
ABSTRACT

Title of Dissertation: ANALYSIS OF PNEUMATIC ARTIFICIAL
MUSCLES IN ANCHORING, TORSION AND
WEIGHT-LIMITED ROBOTIC APPLICATIONS

Frank Cianciarulo
Doctor of Philosophy, 2025
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Pneumatic artificial muscles (PAMs) are studied in two novel actuation methods: radial

expansion and torsional response. In addition, PAMs utilizing novel material for light weight

scenarios are studied and applied to a sweeping wing mechanism in an unmanned aerial system

(UAS).

For the radial expansion model, modeling was performed using a force balance approach to

capture the effects that bladder strain and applied axial load have on the anchoring force. Radial

expansion testing was performed to validate the model. Force due to anchoring was recorded

using force transducers attached to sections of aluminum pipe using an MTS servo-hydraulic

testing machine. Data from the test was compared to the predicted anchoring force. Radial

expansion in large diameter (over 2 inches) PAMs were then used in worm-like robots to create

anchoring forces that allow for a peristaltic wave which creates locomotion through tunnels and

pipes. Modeling of the torsional response was also performed using a force balance approach,



and multiple model variations were considered, such as St. Venant’s torsion, bladder buckling,

and asymmetrical braid loading. Torsional testing was performed to validate the model using

a custom torsional testing system. Data from the tests was compared to the predicted torsional

response.

In addition to alternative forms of actuation, alternative materials for end fittings were also

tested. Two materials were tested, stand alone Acrylonitrile Butadiene Styrene (ABS-R) and

ABS embedded with carbon fiber. These materials were chosen to reduce the overall weight

of the PAM and increase the specific axial force output. Multiple iterations were designed and

tested to achieve an operable pressure range of zero to one hundred psi with a minimum safety

factor of 1.5. The PAMs also underwent endurance testing to determine the number of cycles

before fatigue failure. The final iteration of the PAM design for both materials were compared to

traditional metallic end fitting PAMs in specific force production as well as fatigue life.

Once design work was complete, the 3D-printed end fitting PAM was utilized in a sweeping

wing mechanism for a UAS. Due to their small size, UAS possess the ability to fly through

confined areas that full-sized aircraft would not be able to. This, however, presents the challenge

of an increased risk of collisions with obstacles present in these areas. An active wing sweeping

mechanism was proposed to both mitigate the possibility of, and damage associated with, collisions.

The mechanism was capable of sweeping the wings of an E-flite V900 BNF Basic remote controlled

plane by 45 degrees. Multiple bench top tests were performed on the system, such as a simple

actuation test, a response time test, and a hardware-in-the-loop (HITL) test. The gear system was

found to be fully capable of sweeping the wings from the default 35.4 inch wingspan to a 24 inch

wingspan and clearing a 30 inch gap at speeds up to 55 mph in the HITL tests.
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Chapter 1: Introduction

The field of robotics can be split into two categories, hard robotics and soft robotics. Most

classical types of robots can be placed into the hard robotics field, characterized by their use of

high-stiffness material, such as metal, in both their structure and in their actuator. Hard robots

benefit from these stiff components by not only being able to manipulate heavy payloads without

fear of yielding the structure, but also by assuming these components are rigid and that motion

only happens at specified locations, or joints, which simplifies the process of defining the motion

and workspace of the robot [9]. Hard robots can be represented by a series of revolute or prismatic

actuators in series or parallel, whose parameters can be described by a Denavit-Hatenberg (DH)

parameter table, which greatly simplifies the process of determining the kinematics of the robot,

as shown in figure 1.1 by Yan et al [1]. Hard robotics have been designed for surgical use,

manufacturing, vibration isolation, and on orbit space debris mitigation, among many other uses

[1, 10–13].

These benefits come with multiple costs, however. The first being the cost of weight.

These stiff material tend to be dense, resulting in robots that can struggle to fulfill operational

needs in weight-limited missions. Additionally, the high stiffness of these robots results in poor

compliance, especially in human-robot interactions. While this issue can be accounted for by

various control methods, the stiff structure still poses a risk to robots working in conditions with
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Figure 1.1: Top: Seven degree-of-freedom (DoF) arm represented by a series of revolute
actuators. Bottom: parameters of the seven DoF arm represented in a DH table, by Yan et al. [1]
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high human population or fragile environments [14, 15].

Soft robots can be classified as robots who are comprised of soft material, such as rubbers

or plastics. The actuators and structural links of these robots are capable of conforming to their

environment, introducing an intrinsic compliance to the robot, typically making it well suited

for confined or unpredictable environments and scenarios that hard robots struggle to operate

in [16, 17]. These include human-robot interaction [18–23], biomimetics [24–29], and difficult

terrain [30–35]. Additionally, because these soft materials are typically less dense than traditional

materials used in hard robots, soft robots tend to weigh less, making them good candidates for

applications where weight restrictions are a driving factor, such as those where high specific work

or specific power is required [36]. Soft robot actuators come in a variety of types, consisting of

inflatable everting tubes utilizing pneumatics for tunneling, as shown in figure 1.2, soft tubes that

produce torsion under vacuum, and liquid crystal elastomers that deform when exposed to light

stimuli, among many others [2, 37–39].

Figure 1.2: Inflatable everting tube soft robot utilizing pneumatics for tunneling, by Naclerio et
al. [2]

Among soft actuators are pneumatic artificial muscles (PAMs). PAMs are biologically

inspired actuators modeled after the macroscopic function of a muscle. PAMs are comprised of a
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soft bladder covered in a braided sheath. The two pieces are held together by use of an end fitting

and epoxy, the former providing a compression fit to bind the bladder and braid together, while

the latter helps to create an air-tight seal, as well as strengthening the connection between the

braid and bladder. When inflated with a working fluid, the bladder expands against the braid, and

the PAM actuates. PAMs exist in two varieties, being a contractile PAM (CPAM) and an extensile

PAM (EPAM). The differentiation between the two lies in the angle of the braid. At a braid angle

of 35.26 degrees or higher, the inflation of the bladder against the braid results in a contraction of

the ends of the PAM, while at an angle below 35.26 degrees, the inflation of the bladder results

in an extension of the PAM of up to 80% the initial length. [40–42]. While EPAMs have many

useful applications in the field of soft robotics, such as allowing for large effective workspaces in

continuum soft robots [43], all PAMs discussed in the remainder of this work will be CPAMs.

1.1 PAM history

PAMs were developed by Richard Gaylord in 1958, in which he derived the Gaylord force

equation to describe the force generated by the axial contraction of the PAM [3].

FGaylord =
P

4πN2
(3L2 −B2) (1.1)

Here, P is the internal pressure of the PAM, L is the length of the PAM, B is the length of

the braid, and N is the number of turns of the braid around the PAM.

In the 1960’s, Joseph L. McKibben popularized PAMs for use in orthotics to assist polio

patients, where they were given the name ”McKibben muscles”. Though initially well received,

PAMs were eventually replaced by orthotics utilizing electric motors as battery technology improved
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[3]. Research on PAMs then stagnated until the early 1990’s, when Bridgestone began utilizing

them. During this time, PAMs were renamed as rubbertuators, shown being used to actuate a

robotic arm in figure 1.3 [3]. Bridgestone’s investment into PAMs sparked interest in PAMs by

others, with companies creating their own versions of the PAM, such as Festo’s Fluidic Muscle

MAS, Shadow Robot Group’s digit muscle, and General Electric’s Underminer PAM robot, all

created within the last thirty years [44–46].

Figure 1.3: Robotic arm driven by rubbertuators. Designed by Bridgestone. From Tondu. [3]
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1.2 Evolution of the modeling and construction of PAMs

As mentioned, the Gaylord force equation was the first attempt to model a PAM. While

it works reasonably well when the PAM is at low levels of contraction, the model struggles

to accurately predict the force output when the muscle is highly contracted [47]. Since the

development of this model, much work has been done to improve the ability of the model

to accurately predict the force output along the entire stroke length of the actuator. One key

improvement to PAM modeling is capturing the bladder stress present during actuation. Modeling

of this stress has been performed in numerous ways, such as by use of a force balance approach,

virtual work, and Mooney-Rivlin strain invariance, to create both elastic and hyperelastic models

[36,48,49]. Additionally, other correction terms have been applied to existing models to account

for smaller assumptions made in the model, such as addressing the accuracy of assuming inextensibility

in the braid, using photogrammetry to check the assumption of a constant bladder radius along

the length of the PAM during inflation, shown in figure 1.4, and addressing how the curvature of

the ends of the bladder effect force output, and if assuming they are perfectly squared off, like

in a typical cylinder, has significant effects on the model [4, 50, 51]. In addition to correcting

assumptions, work has been done to address how the interaction between the bladder and the

braid can effect the force output. These corrections include modeling the friction between the

braid and the bladder, as well as the expansion of the bladder before contact is made with the

braid, often referred to as the deadband pressure [52–56].

Significant work has also gone in to improving the construction of PAMs as well. Traditional

design of PAMs did not have a standardized or well-studied method for sealing the ends, and as

such would have issues such as pinhole leaks that were difficult to determine the cause of [57].
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Figure 1.4: Photogrammetric outline of a PAM used to determine PAM radius during inflation by
Chambers and Wereley. [4]

Improvements in the design of PAMs lead to the current swage design, in which an aluminum

end fitting is inserted into the PAM bladder and braid, coated in epoxy, and fitted with a swage

tube that is passed through an axisymmetric frustoconical die to compress the tube around the

assembly to provide an air-tight seal. An example of a PAM constructed with this method is

shown in figure 1.5 [5]. This improved design saw an increase in fatigue life from fourteen

thousand cycles to over one hundred and twenty million cycles [5, 57, 58].

Figure 1.5: Design of swaged end fitting for PAM by Woods et al. [5]

7



1.3 Applications of PAMs

Due to the improvements in both the modeling and construction of PAMs over the last

5 decades, PAMs have been implemented in many types of applications. PAMs began life as

a form of orthotic, and have been utilized in multiple orthotic systems since then. They have

been implemented in forearm mounted, robotic hand exoskeletons for use by stroke patients,

wearable body suits for inducing torso twisting and bending, and lower body exoskeletons to aid

in offsetting the weight of tools used by workers during construction or maintenance tasks. An

example of a wearable exoskeleton hand by Tjahyono et al. is shown in figure 1.6 [6, 59–61].

Figure 1.6: robotic exoskeleton hand utilizing PAMs by Tjahyono et al. [6]

Along with implementation into wearable robotics, PAMs have also been utilized in traditional

robotic applications in the form of musculoskeletal arms, such as using multiple antagonistic
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pairs of PAMs to control a seven DoF anthropomorphic arm. The use of these antagonistic PAM

pairs allowed for a natural compliance, mimicking that of a human arm [59, 62]. While PAMs

have traditionally been used in bio-inspired and biomimetic projects, such as the aforementioned

exoskeleton and robotic applications, they have also found use in aerospace applications. Pneumatic

actuators have been used in sweeping wing mechanisms, capable of generating and maintaining

sweep of up to forty five degrees during wind tunnel tests of up to forty five miles per hour. An

illustration of this mechanism is given in figure 1.7 [7].

Figure 1.7: Illustration of sweeping wing mechanism using pneumatic actuators by De Marmier
and Wereley. [7]

PAMs have also been implemented for use in multiple trailing edge flap actuation projects
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due to their high specific force enabling them to generate sufficient actuation force to create 20

degrees of flap actuation at nearly 25 Hz for a mach speed of 0.1 for one fixed wing application,

and being able to generate 17.1 degrees half-peak-to-peak (HPP) at 35 Hz during wind tunnel

tests in a Bell 407 wing section at 0.3 mach speed for another [8, 63]. Figure 1.8 presents one of

these designs by Kothera and Wereley.

Figure 1.8: Wind tunnel testing of fix wing with PAM powered trailing edge flap actuation by
Kothera and Wereley. [8]

1.4 Problem Statement

While the PAM’s axial force has been extensively modeled and utilized, a PAM is capable

of producing other actuation forces that have not been as heavily studied. These actuation

types, the radial force and the torsional response, could prove to be extremely useful in robotic

applications, but the lack of modeling or understanding of them has led them to be relatively

under-utilized. The radial force, generated by the radial expansion of the PAM, has been shown
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to be capable of producing locomotion in pipe crawling robots, but has not been modeled.

Additionally, PAMs are capable of reacting torsional loads, but this property has not been implemented

as there is no way to predict how well PAMs can react these loads at a given pressure. Being able

to utilize a PAM to not only produce axial loads but also radial and torsional loads could allow for

robots capable of complex behavior without the complexity of using multiple types of actuators.

In addition to a lack of research into alternative actuation uses for PAMs, there has been a lack of

research into alternative materials for end fittings as well. While the effects of using alternative

materials for other components of PAMs, such as aramid versus polyethylene terephthalate (PET)

for braid or elastic material, such as latex, silicone, and Viton, versus inelastic material, such

as low-density polyethelene, for bladder material have been studied, alternative materials for

end fittings have not been thoroughly investigated. [50, 64]. Although it is true that various

types of end fittings have been used, such as hose clamps and swaged end fittings, which is the

common choice for most modern PAMs, these end fittings are typically made either partially

or completely out of metal [5]. For swaged end fittings specifically, aluminum is the common

choice of material. Alternative materials, such as plastic, could provide specific advantages over

metals. Plastic is typically less dense than metal, and could allow for a lighter weight PAM that

could be advantageous in weight-limited applications. Additionally, being able to 3D-print end

fittings out of plastic could allow for rapid prototyping that would be both quicker and more cost-

effective than creating multiple end fittings out of metal while designing and testing an actuator.

The use of plastic does come at the cost of a reduction in strength, but PAMs with 3D-printed end

fittings could be useful in scenarios where exceedingly high force generation is not required for

the typical use case.
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1.5 Outline of Thesis

In Chapter 2, We create a model for the radial force of a PAM using a force balance

approach. We assume a fourth order stress-strain relationship and a first order pressure-modulus

relationship for the bladder moduli, and utilize non-linear optimization to solve for the moduli.

We create a custom test fixture and collect data of the radial expansion force at multiple pipe

diameters to verify the radial expansion model. We show the model is capable of accurately

predicting the radial force generated by the PAM, with and without an applied axial force. We

then utilize this radial expansion force and model in a three segment bio-inspired, worm-like

robot. The robot demonstrates the capability of practically utilizing the radial expansion force by

crawling vertically through a pipe by mimicking the peristaltic wave of a worm. The radial force

allows for anchoring of the robot into the pipe wall to support it’s weight as it climbs the pipe.

In addition to the radial force, the torsional response is modeled in Chapter 3. We once

again assume a fourth order stress-strain relationship and a first order pressure-modulus relationship

for the bladder moduli, while also attempting a first order stress-strain relationship and a fourth

order pressure-modulus relationship for the bladder moduli. We investigate the possibility of the

torsional response taking the form of St. Venant torsion, bladder buckling, or asymmetrical braid

loading. A custom torsional testing rig is constructed and used to record the torsional response of

the PAM from 0 to 5 degrees of twist at 10 to 50 psi, in increments of 5 psi. The model is found

to agree well with the collected data at all pressures.

In Chapter 4, a 3D-printed end fitting is constructed for a 7/8 inch PAM using Acrylonitrile

Butadiene Styrene (ABS-R), with the goal of increasing the specific actuation force (SAF) of the

PAM through weight reduction. Multiple iterations of the end fitting are constructed and tested
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in blocked force, free contraction, and through full actuation sweeps to achieve a comparable

operating range to metal PAMs of zero to one hundred psi, with a safety factor of at least 1.5. An

alternate version of the finalized design is also constructed out of Acrylonitrile Butadiene Styrene

- Carbon Fiber (ABS-CF) and tested. Finite element analysis (FEA) of the burst conditions are

modeled to validate the experimental results. Endurance testing is performed on the PAM to

ensure a reasonable number of actuation cycles could be performed before failure. The 3D-

printed end fitting is found to surpass the target 1.5 factor of safety in all burst conditions, while

improving the SAF by 12.86% and enduring over 50,000 cycles.

An application of the 3D printed end fittings is described in Chapter 5, in the form of

a sweeping wing mechanism for an E-flite V900 BNF Basic remote controlled plane. The

mechanism is nearly entirely 3D-printed, consisting of an electro-pneumatic system and PAM for

actuation, and a gear mechanism to translate the actuation force into rotational motion to sweep

the wings. Time to sweep was found for the system at multiple line pressures. A hardware-in-the-

loop test is performed with an obstacle avoidance system. The sweeping wing mechanism was

found to be able to avoid collision by simulating passing through a 30 inch wide gap by sweeping

the aircraft’s wings at speeds up to 50 mph.

Finally, conclusions and future work are discussed in Chapter 6.

