a decrease in life cycle compared to the actuators
manufactured with an active length of 16 cm. This suggests that there may be an optimum
active length of the actuator that lies between 14 cm and 16 cm for actuators with a
bladder thickness of 1.58 mm. The same trend is observed for actuators with a bladder
thickness of 2.38 mm for both dry sleeve actuators and actuators cast in a resin matrix;
the actuators with an active length of 16 cm have a longer life cycle than the actuators

40

with an active length of 14 cm. Actuators manufactured with a latex bladder show a longer
life cycle than actuators manufactured with silicone or nitrile bladders.
The graphs shown below in Figure 3.4, Figure 3.5, Figure 3.6, and Figure 3.7 show
the results for actuator life cycle as compared by bladder thickness. Figure 3.4 shows a
comparison between actuators based on bladder thickness and whether the actuator is
manufactured with a dry sleeve or cast in a resin matrix. Actuators with a bladder
thickness of 0.798 mm are shown in blue for a dry sleeve actuator and red for a resin cast
actuator, actuators with a bladder thickness of 1.58 mm are shown in green for a dry
sleeve actuator and black for a resin cast actuator, and actuators with a 2.38 mm bladder
thickness are shown in cyan for a dry sleeve actuator and magenta for a resin cast
actuator.

Figure 3.4: Actuator Life Cycle by Bladder Thickness. 0.794 mm bladder thickness
actuators shown in blue for a dry sleeve and red for a resin cast, 1.58 mm bladder thickness
actuators shown in green for a dry sleeve and black for a resin cast, 2.38 mm bladder thickness
actuators shown in cyan for a dry sleeve and magenta for a resin cast
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Figure 3.4 shows that actuators cast in a cylindrical resin matrix generally show
improvement over their counterpart manufactured with a dry sleeve. The greatest
improvements in actuator life cycle are evident in actuators with a bladder thickness of
0.794 mm and 2.38 mm.
Figure 3.5 shows a comparison of dry sleeve actuators based on their bladder
thickness. Dry sleeve actuators manufactured with a bladder thickness of 0.794 mm are
shown in blue, dry sleeve actuators manufactured with a bladder thickness of 1.58 mm
are shown in red, and dry sleeve actuators manufactured with a bladder thickness of 2.38
mm are shown in green.

Figure 3.5: Dry Sleeve Actuator Life Cycle. Blue is 0.798 mm bladder thickness, red is 1.58
mm bladder thickness, green is 2.38 mm bladder thickness

Actuators manufactured with a dry sleeve show an increase in life cycle as the
bladder thickness of the actuator is increased. It is interesting to note that the actuators
manufactured with an active length of 15.5 cm and a 1.58 mm bladder thickness show
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just a slightly shorter life cycle than actuators manufactured with an active length of 16
cm and a bladder thickness of 2.38 mm. This further increases the assumption that the
optimum active length for actuator life cycle may be less than 16 cm. The majority of
actuators that failed when manufactured with a dry sleeve failed due to braid-locking,
which is discussed in more detail below in Section 3.2. This shows that braid-locking is
the most likely form of failure for an actuator manufactured with a dry sleeve, and that
increasing the bladder thickness of the actuator increases the lifecycle of the actuator.
Figure 3.6 shows a comparison of actuators cast in a resin matrix for each bladder
thickness. Resin cast actuators manufactured with a bladder thickness of 0.794 mm are
shown in blue, resin cast actuators manufactured with a bladder thickness of 1.58 mm
are shown in red, and resin cast actuators manufactured with a bladder thickness of 2.38
mm are shown in green.