13



Chapter 2: Analysis of anchoring muscles for pipe crawling robots

2.1 Overview

Pneumatic artificial muscles (PAMs) consist of an elastomeric bladder wrapped in a Kevlar

braid. When inflated, PAMs expand radially and contract axially, producing large axial forces.

PAMs are often utilized for their high specific work and specific power, as well as their ability

to produce large axial displacements. Although the axial behavior of PAMs is well studied, the

radial behavior has remained underutilized and is poorly understood. Modeling was performed

using a force balance approach to capture the effects that bladder strain and applied axial load

have on the anchoring force. Radial expansion testing was performed to validate the model.

Force due to anchoring was recorded using force transducers attached to sections of aluminum

pipe using an MTS servo-hydraulic testing machine. Data from the test was compared to the

predicted anchoring force. Radial expansion in large diameter (over 2 inches) PAMs were then

used in worm-like robots to create anchoring forces that allow for a peristaltic wave which creates

locomotion through acrylic pipes. By radially expanding, the PAM presses itself into the pipe,

creating an anchor point. The previously anchored PAM then deflates, which propels the robot

forward. Modeling of the radial expansion forces and anchoring was necessary to determine the

pressurization required for proper anchoring before slipping occurs due to the combined robot

and payload weight.
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2.2 Introduction

A pneumatic artificial muscle (PAM) is an actuator composed of a braided sleeve wrapped

around an elastomeric tube or bladder, which is typically made from latex or silicone. When

inflated with a working fluid, the PAM contracts and creates an actuation force, while the diameter

of the PAM increases. The force that can be generated by a PAM is a function of the diameter

and braid angle of the PAM [3]. PAMs have been found to be extremely useful for producing

high strength forces in low mass actuators at relatively low pressures, allowing for maximization

of specific power, specific work, and power density [5, 52, 53, 63, 65, 66].

Typically, the forced produced by the axial contraction of PAMs is utilized to create actuation

of systems [66–69], but force is also generated by the PAM through the radial expansion that

occurs while the PAM axially contracts. Much like with the contractile force, a constraint

limiting the PAM’s ability to expand radially must be present for a reaction force to be generated,

such as the inner walls of a pipe. While axial contraction force production in PAMs is well

understood and various analyses exist to predict these forces [4,48,64,70–72], this is not the case

for radial force production, and no existing analysis can predict radial force at a given diameter

and pressure. This study develops an analysis to predict the radial force generated by a PAM

constrained in a tube or pipe, and validates the analysis via experiment.

2.3 PAM Design

A PAM is comprised of three main components: The bladder, the braided sheath, and the

end fittings. For the PAM used in this paper, a 2.25 inch outer diameter, 0.25 inch thick gum
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rubber bladder was used with a Kevlar braid. The aluminum end fittings hold the braid and

bladder in place by use of a swage tube, which is compressed around it. The end fitting uses a

novel two-part design that allows for access to the internals of the PAM without removing the

end fitting and destroying the swaged outer tube, shown in figure 2.1.

Figure 2.1: Left: Model of an assembled end fitting. Right: Exploded view of an end fitting.

These end fittings allow for the addition or removal of pneumatic feed-through tubes, which

are necessary for robotic applications. The outer end fitting is used for the swaging process and

contains a collar that allows the PAM to be connected to external features. The internal end fitting

features three holes with 0.25 inch NPT threads on both ends to allow for up to three pneumatic

attachments and feed through hoses. An o-ring is placed around the groove in the inner end fitting

to provide an air-tight seal. A retaining ring is used to hold the inner end fitting in place during

operation.

2.3.1 PAM Swaging

The swaging process consists of coating the outer end fitting in epoxy and inserting the

smaller diameter end into the bladder. The Kevlar braid is then pulled over top of the end fitting-

bladder assembly. The swage tube is then pulled over the end fitting assembly and the entire

16



piece is passed through a tapered die using a 10 ton press. The die compresses the swage tube

around the other components, creating a unified part. The finished PAM is 12.25 inches long,

2.25 inches in diameter, with a braid angle of 66.35 degrees, shown in figure 2.2.

Figure 2.2: PAM with removed inner end fittings and pneumatic hoses.

2.4 Axial Contractile Testing

To characterize the radial expansion force of the muscle, first the contractile behavior in

the axial direction needed to be modeled to determine key properties of the PAM such as the

maximum force output, the maximum stroke length, and the stresses applied to the bladder. To

find these, the PAM was tested on an MTS servo-hydraulic testing machine. The PAM was

connected to the MTS through the use of MTS couplers that were attached to the collars of the

end fittings at both ends. The PAM was first manually cycled between free contraction, where the

PAM is allowed to fully contract without any applied axial force, and blocked force, where no

contraction is allowed and maximum axial force production occurs, at 105 psi to account for the

Mullins effect [73]. The PAM was tested between 10 to 100 psi in increments of 10 psi. For each

pressure, the PAM was cycled between blocked force and free contraction three times, as shown

17



in figure 2.3. The MTS recorded displacement, force, and pressure. An Enfield D1 Bi-Directional

Proportional PWM Valve Driver (Enfield, Trumbull, Connecticut) and an Enfield LS-V05s High

Speed 5/3 Proportional Directional Valve (Enfield, Trumbull, Connecticut) were connected to

an Arduino Mega (Arduino, Robbinsville, New Jersey) and used to maintain constant pressure

throughout the duration of the experiment. Pressure was measured using an Omegadyne PX209

pressure transducer (Omega Engineering Inc, Norwalk, Connecticut). Due to both the high force

output of these muscles and new end fitting design, precaution was taken at higher pressures to

ensure no tearing or separation occurred in the braid or end fittings. No damage was observed

during the course of these tests.

Figure 2.3: Left: PAM at block force at 100 psi. Right: PAM at free contraction at 100 psi.

2.5 Radial Expansion Testing

To measure the radial force exerted by the muscle, the MTS servo-hydraulic testing machine

was once again used. Two testing fixtures were custom designed to fit into the MTS to allow

the MTS to measure the radial force, shown in figure 2.4. The testing fixtures consisted of
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two aluminum half rounds each, with one set measuring 3 inches in inner diameter with a 0.25

inch wall thickness, and the other measuring 3.5 inches in inner diameter with a 0.25 inch wall

thickness. Mounting fixtures were 3D printed out of ABS using a Makerbot Method X (Makerbot,

New York, New York) and epoxied onto the half rounds using Scotchweld DP460 (3M, St. Paul,

Minnesota). The two half rounds were placed into the MTS and the lower head of the MTS

was raised until the ends of the half rounds were touching, forming a completed pipe. The PAM

was placed in the pipe and pressure was increased from 0 to 100 psi using the same pressure

controller described in section 2.4. The MTS recorded the force and pressure during the test.

Care was taken to ensure proper alignment of the pipe halves and to prevent any separation of the

two halves during testing.

Figure 2.4: Test rig used for radial expansion testing.
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2.6 Axial contraction analysis and results

With the contractile data collected, a model of the PAM could be generated. To generate

this model, first the braid length, B, and the number of turns of the braid, N , are needed. These

can be found using equations 2.1 and 2.2:

B =
L0

sin(θ0)
(2.1)

N =
Bcos(θ0)

πD0

(2.2)

where L0 is the initial active length, θ0 is the initial braid angle, and D0 is the initial diameter.

From here we can find the PAM diameter, D, for any contraction length, as well as the instantaneous

braid angle, using the following equations:

D(L) =

√
B2 − L2

πN
(2.3)

cos(θ1)

D1

=
cos(θ2)

D2

(2.4)

where L is the current length of the PAM. The force generated by the PAM can now be found

using the following equation for the Gaylord force, FGaylord :

FGaylord =
P

4πN2
(3L2 −B2) (2.5)

where P is the pressure of the PAM. The Gaylord force is most accurate at lower contractions as
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it does not account for the energy required to expand the bladder, and is therefore less accurate at

higher contractions where bladder expansion is greater [74].

Following the procedures outlined in ref. [36], a characterization of the PAM that incorporates

bladder expansion can be determined using the MTS data and the fmincon command in MATLAB

to determine the non-linear moduli characteristics of the bladder [36]. These moduli are allowed

to vary linearly with pressure and provide a 4th order approximation of the non-linear behavior

of the bladder. The axial and circumferential strain, ϵz and ϵc, can be found using:

ϵz =
L

L0

− 1 (2.6)

ϵc =
R

R0

− 1 (2.7)

where R is the instantaneous radius of the bladder, and R0 is the initial radius. The instantaneous

axial and circumferential stress in the PAM can then be determined using the strains, and the

moduli, Ek:

σz =
4∑

k=1

Ekϵ
k
z (2.8)

σc =
4∑

k=1

Ekϵ
k
c (2.9)

Finally, the instantaneous force produced by the PAM can be calculated using the force

balance model:
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F = PRi

(
L2

2πRoN2
− πRi

)
+ σz

VB

L
− σc

tL2

2πRoN2
(2.10)

where VB is the volume of the bladder, which is assumed constant for this model, t is the thickness

of the bladder, Ro is the outer radius of the PAM, and Ri is the inner radius. Note that due to

the non-negligible thickness of the bladder, a distinction was made in the radii terms between the

inner and outer radius of the bladder for this model, unlike the model used in ref. [36].

The axial contraction model is comprised of three terms. The first term, PRi(
L2

2πRoN2 −

πRi), is equivalent to the Gaylord force from equation 2.5. The second and third terms, σz
VB

L
−

σc
tL2

2πRoN2 are the forces resulting from the axial and circumferential stress in the bladder, respectively.

These forces act against the Gaylord force and reduce the total force output by the muscle. The

results of the analysis are shown in figure 2.5. The dashed black lines represent the experimental

data obtained from the test described in section 2.4, while the colored lines represent the results

predicted by the model.

Figure 2.5: Force versus percent axial contraction of PAM.
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2.7 Radial expansion analysis and results

Using the free body diagram depicted in figure 2.6, the radial expansion force can be

modeled. First, balancing the forces in the circumferential and axial directions results in equations

2.11 and 2.12.

PRiL = σctL+NTcos(θ) +
1

2
FR (2.11)

Fappl + πR2
iP = σz

VB

L
+ Tsin(θ) (2.12)

Figure 2.6: Free body diagram of PAM radially expanding in a pipe.

Where FR is the radial force generated by the PAM, T is the tension in the braid, and Fappl

is an applied axial load. By solving equation 2.11 for T , equation 2.1 for sin(θ), and equation

2.2 for cos(θ) and substituting, equation 2.12 becomes:
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Fappl + πR2
iP = σz

VB

L
+

(PRiL− σctL− 1
2
FR)L

2πRoN2
(2.13)

Equation 2.13 can then be solved for FR:

FR = 2

[
P

(
RiL− 2π2R2

iRoN
2

L

)
+ 2πRoN

2σz
VB

L2
− σctL− 2πRoN

2Fappl

L

]
(2.14)

Equation 2.14 is the radial expansion model, which describes the force applied radially

by a PAM to a tube it is contained in for a given pressure and applied axial force. Like the

axial contraction force equation, it is beneficial to break down this equation into its constituent

parts. The first part, P (RiL − 2πR2
iRoN2

L
), describes the force generated by the internal pressure

acting on both the walls of the bladder as well as the faces of the end fitting. The second and

third terms, 2πRoNσz
VB

L2 − σxtL, are the forces due to the axial and circumferential stress in the

bladder. Much like their function in the axial contraction model, they work to reduce the force

produced by the first term. The final section, 2πRoN2Fappl

L
, is the external axial force applied to the

PAM. Due to the Kevlar braid, a coupling exists between the circumferential and axial functions

of the PAM. This results in a reduction of radial force production as axial loading is applied to

the muscle. An alternative formulation to equation 2.14 would be to express the radial expansion

in terms of force per length, as in equation 2.15:

FR

L
= 2

[
P

(
Ri −

2π2R2
iRoN

2

L2

)
+ 2πRoN

2σz
VB

L3
− σct−

2πRoN
2Fappl

L2

]
(2.15)
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This formulation is convenient for comparison of PAMs of equal diameter but different

length. By normalizing over the length of the muscle, the PAMs can be compared by their output

of radial expansion force per length, allowing for a consistent and direct form of comparison.

Additionally, by dividing equation 2.15 by the circumference of the anchored PAM, the pressure

applied to the pipe by the PAM can be found, which is useful when anchoring in materials where

applying too much pressure could disrupt the tunnel, such as tunnels made of gravel or sand.

The radial expansion model was compared to the data obtained from the radial MTS tests.

The moduli obtained from the axial model were used for the radial model initially. Although the

model correctly predicted when anchoring would occur, the model was not accurate when using

the moduli from the axial expansion model above anchoring pressure, as seen in figure 2.7. Here,

the the error for the 3 inch diameter case was 83.97 lbs or 5.47% at 100 psi, and -51.92 lbs or

-4.27% at 100 psi for the 3.5 inch diameter case.

Figure 2.7: Radial expansion force model. Left: Analysis of 3” diameter case. Right: Analysis
of 3.5” diameter case.

Optimization was performed on the model using the radial expansion data to find new

moduli.
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min
x

n∑
k=1

√∑j
i=1 (FM,i,k − FE,i,k)2

j

s.t. lb ≤ x ≥ ub

c(x) ≤ 0

(2.16)

Here, FM is the predicted force from the model, FE is the measured experimental force, n

is the number of pressures tested, and j is the total number of data points per pressure taken. The

optimization variable, x, is a vector comprised of [x1, x2, x3, x4, x5, x6, x7, x8]
T . These variables

are used to determine the moduli in the form of

E1 = x1P + x2

E2 = x3P + x4

E3 = x5P + x6

E4 = x7P + x8 (2.17)

The bounds on x are given by {xk = −1000 |k = 1, ..., 8}and {xk = 1000 |k = 1, ..., 8} as

the lower and upper bound, respectively. Finally, the non-linear constraint, c(x), can be defined

as

c(x) = −(dEc + dEz) (2.18)

where dEc is the incremental internal circumferential energy and dEz is the incremental internal

axial energy. This constraint is derived from the Drucker stability criteria, which states that the
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incremental internal energy of a stable material can only increase [75]. The Matlab function

fmincon was utilized to solve this optimization problem.

The stress in the bladder was calculated using these new moduli and compared to the stress

seen in the axial contraction model for both the 3 and 3.5 inch data sets. The stress was found to be

the same at the pressure where contact with the pipe first occurred, called the contact or anchoring

pressure, for both the axial and circumferential stress between the two models for both data sets.

As the pressure increased, both the circumferential and axial stress in the radial expansion model

changed at different rates than the stresses in the axial contraction model, as seen in figure 2.8.

There are multiple reasons that could be the cause of the bladder stress not aligning between

the two models, such as bladder stiffening due to contact with the pipe, inaccuracies due to

an inextensible braid assumption, frictional losses due to braid-bladder contact and braid-pipe

contact, or the constant radius assumption that may not hold for the axial contraction model,

but which would hold for the radial expansion model, due to the pipe forcing a constant bladder

radius onto the PAM [50]. These reasons could also explain why the moduli found for the two

sets of radial data differ, as shown in figure 2.9.

The radial expansion model was ran once again using these new stress values, shown as

the dashed black lines in figure 2.7. The model follows the experimental data very well, with the

error for the 3 inch diameter case being 1.57 lbs or 0.10% at 100 psi, and -8.33 lbs or -0.69%

at 100 psi for the 3.5 inch diameter case. As expected, the radial force increases linearly as the

pressure increases.
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Figure 2.8: Axial and radial bladder stress in PAM. Left: Analysis of 3” diameter case. Right:
Analysis of 3.5” diameter case

Figure 2.9: Change in calculated bladder moduli with pressure.
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2.7.1 Radial force with applied axial load

While we have validated the radial force model against data, this data was collected under

the condition that no axial force was applied to the PAM during the test. As noted earlier, the final

term in equation 2.14 represents how an applied axial force would effect the radial force, and up

to now, this term has not been validated. an additional test was performed for each test fixture,

where a rope was attached to one end of the PAM. The rope was ran through a pulley, and a crate

containing 230.37 lbs of weight was hung from the opposing end, as shown in figure 2.10. The

PAM was once again inflated from 0 to 100 psi, and the produced radial force was recorded. A

new PAM was used for these tests. The PAM was 2.25 inches in diameter with a length of 12.375

inches and a braid angle of 65.92 degrees.

Figure 2.10: Left: Weight and pulley system. Right: PAM with attached rope.

Figure 2.11 shows the results of the data from the 3 inch and 3.5 inch diameter case

compared to the data for each respective case with no axial loading applied.
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Figure 2.11: Radial force data with and without axial weight for 3 (left) inch and 3.5 (right) inch
diameter pipe.

In both cases, we observe that the anchoring pressure of the PAM has shifted to the right,

but the slope of the curve remains relatively the same between the case with the applied axial force

and the case without. This aligns with equation 2.14, where the applied axial term, 4πR0N2Fappl

L

acts to reduce FR as Fappl increases, creating a shift to the right on the x axis. 4πR0N2

L
can be

viewed as an amplification factor. This term increases or decreases the applied force depending

on the diameter of the pipe and length of the PAM, causing the effective force reduction to amplify

as the pipe diameter increases. Figure 2.12 shows the change in amplification factor as pipe

diameter increases. For our load of 230.37 lbs, we see a reduction of 233.72 lbs for the 3 inch

diameter case, and 296.07 lbs for the 3.5 inch diameter case.

Figure 2.13 shows the fitted model against the raw data for both cases. Here, the model

was fitted to the data without the applied axial load using the optimization function described

previously. The term for the applied axial load was then added to the model, without running the

optimization function again, and overlaid overtop the data with the applied axial load. The model

accurately accounts for the shift that occurs with the application of an axial load, with no need to

obtain new moduli through optimization. Note that some discrepancy is seen in the slope of the
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Figure 2.12: Amplification factor versus pipe diameter.

line. This phenomenon may occur due to certain assumptions in the model that are not accounted

for, such as friction and hysteresis.

Figure 2.13: Radial model applied to data with and without axial loading.

2.8 Model Compatibility

As shown in section 2.7, the stresses present in the bladder differ in the muscle when

the muscle is constrained in a pipe versus when it is not. Despite this, both the axial and
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circumferential stresses in the bladder at the time of anchoring are equal between the two models.

This allows for compatibility between the axial contraction and radial expansion model. While

the muscle is free to expand radially, the axial contraction model accurately describes the muscle

behavior. Once contact with the pipe wall is established, the radial model and moduli should be

used while the PAM is anchored. The pressure where the switch between models should occur

is the same as the contact pressure. This pressure can be found by solving equation 4.4 for the

length, using the desired inner diameter of the pipe. This length can then be compared to a

pressure versus free contraction plot that is obtained from the axial contraction data, as in figure

2.14. For an inner pipe diameter of 3 inches, pipe contact occurs at a free contraction length of

11.29 inches for the PAM used in the radial testing without axial loading, which corresponds to

a pressure of Pa(3”)=17 psi. Pipe contact occurs at a free contraction length of 10.45 inches for

a pipe diameter of 3.5 inches, which corresponds to a pressure of Pa(3.5”)=24 psi, as shown in

figure 2.14, which agrees with the experimental data.

2.9 Robotic Applications

With a functioning radial model developed, a soft robot capable of utilizing the radial

expansion force of a PAM was developed. When combined axially, three PAMs can be linked to

form a single worm-like robot capable of movement through tunnels and pipes, such as in figure

2.15, where a three segment PAM robot starts at the bottom of a vertical pipe and ascends. Using

a system of internal pneumatic tubing, each PAM can be individually pressurized and monitored,

as shown in figure 2.16.
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Figure 2.14: PAM pressurization vs free contraction length.

Figure 2.15: 3-segment PAM robot climbing a vertical pipe.

Through the use of this electro-pneumatic system, the robot can achieve locomotion through
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Figure 2.16: Electro-pneumatic diagram of three-PAM worm-like robot.

pipes using a pattern of inflation and deflation akin to that of a peristaltic wave used by worms

when tunneling [76], shown in figure 2.17. In this example, the middle PAM is anchored in step

one, and acts as a fixed point for the robot. In step two, the rear PAM contracts and anchors as

well. With the rear PAM anchored, the middle PAM is allowed to deflate and elongate in step

three. The peristaltic wave continues to propagate, with the forward PAM anchoring in step four,

allowing the rear PAM to deflate in step five. Finally, the middle PAM inflates in step six, and

the forward PAM deflates in step seven. The robot is now in the same state as step one, but has

propagated forward from its initial position. For this locomotion method to work while climbing

an inclined pipe, the force provided by the anchoring muscle must be able to counteract the

weight of the robot and any additional payload so slipping does not occur. The ability to predict

the anchoring force provided by the robot given the pressure supplied to the PAM through the use

of the radial expansion model is crucial to ensure sufficient anchoring forces so loss of anchoring

does not occur during operation.

Additionally, an alternate version of the worm-like robot called the Underminer was constructed

by GE which used seven PAMs, manufactured by the CORE laboratory at the University of

Maryland, shown in figure 2.18. This robot was used to burrow through soil, using the nose cone

to create the tunnel, and then utilized the expansion properties of the PAMs to expand the soil
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Figure 2.17: Peristaltic wave gait of a three-PAM worm-like robot
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cavity to full size. In doing so, the worm-like robot is capable of traversing through these soil

tunnels without generating any spoils that would be present in traditional digging robots [46].

Figure 2.18: Seven section worm-like robot created by GE.

2.10 Conclusion

Analysis for the radial expansion force produced by a PAM is outlined in this study. This

force, although utilized in robotic applications, has not been fully understood or properly modeled

before, but understanding of the mechanics producing the force is necessary to ensure sufficient

anchoring to support both the robot and any additional payload. The model not only accurately

fit the data obtained from experimental testing both with and without applied axial loading, but

also aligned nicely with the axial contraction model, both in prediction of anchoring pressure and
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in calculated axial and circumferential bladder stress at the contact pressure. Future work for

this model includes performing slip tests of the PAM anchored in the pipe. These tests would

entail anchoring the PAM in a pipe, and increasing the axial load on the PAM until slip occurs.

These tests would provide insight on how both friction and applied axial load affect slip, to

achieve a better understanding on how much payload a worm-like robot can carry before slipping

occurs. Additional future work entails determining the cause for the misalignment of bladder

stress between the axial contraction and radial expansion models, as well as the difference in

moduli between the 3 inch and 3.5 inch data sets. Determining and resolving the cause could

allow for a radial expansion model with moduli that work for any given pipe diameter, as opposed

to needing a set of moduli for each pipe diameter of interest, as is currently the case.

The ability to accurately predict the anchoring force generated by PAMs allows for the

possibility to accurately assess the needed level of pressurization to maintain anchoring in robotic

applications where factors like pipe diameter or applied payload may vary along the course of the

mission, allowing for a much broader scope and application of these types of robots.
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Chapter 3: Analysis of Torsional Response in Pneumatic Artificial Muscles

3.1 Overview

Pneumatic artificial muscles (PAMs) consist of an elastomeric bladder wrapped in a helical

braid. When inflated, PAMs expand radially and contract axially, producing large axial forces.

PAMs are advantageous because of their high specific work and specific power, as well as their

ability to produce large axial displacements. The axial and radial behavior of PAMs have been

well studied. The torsional response of PAMs have not been explored before. Accurate prediction

of the torsional force was desired for use in a bio-inspired, worm-like robot capable of using an

auger mounted to a PAM to bore out tunnels. Thus, an understanding of torsional response was a

key objective. Modeling of the torsional response was performed using a force balance approach,

and multiple model variations were considered, such as St. Venant’s torsion, bladder buckling,

and asymmetrical braid loading. Torsional testing was performed to validate the model using

a custom torsional testing system. Data from the tests was compared to the predicted torsional

response.
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3.2 Introduction

Pneumatic artificial muscles (PAMs) are actuators comprised of an elastomeric bladder,

typically latex or gum rubber, wrapped in a bi-axial braided sleeve. When inflated using either

pneumatic or hydraulic devices, such as electrohydrodynamic pumps [71,77], PAMs, also known

as McKibben muscles, contract axially while simultaneously expanding radially. These motions

also generate forces in the axial and radial directions, respectively. The axial force production of a

PAM is well studied and has been utilized in various applications [3,4,48,64,67–72]. PAMs have

been found to have high specific force, specific power, and power density, due to their high force

output and relatively low actuator mass, as well as low operating pressures [5, 52, 53, 63, 65, 66].

Although not as extensively utilized as the axial contraction force, the radial expansion force has

also seen application in worm-like bio-inspired robots [78]. The radial expansion force of a PAM

enables them to anchor into pipe and tunnel walls for robotic locomotion.

While models exist to characterize McKibben muscle response to external axial and radial

loading, no such model exists to characterize the response to torsional loading. Torsional loading

of other types of pneumatic actuators have been studied, such as elastomeric actuators capable

of generating twist under vacuum [38, 39], asymmetric pneumatic balloon actuators [79], helical

tubes embedded in silicone that impart torsion upon inflating [80],pre-twisted pneumatic tubes

generating torsion upon inflation [81], and auxetic structured cylinders which twist under buckling

during pressurization [82]. Additionally, actuators similar to McKibben muscles which generate

torsion during inflation due to only having a single braid direction have been studied, but no

model has been created and validated to analyze their torsional properties [83, 84]. Torsional

structures have also been constructed using multiple McKibben muscles, such as ones meant to
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replicate the twisting motion of the left ventricle in a heart, but these structures do not entail

torsion of the muscle itself, but rather induce torsion in the structure through the application of

the axial contraction force [85]. As a continuation of the work performed in reference [78], the

ability to predict PAM torsional response was desired to predict how it would react to loads from

an auger drilling through dirt or sand, as shown in figure 3.1. The PAM would be required to

provide significant torsional resistance to allow the auger enough torque to drill out the tunnel.

This study develops an analytical model to predict the torsional response of a PAM, and validates

the model experimentally.

Figure 3.1: Example of bio-inspired, three PAM tunneling robot.

3.3 Torsional Response Discussion

Initial insights into the torsional response of the system reveals multiple possibilities for

how a PAM will act under torsion. The first, and simplest, possibility is that the PAM will act as

a hollow cylinder and will follow St. Venant torsion. Another possibility is that the soft bladder

of the PAM will undergo torsional buckling prematurely, effecting the torsional stiffness of the

PAM. The final possibility is that the biaxial braided sleeve will disproportionately carry the

torsional load, resulting in nonlinearities in the torsional response.

To fully discuss the third possibility, first consider the triangle relationship present in PAMs.

The length of the braid, denoted as B, of a PAM can be found using the diagram shown in

figure 3.2. This diagram denotes that a right triangle can be formed with B on the hypotenuse,
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L, the active length of the PAM, on one leg, and πND on the opposing leg. Here, the πND

term represents the number of times the braid loops around the diameter of the PAM, with N

representing the number of loops, and D representing the diameter of the PAM. The angle, θ,

denoted in the triangle represents the angle of the braid with respect to the a line perpendicular to

the long axis of the PAM.

Figure 3.2: Triangle relationship of a PAM.

Now consider figure 3.3, representing a PAM with two braids, winding in opposite directions

around the PAM. In the top section of the figure the PAM is untwisted and the braid angles, as

well as the number of turns of the braids around the PAM, are equal. In the bottom section of

the figure, the PAM is twisted. The braid angle of both braids change due to the twist. The braid

angle of braid one decreases when measured off of the line perpendicular to the long axis of the

PAM, while the braid angle of braid two increases. In addition, the number of turns of the braid

increases for braid one and decreases for braid two.

Figure 3.3: Effects of twisting on the triangle relationship of a PAM.
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Based on the triangle relationship shown in figure 3.3, and assuming the braid length, B,

of the two braids are identical, key insights can be ascertained. First, assuming the PAM is at free

contraction during torsion, which is the state of maximum axial contraction, when N , the number

of turns of the braid, is increased in braid one, the πND term will increase. To keep the triangle

relationship true, both the braid angle, θ, and the free contraction length, L, must decrease. In

contrast, for braid two the πND term will decrease, forcing θ and L to increase. Because braid

one prevents L from increasing, we would expect braid two to go slack and carry no load. If this

is the case, a non-linear response is expected to be observed, due to the transition of torsional

loading from both braids to one braid, as well as the change in the number of braid turns around

the PAM, the change in free contraction length, and the change in braid angle as the twist angle

changes.

3.4 Testing

The PAM utilized in this experiment was 11.94 inches long and 2.25 inches in diameter.

To determine the torsional response, the PAM was first tested axially to gather information on

the blocked force as well as the free contraction lengths of the PAM. Blocked force is the state

where the PAM produces maximum force with no axial contraction and free contraction is the

state where the PAM undergoes maximum contraction with no force production. The PAM was

placed into an MTS servohydraulic testing machine. Once the PAM was mounted into the fixture,

an Arduino Mega (Arduino, Robbinsville, New Jersey) controlled an Enfield D1 Bi-Directional

Proportional PWM Valve Driver (Enfield, Trumbull, Connecticut) to pressurize and maintain the

PAM at a set pressure value using an Enfield LS-V05s High Speed 5/3 Proportional Directional
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Valve (Enfield, Trumbull, Connecticut). The pressure was read using an Omegadyne PX209

pressure transducer (Omega Engineering Inc, Norwalk, Connecticut). The PAM was then quasi-

statically actuated between free contraction and blocked force state three times per pressure,

shown in figure 3.4. The PAM was tested from ten to fifty psi in increments of five psi. Before

each test, the PAM was manually cycled from blocked force to free contraction to account for

the Mullin’s effect [73]. Force, displacement, and pressure data was collected for the duration of

each test.

Figure 3.4: Actuation of PAM at block force (left) and free contraction (right).

Torsional stiffness data was collected using a custom testing fixture, designed and constructed

from mostly commercial components. The fixture is shown in figure 3.5 showcasing electronics

and mechanical components. The fixture provides a stable base to consistently twist a pressurized

PAM, recording torque applied to the PAM and the degrees twisted. The base of the test fixture

is made of commercially available 80/20 segments. Using the grooves on these segments, the
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actuators and sensors are aligned along the axial direction of the PAM to prevent any external

moments from affecting the data. Additionally, the modular nature of 80/20 allows for moving

hardware to be mounted.

Figure 3.5: Overview of the systems in the torsion testing fixture.

The same Arduino and pressurization system from the axial tests were used in the torsion

fixture. With one end of the PAM fixed, the other end was free to translate axially and to rotate. As

the PAM pressurized, it underwent free contraction and translated along the length of the fixture.

When the PAM reached its set pressure, the same end that was translated was then rotated quasi-

statically at a rate of 0.02 degrees per second using a STEPPERONLINE 23HS30-2904S stepper

motor (Amazon, Seattle, Washington) with a 50:1 planetary gearbox. The fixture was equipped

with an ATO Micro Reaction Torque Sensor (ATO, Diamond Bar, California) to measure the

torque and a CUI Devices AMT13A2S-V (Same Sky Devices, Rosewood, Oregon) incremental

encoder with a minimum resolution of 4096 PPR to measure the angular displacement. Figure

3.6 shows how the motor systems and sensors are physically mounted while figure 3.7 shows the

systems diagram of all the pneumatic, mechanical, and electrical components.
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Figure 3.6: Mechanical actuation system and sensors employed during torsional testing.

Figure 3.7: Box diagram for all electro-pneumatics on the torsion fixture.
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The PAM was tested from ten to fifty psi in increments of five psi, as it was for the axial

tests. Before testing the range of pressures, the fixture was calibrated to insure repeatability and

accuracy between tests. The PAM was first pressurized, then the testing rig was rotated until a

small torque was read. The small torque indicates the motor connection is properly primed and

a good connection is established between the motor shaft and the PAM. For each pressure, the

PAM was twisted from zero to five degrees or until reaching the gearbox torque limit of around

170 pound-force inch three times. The PAM is then untwisted at the same rate as the twisting

rate.

In addition to these tests, a torsional test of just the uninflated bladder was performed to

determine if torsional buckling of the bladder was observed in the 5 degree twist range.

A representative plot of the data collected is given in figure 3.8, demonstrating the data

collected from the three 35 psi tests, as well as a linear fitted line. The R2 value of the line is

0.999. This high level of linearity applies to all of the data collected. The R2 value for each

pressure is given in table 3.1, along with the peak torsional load, and maximum twist achievable.

Table 3.1: Torsion testing results.

Pressure Maxiumum Twist Maximum Torque R2

[psi] [degrees] [lb-in] [-]
0 (bladder only) 5.08 1.98 0.880

10 5.10 22.36 0.975
15 5.08 60.29 0.994
20 5.06 111.57 0.992
25 5.06 156.51 0.998
30 4.07 157.80 0.995
35 3.85 167.56 0.999
40 3.56 167.94 0.999
45 3.28 164.47 0.999
50 2.90 151.12 0.999
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Figure 3.8: Raw torsional data (red, yellow, blue dots) with linear fitted line (black dashed line)
for 35 psi torsional test.

3.5 Axial Analysis

Analysis of the axial properties of the PAM was performed to acquire information on the

free contraction lengths of the PAM at each pressure, as well as the braid angle of the PAM, as

both are needed for the torsional analysis. To analyze the axial force, the process outlined in

reference [36] was followed. First, the braid length and number of turns of the braid were found

using equations 3.1 and 3.2.