Figure 3.6: Resin Cast Actuator Life Cycle. Blue is 0.798 mm bladder thickness, Red is 1.58
mm bladder thickness, Green is 2.38 mm bladder thickness
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Actuators cast in a cylindrical resin matrix show an increase in life cycle as the
actuator bladder thickness is increased. Actuators cast in a cylindrical polyurethane
matrix show bladder failure as the primary failure mode unless the polyurethane matrix
rips during the test cycle. Once the polyurethane matrix rips the actuator has an increased
risk of developing braid-locking and failing; increasing the bladder thickness of the
actuator increases the life cycle of the actuator once the polyurethane matrix rips.
The effect of increasing the polyurethane resin matrix the actuator is cast in on the
life cycle of the actuator is shown below in Figure 3.7. Actuators with a bladder thickness
of 0.794 mm are shown in blue for actuators cast in a 1.27 cm polyurethane matrix and
red for actuators cast in a 2.54 cm polyurethane matrix, actuators with a bladder thickness
of 1.58 mm are shown in green for actuators cast in a 1.27 cm polyurethane matrix and
black for actuators cast in a 2.54 cm polyurethane matrix, and actuators with a bladder
thickness of 2.38 mm are shown in cyan for actuators cast in a 1.27 cm polyurethane
matrix and magenta for actuators cast in a 2.54 cm polyurethane matrix.
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Figure 3.7: Actuator Resin Thickness Comparison. 0.794 mm bladder thickness actuators
shown in blue for a 1.27 cm diameter matrix and red for a 2.54 cm diameter matrix, 1.58 mm
bladder thickness actuators shown in green for a 1.27 cm diameter matrix and black for a 2.54 cm
diameter matrix, 2.38 mm bladder thickness actuators shown in cyan for a 1.27 cm diameter
matrix and magenta for a 2.54 cm diameter matrix

For actuators with a bladder thickness of 0.794 mm increasing the thickness of the
polyurethane matrix the actuator is cast in does not increase the life cycle of the actuator.
For actuators with bladder thicknesses of 1.58 mm and 2.38 mm the life cycle of the
actuator increases as the diameter of the polyurethane matrix the actuator is cast in
increases. Increasing the thickness of the bladder decreases the chances of the
polyurethane matrix it is cast in ripping. As mentioned previously the actuator has a
greater chance of failing if the polyurethane matrix rips.
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3.2

Fiber Re-Alignment and Braid-Locking
Actuators that weren’t cast in a resin matrix showed a phenomenon that is referred

to as “braid-locking” in this report. When the actuator inflates the fiber angle with the axial
axis changes, and as the actuator deflates the fiber angle should return to its original
position. If the fibers re-align from their original position during inflation and deflation the
braided sleeve will no longer return to its initial configuration after the actuator deflates.
The braided sleeve will then have a portion that has a different fiber angle from the rest
of the sleeve, and this part of the braided sleeve will not allow the actuator to expand
uniformly with the rest of the sleeve. When this occurs it is referred to as “braid-locking”
since the braid will not allow for the fibers in this portion to re-align and inflate the actuator.
This causes areas of increased radial expansion of the bladder above and below where
the braid has locked. This results in higher strains in the areas of the actuator that are
inflating and leads to quicker failure of the actuator. An example of an actuator undergoing
braid-locking is shown in Figure 3.8.

Figure 3.8: Actuator Undergoing Braid Locking

A way to mitigate braid locking is to cast the actuator in a matrix of resin. Actuators
cast in a matrix of ReoFlex 60 and VytaFlex 20 were manufactured and eliminated the
effect of braid-locking as long as the resin matrix did not rip. Some of the actuators cast
in the resin matrix did fail due to braid locking; this occurred after the resin matrix ripped
from the actuator and no longer encased the actuator within the matrix.
Figure 3.9 below shows a zoomed in portion of the actuator sleeve that has
undergone braid-locking in an actuator that has failed. The red dots represent a Kevlar
thread at two different points in the braid-locked portion of the braided sleeve, and the
blue dots represent a Kevlar thread at two different points in the normal portion of the
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braided sleeve. The red dots form an angle of 41.32° with the longitudinal axis and the
blue dots form an angle of 26.15° with the longitudinal axis. This shows the braid-locked
portion of the braid is remaining at a higher braid angle after contraction, which decreases
the contraction of the actuator in that area.

Figure 3.9 Zoomed in Actuator Braid Locking

3.3

Displacement and Pressure Profiles
One difficulty posed during testing was the lack of a closed loop feedback controller

capable of allowing the displacement or pressure of the actuator to be prescribed. The
settings to control the servo valve for the number of actuators being tested had to be
manually experimented with to try and find settings that provided a constant displacement
and constant pressure regardless of how many actuators were being tested. This is
critical because it has been shown in previous studies that both lower displacement and
lower pressure result in higher actuator life cycle [25]. For this reason it is desired to have
constant displacement no matter how many actuators are being tested. This was able to
be obtained to a certain degree when testing four, three, and two actuators, but when
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testing one actuator the parameters were unable to be adjusted to provide a similar
displacement.
Actuators with different wall thicknesses show different displacements and internal
pressures. To normalize the displacement the actuator uniaxial contraction ratio is
introduced. The uniaxial contraction ratio is defined as:
𝑢𝑛𝑖𝑎𝑥𝑖𝑎𝑙 𝑐𝑜𝑛𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =

𝛥𝑥
𝑙𝑎

where 𝛥𝑥 is the axial displacement of the actuator and 𝑙𝑎 is the active length of the
actuator.
Displacement results are only available for the actuators with 1.58 mm thick
actuator bladder and 2.38 mm thickness bladder. Actuators with 0.794 mm bladders were
tested before displacement of the actuators was measured. Since actuators with 0.794
mm bladders showed less iterations than their counterparts with larger bladder thickness
they were not manufactured and tested again in depth until the effect of putting the
actuator bladder under vacuum was studied. The uniaxial contraction ratios for actuators
with 1.58 mm thick bladders and 2.38 mm thick bladders based on how many actuators
were being tested are shown in the table below. These results are shown based on the
average uniaxial contraction ratio measured for actuators cast with a 2.54 mm diameter
resin matrix casting.
Table 3.8: Actuator Displacement Results

Number of
Actuators

Bladder
Thickness

Displacement
(cm)

Uniaxial Contraction
Ratio

Pressure (kPa)

3

1.58 mm

3.1

0.195

2350

2

1.58 mm

3.2

0.202

2250

1

1.58 mm

2.55

0.16

2140

4

2.38 mm

3.3

0.208

1570

3

2.38 mm

2.7

0.17

1200

2

2.38 mm

2.8

0.176

1250

1

2.38 mm

2.5

0.158

1700
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A typical displacement and pressure profile for an actuator is shown in the two
figures below over a time span of 900 seconds. This displacement and pressure profile
is for two actuators with a 2.38 mm bladder cast in a 2.54 cm diameter VytaFlex 20 resin
matrix. As shown above this actuator type represents the actuators with the longest life
cycle achieved during testing.

Figure 3.10: Typical Displacement and Pressure Profile (Two Actuators)

A displacement and pressure profile for a fatigue test of an actuator with a bladder
thickness of 2.38 mm cast in a 2.54 cm VytaFlex 20 resin matrix is shown below. When
this actuator failed the latex bladder first popped out of the braided sleeve and resin matrix
as indicated in the first drop in displacement and pressure in the graph. The latex bladder
then popped after four more inflations; the second drop in both the displacement and
pressure profiles indicates when the bladder burst.
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Figure 3.11: Displacement and Pressure Profile for Four Actuators

Displacement and pressure profiles for the remaining actuators can be seen in the
Appendix.

3.4

Bladder Fatigue Testing
After testing actuator bladders of silicone and nitrile with wall thicknesses of 1.58

mm and not getting the performance expected, testing of the bladders without a braided
sleeve was performed. These tests were done using compressed air at 480 kPa. The
silicone and nitrile actuators were expected to perform better than they did, so the
objective of the experiment was to see if hydraulic oil had an adverse effect on the silicone
and nitrile bladders. After testing it was shown that latex bladders still performed better
than their counterparts under air. These tests resulted in much higher bladder
displacement, both axially and radially as shown by the figure to the side. The actuator
results are summarized in the table below.
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Figure 3.12: Latex Bladder During Bladder Fatigue Testing
Table 3.9: Bladder Fatigue Test Results

Bladder Material

Iterations

Latex

30

Silicone 1

15

Silicone 2

18

Nitrile

8

These results show that the latex bladder performs better during fatigue testing
than silicone or nitrile bladders. As shown during actuator fatigue tests the nitrile bladder
performs the worst of the bladder materials tested.
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Chapter 4

Morphing Aileron Testing

In this chapter the fabrication and fatigue testing of a morphing aileron are
discussed. Section 4.1 discusses fabrication of a morphing aileron. Section 4.2 discusses
the results of fatigue testing of the morphing aileron.

4.1

Morphing Aileron Fabrication
The prototype control surface was constructed from eight actuators, a carbon fiber