B =
L0

sin(θ0)
(3.1)
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N =
L0

D0πtan(θ0)
(3.2)

Here, L0 is the original PAM length, θ0 is the original braid angle, and D0 is the original

diameter. The inflated diameter, which is also necessary to know for the torsional analysis, can

be found from equation 3.3, while the braid angle during inflation can be found using equation

3.4.

D(L) =

√
B2 − L2

πN
(3.3)

cos(θ1)

D1

=
cos(θ2)

D2

(3.4)

To solve for the initial braid angle, an alternate form of the Gaylord force equation than

that used in reference [36] is used, given in 3.5.

θ = tan−1

√ F
PπR2 + 1

2

 (3.5)

Solving the Gaylord equation using the blocked force of the PAM will give the initial braid

angle.

For completeness, the entire axial actuation range of the PAM was plotted and fitted using

the process described by reference [36]. The axial force can be described by equation 3.6.

F = PRi

(
L2

2πRoN2
− πRi

)
+ σz

VB

L
− σc

tL2

2πRoN2
(3.6)

Note that although the process to fit the model to the data is the same as that outlined in
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the cited reference, the form of equation 3.6 differs slightly due to the use of an inner radius term

for the PAM. In the cited reference, no differentiation was made between the inner and outer

radius due to the thinness of the bladder of the PAM being analyzed. The PAM utilized in this

paper has a quarter-inch thick bladder, which the authors believe too thick to utilize the same

assumption. The fitted actuation curve is shown in figure 3.9. The dashed lines represent the

averaged collected data per each pressure, while the color lines represent the fitted model.

Figure 3.9: Axial actuation model (solid colored line) overlaid on axial data (dashed black line)
of a PAM.

3.6 Torsional Analysis

To analyze the torsional properties of the PAM, a free body diagram, shown in figure 3.10,

of the PAM was used to determine the circumferential, axial, and torsional loads on the PAM
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during actuation. Circumferential forces present in the PAM can be represented by:

PRiL = σctL+N1F1cos(θ1)−N2F2cos(θ2) (3.7)

where P is the pressure of the PAM, L is the length, σc is the circumferential stress in the bladder,

Ri is the inner radius, F1 and F2 are the forces in braid 1 and 2 respectively, and N1 and N2 are

the number of turns of braid 1 and 2, respectively. The axial equilibrium of the PAM is:

πR2
iP = σz

VB

L
+ F1sin(θ1) + F2sin(θ2)− Fappl (3.8)

where σz is the axial stress in the bladder, VB is the volume of the bladder, and Fappl is the applied

axial force. Torques present in the PAM are given by:

T = F1Rocos(θ1)− F2Rocos(θ2) +
τJ

Ro

(3.9)

where T is the applied torque, Ro is the outer radius, τ is the torsional stress in the bladder, and

J is the polar moment of inertia. To solve for T , First F1 and F2 must be found. by solving

Equation 3.8 and 3.9 for F2, they can be equated and F1 can be found to be:

F1 =

T
Rocos(θ2)

+
πR2

iP−σz
VB
L

+Fappl

sin(θ2)
− τJ

R2
ocos(θ2)

cos(θ1)
cos(θ2)

+ sin(θ1)
sin(θ2)

(3.10)

The solution for F1 can then be inserted into equation 3.9 to solve for F2.

F2 =

(
1

1 + tan(θ1)
tan(θ2)

− 1

)(
T

Rocos(θ2)
− τJ

R2
ocos(θ2)

)
+

πR2
iP − σz

VB

L
+ Fappl

sin(θ2)(1 +
tan(θ1)
tan(θ2)

)
(3.11)
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Figure 3.10: Free body diagram of PAM under torsional loads

By inserting equations 3.10 and 3.11 into equation 3.7, T can be found:

T =
[(PRi − σct)L− (πR2

iP − σZ
VB

L
+ Fappl)(

N1−N2

tan(θ1)+tan(θ2)
)]Ro

N2 +
N1−N2

1+
tan(θ1)
tan(θ2

+
τJ

Ro

(3.12)

At this stage, a determination must be made on which possibility presented in section 3.3

is correct, as the model will branch into different avenues in regards to each option. First, the

possibility of the bladder buckling during torsion can be ruled out, as no buckling was observed

during the bladder-only, zero psi testing. Since this would be the least stiff possibility and no

buckling was observed, it can be assumed that buckling was not present in any of the tests.

For the scenario with the changing braid angles between the two braid directions, there was no

evidence recorded of this phenomenon occurring as well. No slacking in the braid was found,

and no change in the free contraction length was observed during testing. In addition, the data

recorded for all pressures were essentially linear, which would not occur if the braid angles of the
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two braids were changing independently. There does remain the possibility that either of these

phenomenon could occur at high values of twist, but they are not observed to be of significance

for the range of twist tested here. By eliminating the first two possibilities, the only remaining

possibility is St. Venant torsion. For this to be correct, two things must be true. First, we would

expect the collected data to be linear. We have observed this to be true in the previous section.

Second, the model should be able to reduce to the St. Venant torsion model if the braid angles

and number of turns of the two braids are equated. After equating these variables, equation 3.12

reduces to:

T =
(PRi − σct)LRo

N
+

τJ

Ro

(3.13)

It is known that PAMs do not produce any torsion when inflated, so under conditions when there

is no externally applied torsion, equation (3.13) becomes:

0 =
(PRi − σct)LRo

N
(3.14)

The circumferential stress in the bladder can be explicitly solved for in this case:

σc =
PRiN

t
(3.15)

Inserting equation 3.15 into equation 3.13 further reduces the torsional model.

T =
τJ

Ro

(3.16)

Equation 3.16 is the St. Venant torsion equation. This demonstrates that despite the complex

52



material composition of a PAM, the torsional response of the PAM reduces to simply being the

St. Venant torsion equation.

To solve for T , we must first determine τ , J , t, Ro, and Ri. Ro can be found by solving for

B using equation 3.1, and then finding D0 from equation 3.3 and dividing it in half. Ri can then

be found by subtracting the bladder thickness from Ro. The bladder thickness can be found using

equation (3.17).

t = Ro −
√

R2
o −

VB

πL
(3.17)

The polar moment of inertia can then be found using:

J =
π

2
(R4

o −R4
i ) (3.18)

To determine τ , the bladder was modeled as a 4th order non-linear relationship between shear

stress and strain in the form of:

τ =
4∑

k=1

Gkγ
k (3.19)

Where γ is equivalent to:

γ =
Roϕ

L
(3.20)

Here, ϕ is the angle of twist, in radians, of the bladder. An optimization function was used to

determine the four moduli using data obtained from testing in the form of equation (3.21).
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min
x

n∑
k=1

√∑j
i=1 (TM,i,k − TE,i,k)2

j

s.t. lb ≤ x ≥ ub

c(x) ≤ 0

(3.21)

where TM is the torque on the PAM predicted from the model, and TE is the torque obtained

experimentally. j is the number of data points obtained per pressure, and n is the number of

pressures tested. x is the variable being optimized and is of the form x = [x1, x2, x3, x4, x5, x6, x7, x8]
T .

The components of x are used to determine the moduli of the material that is used to solve for

the torsional stress, as shown in equation (3.22).

G1 = x1P + x2

G2 = x3P + x4

G3 = x5P + x6

G4 = x7P + x8 (3.22)

These moduli are allowed to vary linearly with pressure. The lower and upper bounds on x

can be written as lb = [lb1, lb2, lb3, lb4, lb5, lb6, lb7, lb8]
T where {lbk = −1000 |k = 1, ..., 8} and

ub = [ub1, ub2, ub3, ub4, ub5, ub6, ub7, ub8]
T where {ubk = 1000 |k = 1, ..., 8}, respectively.

The non-linear constraint, c(x), is derived from the Drucker stability criteria, which states

that the incremental internal energy of the material must increase as strain increases for the

material to be stable [75]. This constraint can be defined as
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c(x) = −(dEτ ) (3.23)

where dEτ is the incremental internal energy due to shear.

In addition to modeling the stress using a fourth order stress-strain relationship, as is

commonly used in axial modeling [36], a version of the model using a first order relationship

was also attempted, due to the strong linearity found in the data. For this model, only one moduli

was found, given by equation 3.24. The stress is then given by equation 3.25.

G1 = x1P + x2 (3.24)

τ = G1γ (3.25)

3.7 Results

The data from the nine pressures tested were fed into the optimization function, and the

moduli were determined from the output. The comparison of the model to the data, as well as

the error, can be seen in figure 3.11. Note that the error, determined by comparing the slope of

the data to the slope of the model, for the 10 and 15 psi cases are large, but quickly drop to about

3.5% or less for 20 psi and above.

For the version of the model using the first order stress-strain relationship, similar results

were found. The model results and error are given in figure 3.12. The error was again found to be

large at low pressures, then drop dramatically at twenty psi. Comparing the fourth order and first
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Figure 3.11: Top :Fourth order torsional model results (colored solid line) compared to collected
data (black dashed line). Bottom: Fourth order torsional model error versus pressure.

order model error in table 3.2 reveals that the errors are nearly identical. Additionally, comparing

the optimization variable outputs in table 3.3 shows that the x1 and x2 values are nearly identical

between the first and fourth order model, and that the components of x used in the higher order

moduli terms for the fourth order model are small, and contribute very little to the overall value of

the modulus. These similarities signify that using a first order stress-strain relationship to model

torsion of a PAM is sufficient for the range of pressures and twist tested in this paper, unlike the

axial model, which required a higher order relationship for the model to properly fit the data.

Table 3.2: Comparison of error between the fourth order stress-strain model and the first order
stress-strain model.

Test 10 15 20 25 30 35 40 45 50
[%] [%] [%] [%] [%] [%] [%] [%] [%]

Fourth Order -194.40 -22.01 0.01 1.85 3.24 1.31 -0.95 -0.53 0.00
First Order -194.40 -22.02 0.00 1.85 3.24 1.31 -0.95 -0.53 0.00

Finally, a discussion of the large error seen in the low pressure regime is needed. If only the
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Figure 3.12: Top: Torsional model using first order stress-strain relationship (solid colored line)
compared to data (black dashed line). Bottom: Torsional model error using first order stress-
strain relationship versus pressure.

Table 3.3: Comparison of the optimization function output between the fourth order stress-strain
model and first order stress-strain model.

Test x1 x2 x3 x4 x5 x6 x7 x8

[-] [psi] [-] [psi] [-] [psi] [-] [psi]
Fourth Order -14.59 3.69x103 -1.03 46.87 -1.19 1.58 0.95 1.01
First Order -14.60 3.69x103 - - - - - -
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10 and 15 psi data is entered into the optimization problem to determine the moduli, the model

is found to fit the data well, as seen in figure 3.13. The reason for this appears to be an issue

with the assumption of a linear change in moduli with pressure. This can be shown in how the

modulus of the PAM changes with pressure when derived from the slope of the linear fit applied

to the torsional test data. Assuming a first order stress-strain relationship, the torsional model can

be rewritten as equation 3.26:

Figure 3.13: First order stress-strain model (colored solid line) vs. low pressure data (black
dashed line)

T =
GJϕ

L
(3.26)

The linear fit of the torsional data is written as equation 3.27:

Td = Sϕ (3.27)

Where S is the slope of the fitted line and Td is the recorded torsion from the data. A comparison
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of equation 3.26 and equation 3.27 show that S is equivalent to GJ
L

. From this, equation 3.28 is

found:

G =
SL

J
(3.28)

Equation 3.28 would not be possible using a fourth order stress-strain relationship, so

the prior work of comparing the errors between the first and fourth order stress-strain model

was necessary to produce this equation by allowing for the assumption of a first order model.

Graphing G solved from equation 3.28 and plotting against pressure results in the blue squares

shown in figure 3.14. From this we see that the modulus increases from ten to twenty psi, then

slightly decreases from twenty to fifty psi. The linear change in moduli with respect to pressure

used in the optimization problem does not allow for this. This results in the optimization function

being forced to choose a decreasing or increasing slope for the modulus. A negative slope value

was chosen due to it resulting in the smallest possible error overall, which in turn resulted in a

large error for the ten and fifteen psi case. When only the ten and fifteen psi cases are used in the

optimization function, a positive slope is chosen. The change from a positive to negative slope

is not seen in the axial or radial model of PAMs, and thus the assumption of a linear change in

modulus with pressure works well with those models [36, 78].

Applying a fourth order polynomial fit to this data results in the red curve in figure 3.14.

Evaluating the fourth order fit at the given pressures to determine G and inputting those values

into equation 3.16 results in figure 3.15, showcasing both the model and the error. This method

of using a fourth order fit reduces error between the linear slope of the model and the slope of

the data to within 2.5 percent, eliminating the issue of the low pressure regime not working with
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the model. The need for a fourth order modulus-pressure fit could be due to many factors. Due

to the torsional model being based on the axial model, many of the assumptions of the axial

model are carried over to the torsional model as well, such as ignoring frictional losses between

the bladder and braid, losses due to tip effects, losses due to assuming braid inextensibility, and

losses due to constant bladder radius assumptions [3, 4, 50]. The losses due to these assumptions

may be greater at higher pressures, where greater frictional forces and bladder expansion exists,

resulting in the transition from a positive to a negative slope, as these losses appear as an effective

reduction in modulus in the model.

Figure 3.14: Change of modulus with pressure, derived from slope of fitted data ( blue squares),
and from fourth order polynomial fit (red curve).

3.8 Conclusion

A model to predict the torsional response of a PAM was outlined in this paper. This

response is planned to be utilized in tunneling soft robots to bore out subterranean passages.

Accurate prediction of the torsional response is required to ensure the robot’s capability to provide
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Figure 3.15: Top: Torsional model using 4th order modulus-pressure relationship (solid colored
line) compared to data (black dashed line). Bottom: Model error of 4th order pressure-modulus
model using first order stress-strain relationship.

the necessary stiffness required to allow a drilling tool, such as an auger, to bore. The work carried

out in this paper entailed:

• Torsionally testing a PAM using a custom testing rig to obtain torsional data.

• Modeling the torsional response of a PAM using a force balance approach coupled with

non-linear optimization to determine representative moduli that vary linearly with pressure

for the bladder material for both a fourth order and first order stress-strain relationship.

• Identifying and correcting issues with using a linear modulus-pressure relationship by

utilizing a fourth order relationship, resulting in reduced error for all tested pressures.

Future work for this model includes introducing radial forces, representing the PAM radially

anchoring in a tube or tunnel. Anchoring the PAM prior to exerting a torque on it would affect

the length and diameter of the PAM, as it would no longer be in a free contraction state, as well as

introduce additional force terms into the force balance equation. Additional terms to account for
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losses, such as from friction or the constant bladder radius assumption, could also be added to the

model. Future testing would entail extending the range of twist past five degrees and the pressure

range past 50 psi, to ensure that the model holds at higher twist angles and pressures, and that no

phenomenon, such as the aforementioned bladder buckling or asymmetric braid loading, occur in

those cases, despite not occurring in the current ranges. After further testing and validation, the

model will be used to predict the torsional response of a PAM in the worm-like robot to validate

it in practical applications.
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Chapter 4: Optimizing Specific Actuation Force of Soft Composite Pneumatic

Artificial Muscles Using Additively Manufactured Components

4.1 overview

Pneumatic artificial muscles (PAMs) are soft composite actuators comprised of a Kevlar

braid, a latex bladder, and two aluminum end fittings, which can achieve a transfer of load

through inflation. PAMs show an exceptional specific actuation force when normalized by their

mass. However, the end fittings are typically machined from aluminum. Lighter materials, such

as Acrylonitrile Butadiene Styrene (ABS-R), could be used to reduce the weight of the end

fittings and increase the specific actuation force further. This research focuses on the design,

fabrication, and testing of contractile PAMs with lightweight 3D-printed end fittings to replace

traditional aluminum end fittings. 3D-printed PAMs were tested under quasi-static and dynamic

conditions for various inflation pressures. PAMs were tested in blocked force and free contraction

using a Materials Testing System servo-hydraulic testing machine. Burst and actuation tests were

conducted to determine the PAM’s maximum failure load and actuation characteristics. A 150

psi burst pressure was chosen to provide a safety factor of 1.5 when operating the PAM between

0–100 psi. PAMs tested in actuation were cycled quasi-statically within normal operating pressures

between blocked force and free contraction. After additive manufacturing and design modifications,

63



the burst pressure of the PAMs improved from 43 psi at 363 lbf to 216 psi at 2085 lbf, showing

their ability to withstand axial forces well beyond the target safety factor of 1.5. Finite element

analysis models were created in Abaqus to validate the failure modes seen in the burst tests.

End fittings made of an ABS-carbon fiber (ABS-CF) composite material were also tested and

compared to metallic PAMs. The 3D-printed PAM actuation characteristics were found to be

comparable to PAMs constructed with aluminum with greater specific actuation force and show

no force or percent contraction loss when switching to ABS-R. Finally, an endurance test was

designed to cycle the PAM until failure, to compare to the fatigue life of metal end fitting PAMs.

4.2 Introduction

Pneumatic artificial muscles (PAMs), when inflated with a working fluid such as air, expand

or contract according to their braid configuration. Contractile PAMs experience radial expansion

of the braid and bladder as they inflate. This resulting radial expansion produces a contraction in

the axial direction, contributing to a large axial actuation force. A PAM’s ability to generate

large axial forces all while being lightweight makes it well-suited for actuation applications

involving high specific actuation force and specific power [53, 65, 67–69], with work spanning

into aerospace and robotics with trailing edge flap control [5,63,66], sweeping wing mechanisms

[7, 86] and biomimetics [52, 78, 87]. Their lightweight and high-force output characteristics

allow for a competitive edge over other commonly used mechanical and hydraulic actuators.

PAMs have undergone many design iterations in terms of material selection. For the braid,

PET and aramid fibers have been studied in terms of durability and extensibility [50]. For the

bladder, multiple elastomeric bladders have been studied, including latex, silicone, and Viton,
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as well as inelastic materials, such as low-density polyethelene [64]. However, comparatively

little work has gone into the design of the end fittings. Many works fail to mention end fitting

design at all, with many just being held together with devices such as metallic hose clamps.

This lack of design of specialized end fittings have lead to issues such as pinhole leaks, which

are hard to determine the cause of [57]. Woods et al. designed a custom, swaged end fitting

for PAMs out of aluminum, which solved these issues and greatly improved the strength and

fatigue life of PAMs [5]. Despite this, no work has been performed looking into alternative

materials for end fittings outside of aluminum. For industries looking to improve the actuation

characteristics of PAMs, lightweight material such as Acrylonitrile Butadiene Styrene (ABS-R)

or Acrylonitrile Butadiene Styrene - carbon fiber composite (ABS-CF) can be used to increase

the specific actuation force of PAMs. Using a lightweight polymer such as ABS-R or ABS-CF

compared to aluminum allows for optimization of PAMs through weight reduction, as ABS-R

filament has a density of 0.036 lbs
in3 and ABS-CF has a density of 0.040 lbs

in3 , while aluminum has

a density of 0.098 lbs
in3 . Standard swaging techniques for metallic end fittings, a compression fit

between the end fitting components and an epoxy binding the assembly, shown in Ref [5], can

be similarly implemented into 3D-printed PAMs. 3D-printing has already been incorporated into

other forms of robotics, such as inchworm-like soft robots, underwater robots used for buoyancy

regulation, and jellyfish- like robots designed for safe robot-animal interaction [88–90].

The main goal of this study is to develop PAMs with end fittings composed of ABS-R and

ABS-CF to maximize specific actuation force through weight reduction. To do this, 3D-printed

PAMs using ABS-R were manufactured with the intent to operate within a specified pressure

range of 0-100 psi while also ensuring a safety factor of 1.2, equating to a pressure of 120

psi. This safety factor would later be increased to 1.5, which will be discussed in section 4.8.
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Actuation diagrams are constructed to analyze the 3D-printed PAM performance while axially

loaded, to ensure 3D-printed PAM behavior matches that of metallic PAMs. Finite element

analysis of the burst conditions in free contraction and blocked force are modeled in Abaqus, to

validate the observed failure methods. Once a final design was chosen, A PAM utilizing the same

design was made out of ABS-CF and tested. Finally, an endurance test was created, modeled

after the fatigue tests performed in ref [5], to determine the ability of the 3D-printed end fittings

to survive multiple actuation cycles without failure.

4.3 Fabrication

To maximize PAM actuation characteristics, particularly specific axial contraction force,

replacing aluminum end fittings with ABS-R and introducing a weight reduction while maintaining

axial contraction force is required. 3D-printed end fittings contain two components, the inner end

fitting and end fitting socket, which combine to create a full PAM end fitting. To develop a full

3D-printed end fitting, the inner end fitting and end fitting socket were printed using a MakerBot

Method X (Makerbot, New York, New York), which prints by way of fused deposition modeling.

The MakerBot Method X supports various types of filament, but high strength tolerance was

preferred for the fabrication of PAM end fittings, therefore, ABS-R was chosen. ABS-R plastic

is an ABS-based filament created by Ultimaker that has improved print reliability and refined

jam reduction. The end fittings were also printed with SR-30 support material, a liquid-soluble

3D-printing support used exclusively with high-temperature filaments, such as ABS-R, due to its

unique adhesion ability. For the inner end fitting, the height is 0.78 inches, the inner diameter is

0.39 inches and the outer diameter is 0.92 inches. The end fitting socket has a nominal height of
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0.90 inches based on the CAD models, an inner diameter of 0.94 inches, and an outer diameter

of 1.26 inches. Figure 4.1 presents a schematic for 3D-printed PAMs with a target active length

of 12 inches.

Figure 4.1: 3D-printed PAM Schematic.

As mentioned, PAMs consist of a Kevlar braid, latex bladder, inner end fitting, and end

fitting socket. Figure 4.2 shows the PAM components.

Figure 4.2: PAM components: (1) Inner end fittings, (2) end fitting sockets, (3) Kevlar braid, (4)
latex bladder.

To construct a 3D-printed PAM, first the Kevlar braid and latex bladder were selected. The

braid was 0.012 inches thick with a diameter of 2 inches at 45 degree braid angle, and the bladder

had a diameter of 7/8 inches with a wall thickness of 1/16 inches. Next, the Kevlar braid and

latex bladder were cut to length. The length of the braid was cut to 24 inches. 12 inches were

to account for the active length of the PAM. 1 additional inch was added to each end, to account

for the end fittings. The final 10 inches were added to allow for 5 extra inches on each end of
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the PAM, to be used as hand holds during the manufacturing process. For a foot-long PAM, the

bladder was cut to 13.50 inches, 1.50 inches over the PAM’s intended length to account for the

length of the end fittings.

After cutting the braid and bladder to length, the PAM could be assembled. Figure 4.3

details the steps of the assembly process. In the first step, the bladder was centered inside the

braid. The end fitting sockets were then slid over the braid and bladder, and the sockets were

then pushed close to the center of the braid and bladder in the second step, allowing the inner

end fittings to be attached to the ends of the bladder in step three. In step four, the PAM’s braid

was tightly secured on one side, and a single end fitting socket was pulled over the inner end

fitting. The inner end fitting and end fitting sockets are held together by a compression fitting.

West Systems epoxy resin 105-B and soft hardener 206-B (Gougeon Brothers, Inc, Bay City,

Michigan) sealed the connection between the braid, bladder, and end fitting components. Step

four was repeated for the other side of the PAM after the epoxy had dried, resulting in step five.

Once the epoxy had dried on both sides of the PAM, the extra braid was cut from the PAM, and

the PAM was threaded using a 7/16 inch tap.

4.4 Pressurization Systems

4.4.1 Air Pressurization System

A PID-controlled pressure system is used to actuate the PAMs during testing. The PID

controller regulates the internal pressure of the PAM to ensure it does not fluctuate as the internal

volume changes during actuation. The pressurization system is supplied with air by a DEWALT

Heavy-Duty 200 PSI 4.5 Gallon Electric Wheeled Compressor (D55146) (DeWalt, Towson,
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Figure 4.3: 3D-printed PAM assembly process.
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Maryland). The compressed air then travels to a Norgren R73G-3AT-RSG Pressure Regulator

(Fradley Park, Lichfield, UK) that allows for direct airflow control of the pneumatics entering

the system. Air is then fed to an Enfield LS-V05s High Speed 5/3 Proportional Directional

Valve (Enfield, Trumbull, Connecticut) which an Enfield D1 Bi-Directional Proportional PWM

Valve Driver (Enfield, Trumbull, Connecticut) powers. The valve driver is then connected to an

Agilent Dual Output 0-8V.5A/0-20V,2.5A DC Power Supply (E3648A) (Agilent Technologies,

Inc., Santa Clara, California), and an Arduino MEGA 2560 Rev3 Microcontroller (Arduino,

Robbinsville, New Jersey) which is connected to an operating computer that powers the Arduino.

The direct proportional valve allows full control of pneumatics entering the PAM at any time.

Air is then passed through an Omegadyne PX209 Pressure Transducer (Omega Engineering Inc,

Norwalk, Connecticut) which reads the pressure in the PAM and feeds the information back to

the microcontroller, which is then fed to the operating computer. The pressure transducer is also

connected to a Materials Testing System Servo-Hydrauilic Testing Machine (MTS), which allows

pressure to be recorded alongside the axial contraction force and displacement.

Figure 4.4: Air Pressurization Schematic.

4.4.2 Nitrogen Pressurization System

When testing PAMs in blocked force and free contraction, it often was the case where the

PAM’s failure limits exceeded the pressure capabilities of the air pressurization system. The air
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pressurization system can only supply and regulate air effectively up to 120 psi, where the limiting

factors are the proportional directional valve and the PWM Valve Driver. Therefore, a new

pressurization system was introduced, which utilized a nitrogen tank pressurized at over 500 psi,

allowing for testing outside the air system’s capacity. The nitrogen system uses a series of valves

that are manually controlled to inflate the PAM to specified pressures. The system incorporated

an ASHCROFT 0-10Vdc pressure transducer (Ashcroft Inc., Stratford, Connecticut) connected

to an OMEGA Display Box, Model: DP25B-E 115V (DwyerOmega, Michigan City, Indiana),

which showed the pressure within the PAM during testing. Figure 4.5 shows the nitrogen tank

used for high-pressure PAM testing.

Figure 4.5: Nitrogen Pressurization Schematic.

4.5 Testing

4.5.1 Burst Test

PAM burst test consists of two types; blocked force and free contraction. Blocked force

burst test refers to inflating the PAM in a blocked force state (unable to contract). The free

contraction burst test refers to the PAM being inflated until burst in a state of free contraction

(fully contracted with no force production). These testing setups are used to analyze the PAM’s

ability to withstand stresses at various states, the blocked force state allows for the axial integrity
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of the PAM to be analyzed, while free contraction burst tests allow for the radial strength of the

PAM to be determined. It is important to note that the burst test is stopped if either test (blocked

force or free contraction) reaches 300 psi without burst. This restriction was set in place for

safety reasons so as not to burst the PAMs at high pressures. The PAM setups are shown below

in Figure 4.6 and Figure 4.7.

4.5.1.1 Blocked Force Burst Test

To test the PAM’s maximum burst pressure and ensure the PAM can operate within the

specified operating range, the PAM is placed into an MTS at resting length. The MTS collects

axial contraction force and pressure data for the testing duration. The burst test is conducted with

the PAM held at blocked force. As the PAM begins to inflate, its ability to contract is prohibited,

generating the maximum possible axial contraction force for each given pressure. The pressure

is then brought up slowly while closely observing the PAM’s behavior as pressure and axial

contraction force increase. A successful test involves increasing the PAM from 0 psi to failure,

or until a pressure of 300 psi is achieved in the PAM.

4.5.1.2 Free Contraction Burst Test

For the free contraction testing of the PAMs, a similar setup to the blocked force burst

test was conducted. For this test, only one end of the PAM is clamped into the MTS. When

pressurized, the PAM is free to contract, allowing it to radially expand, and produce no axial

contraction force. To run the test, the PAM is placed into the MTS, then pressure is slowly

brought up until either the PAM bursts or 300 psi is reached.

72



Figure 4.6: Blocked force burst test setup.

Figure 4.7: Free contraction burst test setup.
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4.5.2 Actuation Test

To fully characterize 3D-printed PAMs, actuation tests were performed to determine the

performance of the PAMs at specified pressures along with their accompanying axial contraction

force. First, the PAM is clamped into the MTS at resting length. With the PAM in place, the

pressure is increased in increments of 10 psi from 0 - 100 psi. At each pressure, the PAM is

manually cycled 3 times from block force to free contraction. Actuating the PAM before testing

allows for the stiff, uncycled elastomeric bladder to stretch within the PAM, a phenomenon known

as the Mullins effect. Not accounting for the Mullins effect can cause an underestimate in force

data due to the bladder not being softened before testing [73]. After cycling the PAM from

blocked force to free contraction 3 times, an MTS procedure is used to cycle the PAM quasi-

statistically at a speed of 0.02 in/s at each pressure. Figure 4.8 shows the transition from blocked

force to free contraction during actuation cycling.

Figure 4.8: PAM setup: Left: PAM at blocked force during actuation cycling. Right: PAM at
free contraction during actuation cycling.
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4.6 Burst Test Results and Design Iterations

The first iteration of 3D-printed PAMs was printed with 20 percent infill density applied

to the inner end fittings and end fitting sockets. The infill density of a 3D-printed component

measures the percentage of modeling material inside a 3D-printed part compared to void space.

Both components also included two shells and utilized a balanced print mode. Shells on a 3D-

printed part are the number of outside solid layers used on the model. A balanced print mode is

a setting on the MakerBot Method X that prioritizes a balance between surface quality and print

time. With the first 3D-printed PAM developed, burst testing was conducted.

The end fittings failed at an axial force of 363 lbf at 43 psi. Due to the end fittings

failing within the expected operating range, design changes were implemented to increase their

performance. After a close examination, it was evident that one of the end fittings failed due to

delamination, and that half of the inner end fitting component was ripped out of the end fitting

socket. Figure 4.9 shows the PAM’s end fitting after the first burst test. Free contraction burst

testing was also performed on this iteration. For this test, the PAM was capable of achieving a

safety factor of 1.2 without bursting. Due to this, No changes in the radial strength of the end

fittings were made for future iterations, and the free contraction test was not repeated.

Figure 4.9: end fitting delamination.

During the 3D-printing process, the orientation of parts plays a role in their capabilities.
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When the inner end fitting was printed, it was printed from bottom to top with the component

standing straight up. This made the layer lines of the print fall perpendicular to the direction of

the applied axial force, thus causing the inner end fitting to fail simply because the layers were

separated during loading.

To combat delamination, print settings and print orientation were adjusted. Instead of

printing the inner end fitting standing straight up, they were adjusted to be printed lying on their

side, allowing the layer lines of the print to fall in line with the direction of the force. In addition

to changing the printing orientation, the infill density was increased from 20% to 70%. Increasing

the infill density of the inner end fitting allowed for more material to be used within the part, thus

increasing its strength. With these new changes implemented, a second burst test was conducted.

The second iteration end fitting failed at an axial force of 559 lbf at 68 psi due to inner end

fitting pull-out rather than previously seen delamination. The inner end fitting pull-out results

from the compression fitting between the inner end fitting and end fitting socket, along with the

epoxy, being unable to hold the inner end fitting in place. Figure 4.10 shows the inner end fitting

pullout from the end fitting socket.

Figure 4.10: Inner end fitting pullout from socket.

Until this point, there have been two ways in which the inner end fitting is secured into the

socket. One is through a compression fitting between the inner end fitting and end fitting socket,
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and the other is through the application of epoxy, which is visible in Figure 4.10. Since the

inner end fitting was pulled directly from the socket while keeping the inner end fitting intact, a

retaining ring design was implemented to hold the inner end fitting in place. For design iteration

3, a 3D-printed retaining ring was incorporated that sits over the top of the inner fitting and

underneath the end fitting socket. To do this, a 0.08 inch cutout was introduced into the end

fitting socket which housed the retaining ring. Figure 4.11 shows the third iteration retaining ring

end fitting design.

Figure 4.11: : Retaining ring end fitting design: (1) Full assembly, (2) top-down view, (3)
retaining ring components, (4) end fitting components (retaining ring, inner end fitting, and end
fitting socket).

It is worth noting that the retaining ring was printed using 20% infill density. Since the

fabrication of the PAM involves compressing the retaining ring into the socket, high infill density

increases the stiffness of the ring, causing the ring to break before it can be inserted into the

cutout. Multiple prints of infill densities ranging from 20-40% and one at 70% showed the

retaining ring breaking over 20% while inserting it into the cutout. Therefore the ring was printed

with a 20% infill density to ensure it can be used in the end fittings. The retaining ring has an inner

diameter of 0.67 inches and an outer diameter of 1.06 inches. A third burst test was conducted

with the new end fitting design.
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The end fittings failed at an axial force of 655 lbf at 81 psi. During the inspection of the

third iteration PAM, it was evident that the PAM failed due to thread detachment. The connection

between the PAM and the MTS was removed and the PAM threads were observed to be stripped.

Figure 4.12 shows the damage sustained by the threads on the inner end fitting.

Figure 4.12: Thread failure on third iteration PAM.