plate, six strips of aramid honeycomb, and a tip. The assembly of the control surface is
seen in Figure 4.1. The carbon fiber board was constructed using eight 7 ” x 14” carbon
fiber sheets that were wetted with a DPL 862 epoxy and TETA curing agent mixture and
then vacuum bagged. The cured carbon fiber plate was cut to a length of 9 ¾” and placed
between the mounting piece and the tip as shown in. The carbon fiber board is effectively
clamped in place by the aluminum blocks that are placed above and below the plate. Four
¼”-20 x 2½” sized screws were used to secure the aluminum blocks and carbon fiber
plate assembly together. This assembly was then secured to the mounting piece by the
use of four ¼”-20 x 1½” size screws. At the top and bottom of the mounting piece are 1”
x 1” x 4” manifolds. Each manifold was attached to the aluminum sheet by two ¼” x 1½”
sized screws. At the ends of each manifold are two 1/2” threaded holes. On each
manifold, one of these holes was sealed with a screw plug and the other was used to
attach to the hydraulic pump. Along the length of the manifold are five, ¼” NPT holes into
which the ¼” male actuators were screwed. The ¼” female ends at the tip of the control
surface are secured to a 4¼” x 1” x 4” aluminum sheet by 2” long, ¼” NPT screws, which
also effectively sealed this end of the actuator.
To increase the internal stiffness within the aileron an aramid honeycomb was
used to fill in the gaps between the carbon fiber plate and the actuators. The honeycomb
core possesses a low in-plane modulus, which provides transverse stiffness to handle
aerodynamic loads while minimizing the forces for actuator expansion and contraction.
This concept can be beneficial since the core can prevent potential bending problems of
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the pressurized actuators and help in resisting detrimental local deformations. A
polyurethane mixture of VytaFlex 20 was dyed black, mixed, and poured into the mold to
form the control surface that was shaped to retain the overall airfoil shape as seen in
Figure 4 B.

Figure 4.1 A) Top View During Aileron Assembly. B) Side View of Aileron Before Creating
Mold

Figure 4.2: Final Aileron with Tip
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4.2

Morphing Aileron Testing Results
The morphing aileron used for fatigue testing is shown below in Figure 4.3. The

aileron was mounted to a wall in the ASML using clamps. A linear spring was mounted
above the aileron to provide a restoring force when the aileron actuators were deflated.
The spring was attached to the end of the aileron using a loop of braided Kevlar sleeve.

Figure 4.3: Morphing Aileron During Downward Displacement
The displacement and pressure profiles for the testing of the aileron are shown in
the plots below in Figure 4.4.
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A)

B)

Figure 4.4: A) Aileron Displacement B) Aileron Pressure

The aileron displacement shows the same trend as testing a single actuator with
a bladder wall thickness of 1.58 mm where the displacement steadily drops over the
course of testing. The pressure similarly drops over the course of testing. The
displacement shown is that of the aileron and not the actual actuator. The displacement
of the aileron is less than that of the actuators tested, and the displacement of the
actuators is less than that of the aileron. The actuators within the aileron did not fail until
2,226 cycles. Even though the internal pressure is much higher than that of the actuator
testing the actuators still improved by 1498 cycles. This further solidifies that actuator
displacement is a bigger factor in the life cycle of the actuator than actuator internal
pressure. An advantage of casting the actuators in a continuous resin matrix is that even
when the actuators failed the aileron still displaced the same amount. The only way to
know an actuator had failed was that oil started slowly leaking out of the bottom of the
aileron. This suggests that even if the bladder fails the resin matrix can still hold the oil
within it if it is thick enough.
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Chapter 5

Conclusions and Future Work

This thesis examined the fatigue life of pressurized artificial muscles. By changing
the pressurized artificial muscle geometry and construction materials methods for
extending the life cycle of the actuator were determined. Finally actuators were embedded
in a morphing aileron and fatigue tests were conducted on the aileron.

5.1

Thesis Overview and Conclusions
The first chapter of this thesis gave an overview of the history and applications of

pressurized artificial muscles, modeling of pressurized artificial muscles, and fatigue
studies of pressurized artificial muscles. Motivations for the research conducted for this
thesis were then presented. Chapter 2 overviews the design and manufacture of the
actuators, fatigue testing frame, and the fatigue test experiment.
Chapter 3 presents and discusses the results of the fatigue testing conducted on
the manufactured artificial muscles. It was found that the fatigue life of the pressurized
artificial muscle can be improved by increasing the wall thickness of the bladder used in
construction of the actuator, and by casting the dry pressurized artificial muscle in a
cylindrical polyurethane resin matrix. Increasing the diameter of the polyurethane resin
matrix the artificial muscle is cast in prevents the polyurethane matrix from ripping and
increases the life cycle of the actuator. Decreasing the active length of the pressurized
artificial muscle initially showed an improvement in life cycle of the pressurized artificial
muscle, but an additional decrease in length resulted in a lower actuator life cycle. This
suggests there is an optimum active length of the actuator to maximize the life cycle.
Lastly, fatigue tests showed that a pressurized artificial muscle constructed of a latex
bladder has a longer life cycle than an actuator constructed of a silicone or nitrile bladder
with the same bladder wall thickness.
Chapter 4 overviewed the fabrication and fatigue testing of a morphing aileron that
utilized pressurized artificial muscles as the actuation mechanism. The morphing aileron
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showed longer actuation life cycle than any previous single actuators tested. The
polyurethane matrix the aileron was fabricated with was able to continue actuation even
when the actuators embedded in it failed.