When tapping the PAM’s inner end fittings, it was observed that the threads could not dig

into fully solid material. The Makerbot printed the end fitting as two concentric shells, and not

as a solid piece, so that the threads cut through these two shells, reaching the portion of the inner

end fitting where the component was not solid. This caused the outer shells of the threaded inner

end fitting to detach. To combat thread failure, the number of shells on the inner end fitting was

increased from 2 to 4. A change in the print mode for the components was also made. Instead

of printing in balanced mode, MakerBot provides a solid print mode option that prints highly

dense and stronger 3D prints. This change was implemented to maximize the density of the inner

end fitting to avoid damage to the threads. The top edge of the inner end fitting where the end

fitting is tapped was also raised by 0.12”. This allows more epoxy to sit on the retaining ring

by preventing it from overfilling and pouring into the PAM, providing more resistance against an

inner end fitting pullout.

With the new changes implemented, a fourth iteration of 3D-printed PAM, shown in figure
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4.13, was developed and burst-tested. Table 4.1 outlines the burst pressure and force for all four

iterations. The fourth burst test with the new manufacturing changes experienced no failure and

reached a force of 1160 lbf at 123 psi. This test shows that the retaining ring design can achieve

the required pressure of 120 psi without failure, ensuring a safety factor of 1.2.

Figure 4.13: Fourth iteration PAM design full end fitting.

Table 4.1: Burst pressure and force per iteration.

PAM Iteration Pressure [psi] Force [lbf]
1 43 363
2 68 559
3 81 655
4 123 1160

4.7 Actuation Analysis

With a 3D-printed PAM design now capable of reaching the required safety factor of 1.2,

an actuation test was conducted to characterize the PAM from 10-100 psi.
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4.7.1 Actuation Analysis

A PAM model adapted from Ref [36] was used to model the actuation properties of both

the 3D-printed and metallic PAMs. To model the PAMs, the number of turns of the braid, N , and

the braid length, B, were first found as follows:

N =
L0

D0πtan(θ0)
(4.1)

B =
L0

sin(θ0)
(4.2)

where D0 is the initial outer diameter of the PAM, θ0 is the initial braid angle, and L0 is the initial

length. The Gaylord force is determined using equation 4.3:

FGaylord =
P

4πN2
(3L2 −B2) (4.3)

Where L is the current length of the PAM. The Gaylord force is useful for predicting the

blocked force of the PAM where little energy from inflation is being utilized to stress the bladder.

A more comprehensive model is required for actuation states with significant bladder strain.

First, the diameter of the PAM as a function of the PAM length is defined in eq. 4.4 and the

instantaneous braid angle is defined in equation 4.5:

D(L) =

√
B2 − L2

πN
(4.4)

cos(θ0)

D0

=
cos(θ1)

D1

(4.5)

As the PAM inflates, the bladder is strained both circumferentially and axially. These
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strains are defined by equations 4.6 and 4.7, respectively.

ϵc =
R

R0

− 1 (4.6)

ϵz =
L

L0

− 1 (4.7)

Where R is the instantaneous radius of the PAM and R0 is the initial radius of the PAM.

Due to the hyperelastic nature of the bladder, the stresses in the bladder were modeled using a

fourth-order relationship between stress and strain

σc =
4∑

k=1

Ekϵ
k
c (4.8)

σz =
4∑

k=1

Ekϵ
k
z (4.9)

where σc is the circumferential stress, Eq. 4.8, and σz is the axial stress, Eq. 4.9.

Using these formulations, the complete axial model for the PAM can be written as:

F =
P

4πN2
(3L2 −B2) + σz

VB

L
− σc

tL2

2πRN2
(4.10)

where P is the internal pressure, VB is the volume of the bladder, and t is the bladder thickness.

The moduli of the bladder cannot be explicitly solved for, and as such a non-linear optimization

problem was used to determine the moduli. The optimization problem used to determine the

moduli of the bladder can be written as:
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min
x

n∑
k=1

√∑j
i=1 (FM,i,k − FE,i,k)2

j

s.t. lb ≤ x ≥ ub

c(x) ≤ 0

(4.11)

where FM is the force predicted by the model, FE is the measured experimental force, j is the

total number of data points taken for a given pressure, and n is the total number of pressures

tested. The variable x being optimized is a vector comprised of [x1, x2, x3, x4, x5, x6, x7, x8]
T .

These variables are used to determine the moduli in the form of

E1 = x1P + x2

E2 = x3P + x4

E3 = x5P + x6

E4 = x7P + x8 (4.12)

The lower bounds on x are {xk = −1000 |k = 1, ..., 8} while the upper bounds are

{xk = 1000 |k = 1, ..., 8}. Finally, the non-linear constraint, c(x), can be defined as

c(x) = −(dEc + dEz) (4.13)

where dEc is the incremental internal circumferential energy and dEz is the incremental internal

axial energy. This constraint comes from the Drucker stability criteria, which states that the

incremental internal energy of a stable material must increase as strain increases [75].
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4.7.2 Actuation Test Socket Failure

During the manual cycling portion of the test, the PAM experienced delamination to a

section of the end fitting socket at 100 psi. Therefore only actuation data from 10-90 psi could

be obtained. Figure 4.14 shows the damage sustained by the end fitting socket during actuation.

Figure 4.14: End fitting socket delamination.

The placement of the delamination showed that the cause of the failure was the retaining

ring pulling on the end fitting socket axially. This axial load results from the retaining ring sitting

inside the end fitting socket, where it holds the inner end fitting in place. The resulting load begins

to pull the socket apart, which is designed to handle high radial forces, not high axial forces. The

layer lines of the end fitting socket lay perpendicular to this axial load, making it prone to failure

by delamination, similar to the failure seen in the first iteration of 3D-printed PAM.

4.7.3 Actuation Results

Despite the PAM failing at 100 psi, an actuation diagram was constructed using data

obtained from actuation testing from 10-90 psi and compared to the axial model utilizing the

bladder moduli optimization. Figure 4.15 shows the axial force output with respect to the percent

contraction at specified pressures of 10-90 psi for both the data (dashed lines) and the model
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(solid colored lines).

Figure 4.15: 3D-printed retaining ring PAM actuation diagram.

4.8 Improved End Fitting Design

Given the failure of the retaining ring design during actuation testing, multiple changes

to both the design and testing procedures of the 3D-printed PAMs were implemented. The first

change included adding a thicker socket to the retaining ring design to avoid premature failure

during actuation testing. Instead of utilizing a 0.16 inch socket thickness for the retaining ring

design, the socket thickness was increased to 0.24 inches to increase the component’s strength.

Failure during actuation also prompted a change in metrics for analyzing the 3D-printed

PAMs. Instead of opting for a safety factor of 1.2, a safety factor of 1.5 was targeted. This

change would allow for extra safety when operating the PAM to avoid failure close to or within
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operating pressures.

Due to the PAM failing after multiple actuation sweeps despite being below 120 psi, it was

decided that the PAMs would undergo endurance testing in addition to the burst and actuation

testing, to ensure the PAM could achieve a suitable number of actuation cycles before failure.

To allow for this testing, a change was made to now use 9 inch active length PAMs instead of

12 inch. This was done to achieve a 5% contraction with the springs available in the endurance

testing setup. A 5% contraction was desired to compare the results to the fatigue results found

in Ref [5]. PAM axial contraction force output is unaffected by the active length of the PAM as

shown in Ref [51], so changing from 9 inches to 12 inches would not affect any comparisons nor

data obtained during future testing.

A new design was also developed that utilizes the braid to secure the inner end fitting during

PAM operation. This new design is called the fold-over design. The name is derived from the

process of folding the braid over the newly developed retaining ring during manufacturing. The

fold-over design does not include any alterations to the end fitting socket, making it less likely to

experience socket delamination. Figure 4.16 shows the new fold-over design.

4.8.1 Fold-over

As mentioned, the fold-over design was created to prevent the same type of failure as the

retaining ring. The new design doesn’t involve the ring sitting inside a cutout located in the end

fitting socket. This configuration was meant to prevent the mechanism that holds the inner end

fitting in place from adding additional failures into the end fitting socket, such as delamination,

which the end fitting is highly susceptible to, as seen in the prior retaining ring design failure.
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The fold-over design’s manufacturing process closely follows the same steps as mentioned in

the original PAM manufacturing process, however, new steps are added to complete this design.

First, the braid at the end of step 4 is fed through the ring that holds the inner end fitting in place.

The braid is then looped around the ring and fed back over the inner end fitting. Lastly, the braid

is secured through zip ties to the PAM, then the sockets are pulled onto the inner end fittings and

epoxied. The zip ties are then removed. Two versions of the fold-over design were constructed, a

0.16 inch socket thickness version and a 0.24 inch socket thickness version, in order to maintain

consistency between the retaining ring and fold-over designs.

Figure 4.16: Fold-over end fitting design.

4.9 Retaining Ring and Fold-Over Design Results

The following bar graphs, Figure 4.17 and 4.18, show the test data acquired from testing

the new designs in blocked force and free contraction.

Data show that the 0.24 inch thick retaining ring design reaches a maximum blocked force

of 1663 lbf at 182 psi, while the fold-over design reaches 2017 lbf at 207 psi for a 0.16 inch

socket thickness and 2085 lbf at 216 psi for a 0.24 inch socket thickness. The failure of the

retention ring design came from the complete failure of one of the end fittings, while the failure
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Figure 4.17: Retaining ring and Fold-over
burst pressure in blocked force and free
contraction.

Figure 4.18: Retaining ring and Fold-over
force at burst in blocked force.

of the fold-over designs (0.16 inches and 0.24 inches) came from thread detachment, where the

connection between the MTS and the PAM was broken due to the tapped threads on the PAM

ripping out. The data also shows that the 0.24 inch fold-over and retaining ring design in free

contraction reached 300 psi, and the 0.16 inch fold-over design reached 175 psi. The failure in

the 0.16 inch fold-over socket design was a complete failure of a single end fitting, where the end

fitting separated from the PAM.

4.9.1 Specific Actuation Force Comparison

The last metric being used to analyze which design would be best suited for further testing

included comparing the specific actuation forces of each design to each other, as well as to a

metallic PAM of comparable diameter and braid angle. Comparing the specific actuation forces

of the 3D-printed designs will help to narrow down which of them best brings us closer to our

goal of optimizing the PAMs through weight reduction.

To make an accurate comparison of the specific actuation force between PAMs, it is imperative
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that the PAMs be comparable in braid angle and diameter, to ensure the standard force output of

the two PAMs are similar. To illustrate this, the specific actuation force (SAF) is defined as

SAF = F/m (4.14)

where F is the blocked force at 100 psi and m is the mass of the entire PAM. Here, the

SAF can be increased by either increasing force or decreasing mass. If, for example, one PAM

was lighter, but the other PAM had a larger diameter and significantly higher braid angle, thus

resulting in a higher force output, it would be difficult to draw a meaningful conclusion from

the SAF, as the difference between them would not be due to a change in just one factor. To

account for this, each 3D-printed PAM was compared to a theoretical metallic PAM with equal

braid angle and diameter. This would result in the two PAMs having the same force output for a

given pressure. The SAF can then be compared using the relative difference to the metallic PAM

or

∆SAF% =

(
SAF3D − SAFM

SAFM

)
× 100 (4.15)

expressed as a percentage. Here SAFM is the specific actuation force of the metallic PAM, and

SAF3D is the specific actuation force of the 3D printed PAM. Substituting equation 4.14 for both

the metal and 3D-printed PAM into equation 4.15 results in equation 4.16, due to the forces in

both PAMs being equivalent.

∆SAF% =

(
mM

m3D

− 1

)
× 100 (4.16)
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Where mM is the mass of the metallic PAM and m3D is the mass of the 3D-printed PAM.

Here, for PAMs of comparable force output, only the masses of the PAMs affect the relative

difference in SAF. Table 4.2 below shows the metallic, retaining ring, and fold-over design

weights and the relative difference in SAF when compared to the metallic PAM.

Table 4.2: SAF relative difference table.

PAM Configuration Mass [10−3 slug] Relative Difference in SAF [%]
Metallic PAM 6.7 -

ABS-R Retaining Ring (0.24”) 6.2 8.43
ABS-R Fold-over (0.16”) 5.9 12.86
ABS-R Fold-over (0.24”) 7.0 -3.06

4.9.2 Summary of Analysis Metrics

Based on iterative test data of 3D-printed PAMs in blocked force and free contraction,

along with the specific actuation force comparison to metallic PAMs, data shows that the best

design to move forward with is the 3D-printed 0.16 inch socket fold-over PAM. In blocked force,

both the 0.16 inch and 0.24 inch socket thickness fold-over design reached over 200 psi, while

the retaining ring design only reached 182 psi. In free contraction, although the fold-over design

with 0.16 inch socket thickness underperformed compared to the 0.24 inch socket PAMs, both

designs were above the targeted 1.5 factor of safety. Comparing the specific actuation forces of

the 3D-printed PAM to the metallic PAM shows that at larger socket thicknesses, there is a loss

in SAF due to an increase in PAM weight; therefore, to achieve the main goal of the overall study

of maximizing SAF while maintaining a factor of safety of 1.5, the 0.16 inch fold-over PAM

design was found to be the superior option. An actuation diagram was constructed for the 0.16

inch fold-over PAM. Figure 4.19 shows the axial force output with respect to percent contraction

89



at specified pressures from 10-100 psi for the fold-over design.

Figure 4.19: Actuation diagram for Fold-over PAM, Experimental data: Dashed, Model data:
Solid.

4.10 Carbon Fiber Reinforced ABS-R

With a finalized design chosen for the 3D-printed PAM end fitting, additional alternative

materials could be explored. To further maximize the burst test characteristics seen in section

4.8, additional end fittings were made from carbon fiber reinforced ABS (ABS-CF). ABS-CF is

a filament sold by Ultimaker (Ultimaker, New York, New York) that provides a higher tensile

strength than that of ABS-R with a tensile strength of 8557 psi, compared to that of 5947 psi

for ABS-R. Making the transition to ABS-CF also allows us to closely maintain our reduction in

weight of the end fittings due to ABS-CF’s density of 0.040 lbs
in3 , only 0.004 lbs

in3 larger than ABS-

R. A new iteration of end fittings was manufactured from ABS-CF utilizing the same dimensions
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and design as the 0.16 inch fold-over design.

4.10.1 Fabrication

To fabricate the new PAM iteration, end fittings made of ABS-CF were printed using a

Makerbot Method X, the same 3D-printer used for manufacturing ABS-R. When transitioning

to ABS-CF, a change had to be made to the support filament it was being printed with. The

Makerbot Method X does not provide compatibility between ABS-CF and the SR-30 support

filament used when printing ABS-R. Therefore, to print ABS-CF, RapidRinse support filament

(Ultimaker, New York, New York) was used. RapidRinse is water-soluble Ultimaker support

filament used in conjunction with Ultimaker ABS based filaments. Outside of these changes to

the print material, the same process of constructing the 0.16 inch fold over PAM was used for the

construction of this PAM.

4.10.2 Burst Test and Results

Both free contraction and blocked force burst tests were performed using ABS-CF end

fitting. For the free contraction burst test, the PAM reached 300 psi without bursting. For

the blocked force burst test, the PAM reached 2508 lbf at 248 psi. using equation 4.16, the

specific actuation force difference between the ABS-CF PAM and an equivalent metal PAM was

calculated. The difference was found to be 8.70 %. These results show that when switching

from ABS-R to ABS-CF, we can increase the maximum blocked force by 491 lbf and the burst

pressure by 41 psi, while maintaining a respectable increase in the specific actuation force of 8.70

% when compared to metallic end fittings. It is important to note that when printing with a fiber
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reinforced polymer such as ABS-CF, the main drawback becomes the requirement of having a

printer capable of working with less common printing material.

4.11 Finite Element Modeling

To validate the results found from performing burst tests on the 3D-printed end fittings,

two finite element models were constructed: one representing the blocked force conditions, and

one representing the free contraction condition. Both models were constructed and evaluated in

Abaqus 2025 and based on the 0.16 inch thick fold-over style end fitting made of ABS-R. For

the blocked force burst case, the PAM was found to fail due to thread failure. To validate this, an

axisymmetric model was made of a 7/16 inch steel bolt placed in contact with the threads of the

inner end fitting piece. A pressure load of 13,420 psi was applied to the top of the bolt, resulting

in a total load of 2017.5 lbs, which is the axial load present at the time of failing for this case. The

outside wall of the inner end fitting was encastered, to represent the compression fit used to hold

the inner end fitting in place. Contact was made between the bolt and the inner end fitting. The

contact was modeled as a hard contact, with a friction coefficient of .2. Both the bolt and inner

end fitting were meshed using CAX4R elements. The undeformed model can be seen in figure

4.20, with the bolt on the left of the figure and the end fitting on the right. The deformed model

with stresses is given in figure 4.21. Here we see stresses at or near the yield stress of ABS-R,

being 5947 psi, in the threads. This model shows that the threads will yield, causing failure in

the threads, ultimately leading to the bolt pulling out. This result matches what is observed in the

physical PAM.

The model for the free contraction burst scenario was also constructed using an axisymmetric
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Figure 4.20: Undeformed model of blocked force burst.

Figure 4.21: Deformed model of blocked force burst.

93



2D model. Here, the outer socket of the 3D-printed end fitting is modeled, along with the Kevlar

braid, represented by a singular strand. Additionally, a rigid surface is placed behind the strand,

representing the bladder and inner end fitting. A pressure load was applied to the braid of 27,537

psi, representing a total tensile force of 1038.1 lbs. This force was found from equation 4.17, by

utilizing the x values obtained through the axial contraction analysis, and solving for the tension,

T , at the burst pressure of 175 psi.

T =
B(PRL− σctL)

πN2D
(4.17)

Hard contact between the braid and socket was utilized for the model. Once again, CAX4R

elements were used to mesh both the braid and end fitting socket. The undeformed model can

be seen in figure 4.22, with the deformed results and stresses given in figure 4.23. Here we see

that as the braid is pulled due to the tension generated by the bladder expanding, the bottom of

the socket is bent away from the PAM. The socket begins to yield due to this. Due to the brittle

nature of the plastic, this yielding would propagate through the end fitting, resulting in failure

and bursting. This type of yielding aligns with the failure observed in the PAM during the free

contraction burst test.

4.12 Endurance Testing and Results

4.12.1 Methodology and Testing

Following successful completion of testing and analyses of both the ABS-R and ABS-CF

PAMs, an endurance test was designed to determine how many inflation-deflation cycles the 3D
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Figure 4.22: Undeformed model of free contraction burst.

Figure 4.23: Deformed model of free contraction burst.
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printed 0.16 inch fold-over PAM could survive before the end fittings failed. These tests were

run to ensure that the actuators could be used for a reasonable number of cycles before failing,

otherwise they would be impractical to implement in real world applications. This test was based

on the fatigue testing performed by Woods et al. so as to provide a basis with which to compare

the results to those of metallic end fitting PAMs. In the paper, the authors actuated 3 one inch

diameter PAMs between 0 to about 5% contraction at 90 psi, resulting in a maximum force of

about 340 lbs. Upon calculating the braid angle of the PAM used in the reference paper, we see

that the braid angle is 55.5 degrees, which is considerably smaller than the braid angle of our PAM

of 73.06 degrees, while having a larger diameter than our PAMs. To remedy this discrepancy, the

PAM was chosen to run at 50 psi for the endurance test, to match the force output of the PAM from

the reference paper. Note that due to discrepancies in the reference paper between target pressure

and contraction versus actual pressure and contraction during testing, it was found difficult to

match the force output exactly. To account for this, it was decided that the force output at 5%

contraction of the 3D-printed PAM would match the blocked force output of the reference PAM.

While this would result in the 3D-printed PAM being under greater loads during testing, it would

ensure that the PAM would not be unfairly compared to the reference by being under-loaded

during the duration of the test. The decision was made to match the blocked force as opposed

to the operating pressure as the endurance test is being run from 0 to 5% contraction, and based

on the burst test results, it has been found that the axial force production near blocked force has

a greater impact on failure than the pressure, so the forces were matched to attempt to best keep

the two tests comparable. Springs were sized to allow for 5% contraction of the PAM during

inflation. Using the target 340 lbs of force, Hooke’s law, given in equation 4.18, was used to size
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4 springs to react the force produced by the PAM at 5 % contraction.

F = Ky (4.18)

Here y is the displacement of the spring, and K is the combined spring constant of the 4

springs which were placed in parallel to provide a combined reaction force, such that
{
kn = K

4
|n = 1, ..., 4

}
.

kn was equal to 188.8 lbf
in

. the closest off the shelf springs that could be found had a constant of

181.61 lbf
in

for each spring, resulting in an actual total force of 326.9 lbf at 5% contraction.

Figure 4.24: Endurance rig.

The completed endurance rig is shown in Figure 4.24. The PAM is connected to a metallic

plate containing 4 eye hooks, to which the 4 springs are connected. The other end of the springs

connect to eye hooks attached to the base of the rig. The top of the PAM is connected to a crossbar

to hold the PAM in place. Air is fed into the PAM at the top of the rig using a modified version of
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the pressure regulation system used in the actuation tests. Here, the system increases the pressure

of the PAM by 10 psi every second, up until 50 psi, then drops the pressure to 0 and holds for

2 seconds. This process constitutes one cycle. The system monitors the pressure of the PAM,

and stops the test if the pressure is recorded as 5 psi or more below the target pressure for over

a second. This prevents the system from continuing to attempt to run in the case of a burst. The

system runs until burst is detected or the target number of cycles is reached.

The test was run over the course of many days, typically targeting 2,500 cycles per day.

The PAM underwent a full actuation sweep at 50 psi before beginning testing. For the first

10,000 cycles, the PAM also underwent a full actuation sweep every 2,500 cycles to determine if

any change in the performance was observed. After completing 10,000 cycles, the PAM instead

underwent a full actuation sweep every 5,000 cycles until 20,000 cycles were reached. Following

20,000 cycles, the PAM underwent a full actuation sweep every 10,000 cycles. Starting at 35,500

cycles, the time spent deflated for the PAM was changed from two seconds to one second, as the

PAM was found capable of fully deflating in less than one second.

4.12.2 Results

As of time of writing, the 3D-printed end fitting PAM has undergone over 50,000 cycles.

Complete failure in the end fittings has not yet been observed, although significant wear is present

in the end fittings. As seen in Figure 4.25, the lower parts of one end fitting began to experience

axial stress concentrations around 2,500 cycles, cracks formed at 5,000, and the lower parts

completely broke off at 10,000 cycles. The opposite end fitting broke similarly, but later in the

lifespan of the PAM. Stress concentrations began to develop at 5,000 cycles, cracks formed at
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7,500, and the lower section completely broke off around 15,000 cycles. Although these pieces

have broken off, the PAM has maintained functionality, and no loss in performance or leakage

has been noted. Figure 4.26 shows the actuation diagram at 50 psi for the PAM at 0 cycles and

50,000 cycles. No significant change in performance is observed between these two tests. Testing

will be continued until failure, at which point the 3D-printed PAM made from ABS-CF will also

be tested.

Figure 4.25: Progression of end fitting cracking during endurance testing.

Figure 4.26: Actuation Diagrams at 0 and 50,000 cycles.
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4.13 Conclusion

PAM specific actuation force was maximized in this study by reducing the weight of their

end fittings. By replacing typical aluminum end fittings with 3D-printed ABS-R plastic, it can

be shown that 3D-printed PAMs match the performance capabilities of metallic PAMs while

maintaining the nominal axial contraction force seen in metallic PAMs. 3D-printed and metallic

PAMs are compared by their specific actuation forces, using data from figure 4.17 and their total

weights.

3D-printed PAMs were developed and tested in blocked force and free contraction, where

multiple failure modes were examined. The delamination of the end fitting in iteration 1 caused

a change in the infill density to strengthen the inner end fitting, and the print orientation was

changed to allow the layer lines to sit in line with the axial load. Inner end fitting pullout

was observed in iteration 2, where a retaining ring was added to hold the component in place.

Thread failure occurred in iteration 3, where an increase in shells, a change in printing mode from

balanced to solid, and an inner end fitting extension were incorporated to reduce damage to the

threads and add more resistance to an inner end fitting pullout for iteration 4.

Further improved designs such as a thicker socket for the retaining ring design and a new

fold-over design were considered. The 0.24 inch retaining ring design and the 0.16 inch and

0.24 inch fold-over designs were then vetted to decide which PAM iteration saw the greatest

improvement to specific actuation force while maintaining a factor of safety of 1.5 for all burst

tests. The 0.16 inch fold-over design was found to be the best choice.

The fold-over PAM design reached a maximum pressure of 207 psi in blocked force and

175 psi in free contraction, all while increasing the specific actuation force by 12.86%. Two
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FEA models were developed to validate the failure modes seen in the block force and free

contraction burst tests. Both models appeared to closely match the identified mode of failure

for both scenarios at the same pressure as failure occurred for the physical PAM. An alternate

version of the 0.16 inch fold-over design utilizing ABS-CF was tested and found to improve both

blocked force and free contraction burst pressures with the trade off of reducing specific actuation

force percent difference to 8.70%.

The ability of the PAM to withstand over 50,000 cycles at the same force and percent

contraction as those used in ref [5] demonstrates the viability of these PAM to be used for short

to medium term uses. Coupling this with their ability to be rapidly manufactured when compared

to metallic PAMs, and having comparable actuation diagrams for similarly sized PAMs, 3D-

printed PAMs could be used not just for lightweight applications, but also for rapid prototyping.

They could be implemented in cases where many iterations of a PAM-actuated mechanism may

need to be designed and tested for thousands of cycles before the final version is constructed, be

that with plastic or metal.

Future work on 3D-printed PAMs includes completion of endurance testing for both the

ABS-R and ABS-CF 3D-printed PAMs to determine the complete lifespan of both designs.
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Chapter 5: Actuation of a 3D Printed Sweeping Wing Mechanism Using Pneumatic

Artificial Muscles

5.1 Overview

Due to their small size, Unmanned Aerial Systems (UAS) possess the ability to fly through

confined areas that full-sized aircraft would not be able to. This, however, presents the challenge

of an increased risk of collisions with obstacles present in these areas. An active wing sweeping

mechanism was proposed to both mitigate the possibility of, and damage associated with, collisions.

The mechanism was actuated by a lightweight, 3D-printed pneumatic artificial muscle (PAM),

and capable of sweeping the wings of an E-flite V900 BNF Basic remote controlled plane by

45 degrees. Multiple bench top tests were performed on the system, such as a simple actuation

test, a response time test, and a hardware-in-the-loop (HITL) test. Additionally, blocked force

and free contraction tests were ran on the 3D-printed PAM to determine safe operating pressures.

The gear system was found to be fully capable of sweeping the wings from the default 35.4 inch

wingspan to a 24 inch wingspan and clearing a 30 inch gap at speeds up to 55 mph in the HITL

tests.
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5.2 Introduction

Unmanned aerial systems (UAS) offer a lot of freedom and autonomy that is not possible

with manned aircraft, such as being able to scale the aircraft down to fit confined spaces. Traveling

through confined spaces presents unique challenges, such as the increased risk of collisions

with obstacles. For fixed wing aircraft, a ”go-around” style of collision avoidance is typically

implemented. These methods consist of using some form of obstacle detection and performing

an aerial maneuver to avoid the obstacle [91–97]. Sometimes collisions are unavoidable, however.

In these circumstances, crash mitigation systems can be employed to prevent or minimize damage

due to the collision, allowing the aircraft to continue normal operations post-collision. A sweeping

mechanism was desired to allow the wings to be retracted before impact to either allow the aircraft

to fit through a gap and avoid collision, or reduce damage inflicted on the wing by reducing

the profile of the aircraft and allow for a glancing hit. Sweeping wing mechanisms have been

studied before for various uses, such as for transitioning from low speed loitering operations to

high speed pursuit maneuvers as well as for creating large pitching moments to perform perching

maneuvers [7,98]. Post-collision, the wings were required to sweep back to their starting position

for the remaining flight duration.

5.3 Design

The design of the sweeping wing mechanism can be split into two parts: the gear mechanism

used to sweep the wings, and the actuation device used to actuate the gear system.
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5.3.1 Gear Mechanism

The sweeping wing mechanism was designed for an E-flite V900 BNF Basic remote controlled

plane. Bench top testing of the mechanism was desired before implementation into the aircraft

was performed. A 3D scan was performed of both the wing and the fuselage to generate 3D

models. These models were used as the basis for designing the mechanism and housing. To

aid in manufacturing the irregular parts necessary for the mechanism and avoid complicated and

costly machining, a majority of the system was made of soft components and 3D-printed plastics.

Doing so also allowed for a weight reduction of the components when compared to constructing

them from more traditional materials, such as aluminum. To construct the mechanism, a wing

mount was designed to match the leading edge of the wing from the scan, as shown in figure 5.1.

This mounting piece was then connected to a shaft with a one inch diameter gear at the end. This

gear met with a quarter inch diameter gear, creating a 4:1 gear ratio. The quarter inch diameter

gear then met with a linear gear. The linear gear was attached to the actuation system and spring.

This gear system was mirrored for the opposite wing, making use of the same linear gear for both

wings. The wings from the E-flite V900 were removed and augmented to fit on the wing holders.

The aft section of the wing was cut at a 45 degree angle to allow the wings to sweep without

impacting each other. When actuated, the linear gear would slide aft, turning the quarter inch

diameter gear, which in turn rotated the one inch diameter gear and wing. Due to initial issues of

the quarter inch diameter gear and the one inch diameter gear losing contact from the gear shaft

flexing during actuation, a second quarter inch diameter gear was added on the opposite side of

each one inch gear. This insured that one quarter inch diameter gear would always remain in

contact during actuation. Additionally, when performing tests with the V900 wings attached to
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the holders, sagging occurred that was not present in the the tests ran with just the holders. To

mitigate this, a locking mechanism was implemented on the top of the wing shafts that prevented

the wing holder from sagging. In addition to the locks, a cross bar was placed between the two

locks to prevent any shaft bending that was occurring due to the wing weight. The reduction of

sag can be seen in figure 5.2. The completed gear system, prior to the addition of the locking

mechanism, is shown in figure 5.3 on the left, while the gear mechanism with added locking

system is shown on the right. The combined weight of the gear system, spring, and housing is

1.04 lbs. Note that the housing for the bench top tests is not representative of a final, flight ready

design, which would be optimized to reduce weight.

Figure 5.1: Left: Scan of v900 wing with highlighted section used for the wing holder. Right:
3D-printed wing holder with attached gear.

Figure 5.2: Left: Sagging wing Right: sag reduction using a locking mechanism.
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Figure 5.3: Left: Original 3D-printed gear system. Right: Gear system with locking mechanism
modification.

5.3.2 Actuation Device

A 7/8 inch diameter pneumatic artificial muscle (PAM) was used for actuation, shown in

figure 5.4. A PAM was chosen for this applications as PAMs possess the ability to generate

large forces at low operating pressures while maintaining a low mass, allowing them to possess

a large specific work, specific power, and power density, which makes them ideal for weight-

limited applications such as this [5,52,53,63,65,66]. The bladder and braid of the PAM are held

together by use of an end fitting. Typically end fittings are metallic, but 3D-printed end fittings,

such as those discussed in chapter 4, were desired to reduce the weight of the system even further.

The end fitting consists of two 3D-printed pieces, referred to as the inner and outer end fitting,

respectively, as shown in figure 5.5. The end fittings were printed on a Makerbot Method X 3D

printer using ABS-R material. The inner end fitting is inserted into the bladder, and the edge of

the bladder is tucked under the lip of the end fitting. The outer end fitting is placed around the

braid and bladder, and pulled over top of the inner end fitting. Once assembled, epoxy is injected

into the end fitting through the holes in the inner end fitting to bind the end fitting together. The

total mass of the assembled PAM used in the mechanism was 0.06 lbs.
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Once assembled, the PAM is placed in line with the linear gear. When inflated, the PAM

pulls the gear to retract the wings. A small metallic spring is placed on the opposite end of the

gear, which aids to pull the gear back into its original position when the PAM is deflated.

Figure 5.4: 7/8 inch diameter PAM with 3D-printed end fittings.

Figure 5.5: Left: Inner end fitting. Right: Outer end fitting.

5.4 Testing

To test the device, a tabletop test rig was designed to house the gears, spring, and PAM,

as shown in figure 5.6. An Arduino was used in conjunction with two X-Valve 8mm miniature

solenoid valves and a Honeywell SSCDANN150PGAA5 pressure sensor, shown in figure 5.7.
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The pneumatic system was provided air from a DEWALT portable air compressor. Using this

testing system, multiple tests were conducted to evaluate the mechanism.

Figure 5.6: Assembled gear system with PAM.

Figure 5.7: Electro-pneumatic system used to actuate the PAM.

5.4.1 Simple Actuation

At test start, the inlet valve was opened, allowing the PAM to be inflated, which in turned

actuated the muscle, as shown in figure 5.8. Upon hitting the target pressure of 30 psi, the inlet

valve was closed and pressure was held for two seconds. Following the two second wait, the

outlet valve was opened, allowing the muscle to deflate.
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Figure 5.8: Fully actuated system with inflated PAM.

5.4.2 Response Time Testing

Four checkered strips were placed underneath the system to measure the sweep of the

wing, shown in figure 5.9. The strips were placed in 15 degree intervals, ranging from 0 to 45

degrees. Two tests were run: One with only the wing holders, and one with the wing holders and

augmented v900 wings. For the wing holder test, the line was pressurized from 55 to 85 psi, in

increments of 5 psi. For each pressure, the inlet valve was opened and the response time to inflate

to 30 psi and sweep the wing 45 degrees was recorded. The inlet valve was then closed, and the

outlet valve was opened. Four sweeps were performed per pressure. The response time for each

sweep was recorded and averaged per pressure.