5.2

Future Work
Further research can further the understanding of the behavior of actuators under

high loads and strains. One important necessity is the development of a control system
that allows the displacement of the actuator to be prescribed. Klute and Hannaford show
that actuator displacement has an effect on the life cycle of the actuator; being able to
prescribe the actuator displacement would allow for the actuators to attain the same
displacement no matter how many are being tested [25]. Furthermore, being able to
prescribe actuator displacement would allow for different actuator displacements to be
tested to more accurately determine the relationship between displacement and actuator
life cycle. Testing actuators over a range of displacements would allow for prediction of
the actuator life cycle based on actuator displacement.
Testing the actuator under different loads would yield more information on how
actuators perform under different loading conditions. The fatigue tests performed in this
study were done under one loading condition and the effect of different loading conditions
could not be determined.
Actuators with both an internal and external braided sleeve showed a longer life cycle
than their single outer sleeve counterparts. Due to the size of the actuator end-fittings the
actuators with a 2.38 mm wall thickness bladder could not be manufactured with an
internal sleeve. By increasing the size of the end-fittings an internal sleeve could be added
to the 2.38 mm wall thickness actuators to see if this increases the life cycle of the
actuator. There are latex bladders with 3.175 mm wall thicknesses available in the lab.
Manufacturing actuators with these bladders was difficult to accomplish. Based on the
trend of this study that shows an increase in actuator wall thickness correlates to an
increase in actuator life cycle; using these larger wall thickness bladders could lead to
improved actuator life cycle.
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The active length of the pressurized artificial muscle was shown to have an effect on
the actuator’s life cycle. Decreasing the active length of the pressurized artificial muscle
from 16 cm to 15.5 cm increased the actuator life cycle, but a further reduction to 14 cm
decreased the actuator life cycle. This suggests an optimization study on the active length
of the actuator could be conducted to determine the active length of the actuator that will
give the longest actuator life cycle.
A final parameter that can be investigated is the effect of using different materials
besides polyurethane for the cylindrical matrix the actuator is cast in.
As more actuator data becomes available it will be desirable to create an empirical
model that determines the effects of different parameters on the actuator life cycle. This
would allow for more accurate prediction of actuator life cycle under a variety of operating
conditions, actuator geometries, and actuator materials.
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Appendices

Additional Results

The following are appendices to display results that were not mentioned in the
main body of the thesis.

A.1

Servo Valve Control Signal

Figure A.1: 1 Actuator Component Signals and Control Signal

Figure A.2: 2 Actuator Component Signals and Control Signal
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Figure A.3: 3 Actuator Component Signals and Control Signal

Figure A.4: 4 Actuator Component Signals and Control Signal
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B.1

Actuator Displacement and Pressure Profiles

Figure B.1: 3 Actuator Displacement and Pressure Profile, 1.58 mm Bladder Thickness

Figure B.2: 2 Actuator Displacement and Pressure Profile, 1.58 mm Bladder Thickness

61

Figure B.3: 1 Actuator Displacement and Pressure Profile, 1.58 mm Bladder Thickness

Figure B.4: 1 Actuator Displacement and Pressure Profile, 1.58 mm Bladder Thickness
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Figure B.5: 1 Actuator Displacement and Pressure Profile, 1.58 mm Bladder Thickness

Figure B.6: 4 Actuator Displacement and Pressure Profile, 2.38 mm Bladder Thickness
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Figure B.7: 3 Actuator Displacement and Pressure Profile, 2.38 mm Bladder Thickness

Figure B.8: 2 Actuator Displacement and Pressure Profile, 2.38 mm Bladder Thickness
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Figure B.9: 2 Actuator Displacement and Pressure Profile, 2.38 mm Bladder Thickness

Figure B.10: 1 Actuator Displacement and Pressure Profile, 2.38 mm Bladder Thickness
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Figure B.11: 1 Actuator Displacement and Pressure Profile, 2.38 mm Bladder Thickness
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