The test was repeated using the same parameters, but with the v900 wings attached to the

wing holders. Four sweeps were performed per pressure, and the response time was once again

recorded and averaged per pressure.
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Figure 5.9: Sweep test set-up.

5.4.3 Hardware-in-the-loop Testing

Hardware-in-the-loop (HITL) testing was performed to simulate the V900 flying through

gap-like structures and test the ability of the obstacle avoidance software and actuation system to

work together. The actuation system was integrated into the obstacle avoidance software through

a signal line sent from the software to the arduino controlling the actuation system. In these tests,

prerecorded footage of simulated flight toward an obstacle was fed into the ground control setup

that ran the obstacle detection software. The software would send a high signal when an obstacle

was detected, signaling the PAM to inflate. When detection was lost, the signal was dropped to

low, and the PAM was deflated. The obstacle detection software identified obstacles represented

by ArUco tags, as shown in the upper-right image in figure 5.10. The ArUco tag was 30 inches

by 30 inches in size and represented an obstacle with a gap size of 30 inches. The software was

capable of detecting a tag of this size at a minimum distance of 44 feet away. It was assumed that

there was no altitude loss and that the V900 flew straight and level toward the obstacles during

simulated flight. Tests were run at 85 psi line pressure for a simulated flight speed of 10, 20, 30,

40, 45, 50, 55, 60, 65, 70, 80, 90, and 100 mph. Video was taken of the wing sweeping to record
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how much time passed between achieving full sweep and passing the simulated obstacle, as well

as the total wing sweep achieved, to determine the smallest gap size the v900 could fly through

based on effective wingspan.

Figure 5.10: Left: No object detected in (A), resulting in no sweeping in (B). Right: Object
(ArUco tag) detected in (C), resulting in wing sweep in (D).

5.5 Results

5.5.1 Simple Actuation

The mechanism was capable of successfully generating 45 degrees of sweep in the wing

while being almost entirely 3D-printed. No appreciable skipping or misalignment was noticed

during the actuation process in any of the gears for the final design. The 3D-printed end fittings

were capable of surviving both the radial and axial stresses imparted during inflation, while still

allowing the PAM to actuate the mechanism. The simple actuation test was performed 10 times

111



with no noticeable wear on the mechanism or the end fittings.

5.5.2 Response Time Testing

The results for the sweep test with only the wing holders attached are shown in table 5.1. It

can be seen from figure 5.11 that the response time decreases as the line pressure increases. The

decrease in response time is not linear and begins to asymptote at higher pressures. This implies

that any further increase in line pressure would result in diminishing returns.

For the sweep tests with wings attached, we see that the times once again asymptote as you

increase pressure, but that in general the sweep time is greater for the test with wings attached

when compared to those with only the holders attached. This is to be expected, as the added

inertia of the wings works to slow the sweep times. This is important to keep in mind for future

designs where additional improvements to the wings may be made that would increase the mass

of the wing, such as wrapping them in carbon fiber to supply additional support during a wing

strike. The results of this test can be seen in table 5.2.

Due to the asymptotic nature of these results, 85 psi was chosen as the line pressure for the

hardware-in-the-loop tests. This aligns with a time to rise of 1.36 seconds.

5.5.3 Hardware-in-the-Loop testing

From prior true flight tests of the V900, it was determined that the UAS needed to fly at

airspeeds above 30 mph to stay in the air. Although data from the HITL tests showed that the

V900 achieves full sweep before reaching the obstacle at speeds of 10-40 mph, only airspeeds

above 30 mph are viable. From this, we determined that the V900 can make a full wing sweep,
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Table 5.1: Actuation times for sweeping with wing holders.

Pressure Test Test Test Test Average
1 2 3 4

[psi] [seconds] [seconds] [seconds] [seconds] [seconds]
55 2.11 2.39 2.13 2.13 2.19
60 1.83 1.76 2.08 2.12 1.95
65 1.69 1.68 1.80 1.79 1.74
70 1.68 1.52 1.49 1.47 1.54
75 1.19 1.46 1.51 1.48 1.39
80 1.22 1.20 1.51 1.19 1.28
85 1.22 1.19 1.2 1.16 1.20

Table 5.2: Actuation times for sweeping with wings.

Pressure Test Test Test Test Average
1 2 3 4

[psi] [seconds] [seconds] [seconds] [seconds] [seconds]
55 2.75 2.82 2.94 2.9 2.85
60 2.35 2.35 2.42 2.49 2.40
65 2.16 2.1 2.16 1.96 2.10
70 1.77 1.83 1.9 1.83 1.83
75 1.63 1.7 1.64 1.71 1.66
80 1.38 1.5 1.5 1.51 1.47
85 1.37 1.37 1.31 1.38 1.36

Figure 5.11: Wing sweep time versus line pressure.

113



and thus clear obstacles with widths down to 24 inches, at speeds of 30-40 mph. From 40-55

mph, the V900 clears obstacles with widths down to 30 inches, which corresponded to the size

of the obstacles in the simulated flight footage. At speeds above 55 mph, the V900 could no

longer sweep its wings far enough back in time to make a successful pass through the simulated

obstacle, with its effective wingspan approaching the original wingspan at speeds over 100 mph.

Additional testing could be performed to study the system’s ability to clear obstacle gaps if given

more time to retract by using larger ArUco tags representing larger obstacles.

Figure 5.12 portrays the minimum obstacle width necessary to complete a ”go-through”

maneuver for the given testing conditions. Blue dots represent speeds at which the V900 would

not be able to maintain flight. Green dots represent speeds where full sweep was achieved

before reaching the object. Yellow dots represent speeds where full sweep was not achieved,

but the aircraft would still be able to reduce its wingspan below the 30 inch gap clearance of our

simulated object. The red dots represent speeds where the aircraft would not clear the object, and

would have to perform either a ”go-around” maneuver or a wing strike.

The HITL tests suggest that the platform can perform go-through maneuvers at speeds up

to 55 mph, which is considerably faster than the top speeds tested in prior work [95]. However,

the obstacle detection and avoidance algorithms used were greatly simplified, meaning that the

data would only be valid under ideal conditions.

5.6 In-flight testing and weight budget

With benchtop testing completed, the next goal was to equip a V900 with the sweeping

wing mechanism and obstacle recognition/crash avoidance system. Upon attempting flights with
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Figure 5.12: Minimum achievable wingspan before collision versus airspeed.

only the obstacle recognition system on board, it was found that the v900 was incapable of

producing enough lift to take off. Lift calculations were then performed to determine why this

issue was occurring. The calculation for lift is given in equation 5.1.

LA =
Clρv

2A

2
(5.1)

Here, Cl is the coefficient of lift, ρ is the density of the air, v is the speed if the craft, and A

is the area of the wing. To obtain the coefficient of lift, the model was assumed to be a Clark Y,

as it shared a very similar cross-section, and the Clark Y is a typical choice for RC plane airfoils.

This results in a total lift generation of 2.91 lbs at 5 degrees angle of attack for a speed of 30

mph, which is typically the speed that lift off would occur for the unaltered V900. The weight
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of an unaltered V900 is about 2.80 lbs. This would provide a margin of only .11 lbs for payload.

The obstacle recognition system weighed 0.52 lbs and therefore the V900 was unable to provide

sufficient lift for take-off. The sweeping wing system and electro-pneumatic system, as currently

constructed, weigh an additional 3.32 lbs. Takeoff would not be feasible with the V900 even at

at higher angle of attacks, as the stall angle, about 10 to 12 degrees, would be reached before

enough lift could be generated to achieve takeoff. Due to these issues, in flight testing was not

performed.

5.7 Conclusion and Future Work

These bench top tests form a basis for the design of a fully 3D-printed sweeping wing

mechanism that would be capable of both aiding in obstacle avoidance and mitigating damage

to an aircraft during wing strikes. The 3D-printed PAM was capable of providing reliable, quick

actuation to the mechanism, and the mechanism demonstrated repeated wing sweeps without

damage or wear to the wings or gears. Such a device could increase survivability for UAVs flying

through confined spaces, such as urban areas or dense tree lines, where wing strikes may be

unavoidable.

Future work would entail repurposing the mechanism for a different platform capable of

generating sufficient lift. One such platform is the Turbo Timber Evolution 1.5m BNF Basic.

Using equation 5.1 to calculate lift, and once again assuming a Clark Y air foil, the Timber would

be capable of lift off at 25 mph at 3 degrees angle of attack. The Timber, with battery, weighs

4.83 lbs. The obstacle recognition system and current sweeping wing and electro-pneumatic

system weigh 3.83 lbs, for a total of 8.66 lbs. Total lift generated by the Timber would be 9.62
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lbs, making it a cromulent choice to carry the combined systems. Although redesigns would

need to occur to fit the sweeping wing mechanism into the Timber, the internal space available

in the Timber would remove the need for a 3D-printed external housing for the sweeping wing

mechanism and electro-pneumatic system, which was necessary for the v900 due to it having

no available internal space, possibly reducing the overall weight of the system, as it could be

embedded directly into the aircraft. Once redesigns were complete, in flight testing of the system

would be performed and compared to the benchtop data.
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Chapter 6: Conclusion

6.1 Summary of Research and Key Conclusions

This research explores alternative uses for PAMs, such as the application of radial forces,

torsional response, and weight-restricted applications. PAMs were modeled using a force balance

approach to accurately predict the radial force production for use in a bio-inspired, worm-like

robot. Additionally, the mode by which PAMs respond to torsion was determined and modeled

using a force balance approach. This model allowed for accurate determination of the torsional

load a PAM would experience at a given pressure and degree of twist. 3D-printed end fittings

were designed and tested to improve SAF of PAMs, while maintaining the same typical operation

range of 0-100 psi seen in metallic end fitting PAMs. These 3D-printed PAMs were utilized in

a sweeping wing mechanism for collision avoidance and found capable of avoiding collision at

speeds up to 55 mph in bench top tests.

6.1.1 Analysis of anchoring muscles for pipe crawling robots

Modeling of the radial expansion force was performed to produce a model of comparable

fidelity to the established axial contraction force model. The model was validated with data

collected by inflating the PAM radially into two half rounds, and recording the resulting force
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using an MTS servo-hydraulic testing machine. Non-linear optimization was performed to determine

the moduli of the PAM bladder while anchored in a pipe. The radial model was found to fit the

data well. The model was also used to determine anchoring force of a PAM experiencing an

applied axial force and compared to data. The model was able to predict the offset in anchoring

pressure and force production experienced by the PAM due to the applied axial force through the

addition of a single term comprised of only the applied axial force and geometric properties of

the PAM. Compatibility between the axial and radial models were found at anchoring pressure,

allowing for a transition point when used in operation with a bio-inspired, worm-like robot. The

robot was able to produce locomotion using a peristaltic gait through pipes without slipping.

6.1.2 Analysis of Torsional Response in Pneumatic Artificial Muscles

In addition to the radial model, a model of the torsional response of a PAM was also

developed. Three different scenarios were investigated, including St. Venant torsion, soft bladder

buckling, and asymmetrical braid loading. A novel torsional testing rig was designed and constructed

to validate the torsional model. Data was collected from 10 to 50 psi in increments of 5 psi, and

found to be linear for all pressures. A force balance approach was taken to model the torsional

response. Multiple stress-strain and modulus-pressure relationships were tested to improve the fit

of the model. A version of the model using St. Venant torsion, as well as a first order stress-strain

relationship and fourth order modulus-pressure relationship was found to provide the best fit.
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6.1.3 Optimizing Specific Actuation Force of Soft Composite Pneumatic Artificial

Muscles Using Additively Manufactured Components

3D-printed end fittings were designed as an alternative to current metallic end fittings to

attempt to maximize the specific actuation force of the PAMs, while maintaining comparable

actuation performance throughout the typical actuation range of 10 to 100 psi. Multiple iterations

of a 7/8 inch PAM utilizing 3D-printed end fittings comprised of ABS-R were designed and

tested. Alterations were made to each iteration based on the observed failure mode to achieve

the target operating range of 0 to 100 psi with a safety factor of 1.5. The final design consisted

of A PAM whose braid folds back in on itself to keep the end fitting in place, referred to as a

’fold-over” PAM. This PAM was able to achieve a blocked force pressure of 207 psi and blocked

force of 2017 lbs, as well as a free contraction pressure of over 300 psi. SAF between the 3D-

printed PAM and a similar metallic PAM was compared. The 3D-printed PAM was found to

improve SAF by over 12%. An FEA model of both the free contraction and blocked force burst

conditions were created to validate the observed physical results. An alternate version of the fold-

over PAM was created using ABS-CF. This PAM saw an improved blocked force of 2508 lbs at

248 psi, with a slight reduction in SAF improvement over metallic PAMs of 8.7%. An endurance

test was designed to determine the lifespan of a 3D-printed PAM. The fold-over design utilizing

ABS-R achieved 50,000 cycles without failure.
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6.1.4 Actuation of a 3D Printed Sweeping Wing Mechanism Using Pneumatic

Artificial Muscles

To further validate the design of the 3D-printed end fittings, a PAM using the 3D-printed

end fittings was utilized in a sweeping wing mechanism designed for an E-flite V900 BNF Basic

remote controlled plane to perform obstacle avoidance. The mechanism utilized a 3D-printed

gear mechanism in conjunction with the 3D-printed PAM and an electro-pneumatic system to

produce sweep in the wings. The mechanism was capable of producing 45 degrees of sweep

in 1.36 seconds in bench top testing. HITL testing was performed, in which the mechanism was

found capable of clearing a 30 inch wide gap at speeds of 55 mph. Although the V900 was unable

to fly the mechanism due to weight constraints, calculations were performed to find a platform

that could house the mechanism, such as the Turbo Timber Evolution 1.5m BNF Basic.

6.2 Contributions to Literature

This work has advanced the usability of PAMs outside of the traditional axial applications

by producing accurate models of both the radial expansion force and torsional reaction, allowing

for a much broader range of applications for this type of actuator. Previous modeling of PAMs

contains no terms for radial or torsional force applications, and as such is unable to account

for them. The radial expansion model is the first to accurately predict the force produced by

a PAM when constrained in a tube or pipe, and contains an applied axial force term, allowing

for the possibility of analyzing PAMs experiencing loads in multiple directions simultaneously.

The radial expansion model also allows for compatibility between itself and axial contraction
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models found in literature, allowing for smooth transition between models for improved control

in robotic systems, such as pipe crawling robots.

Similarly, the torsional response model is the first to be able to predict the torsional response

of a PAM, allowing for torsional applications of PAMs that were not previously feasible. In

addition to this model being able to mathematically predict the torsional response load of PAMs,

it was also the first to determine how PAMs physically respond to torsion, in that they react in

a manner similar to St. Venant torsion, as opposed to other torsional response modes, such as

experiencing bladder buckling or asymmetric braid loading.

3D-printed end fittings have also advanced the usability of PAMs by improving their specific

axial actuation force for weight-limited applications by utilizing 3D-printed plastic, as opposed

to metallic end fittings currently used in PAMs, while maintaining their typical pressure and force

operation range. In addition, these PAMs were found to survive for over 50,000 cycles, making

them useful for prototyping applications, as multiple sets of end fittings can be printed faster

than metallic end fittings can be manufactured, while not sacrificing performance. With these

improvements, PAMs are now capable of being utilized in a much broader range of applications

than possible prior to this work.

6.3 Future Work

Future work entails utilizing the radial expansion and torsional response model in tandem,

along with the axial contraction model, for robotic applications. Although the the radial expansion

model and axial contraction model have been used together in the worm-like robot, the inclusion

of the torsional response model would allow for the addition of a digging tool, such as an
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auger, which would allow for the worm-like robot to burrow through sand and soil, improving

its functionality past just pipes and tubes. Additional work on the torsional model could be

performed to not only study higher degrees of twist and pressure, but also the response while the

PAM is anchored. This change in torsional response while anchored would also be beneficial in

robots such as the worm-like robot, as it would allow for a fuller understanding of how the two

different forms of loading effect the PAM when applied simultaneously.

Future work for the 3D-printed end fittings entail further study of the endurance of the end

fittings, to determine at how many cycles they fail. Additionally, further optimization using a

combination of FEA and physical testing could be performed to increase the gain in SAF even

further, whether through reduction in socket thickness to reduce total weight, or with experimentation

with alternative end fitting designs outside of the ones tested in this work. Finally, future work

for the sweeping wing mechanism would entail refitting the mechanism for a platform capable

of providing enough lift to carry it, and performing in-flight testing to validate the results found

during the benchtop testing.
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