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Abstract

Efficient burrowing and tube-traversing systems are needed for installation and
inspection of underground infrastructure, search and rescue, and other applications
where excavation is undesirable. Hydraulically driven soft robots offer a solution to this
problem where the maneuverability of soft robotics and the power density of hydraulic
power transmission are both critical. This thesis presents the design, modeling, and
manufacturing techniques for developing a multi-segment, hydraulically driven soft robot
capable of traversing tubular environments like a burrow.

A new force model was developed to address modeling limitations of the
traditionally thin-walled, pneumatically-driven McKibben actuator i a common linear soft
actuator. Hydraulic contracting and extending actuators were fabricated, and the new
model was experimentally validated against commonly used existing models for both
actuator versions. In the contracting McKibben experiments, the overall average error for
the new model was 9.1% while the overall average error for three commonly used
models were 9.9%, 10.5%, and 10.0%. Similar results were reported in the extending
McKibben experiments. While the improvement of the new model over the other models
is small, it is expected that the new model will be more accurate for high-pressure
actuators with thicker walls that are needed in burrowing applications. One contracting
actuator was driven at 13.9 MPa i the highest known pressure to date in literature.

Further testing showed that extending McKibben actuators follow traditional
column buckling theory, and it was demonstrated that extending McKibben actuators can
develop extension forces greater than the critical buckling load when operating in a
constrained environment such as a burrow.

Radially expanding traction actuators were developed to generate the forces
needed to anchor the multi-segment robot in the burrow. A new traction force model was
developed to predict the generated traction force when actuated in a burrow. Multiple
traction actuators were designed, fabricated, and experimentally tested to validate the
model. The results of the experiments showed the new model to be a reasonable
predictive design tool for the traction actuators.

One extending McKibben and two traction segments were combined into a novel
multi-segment robot with internal fluid lines allowing for independent actuation of the
robot segments - enabling travel in both the forward and reverse directions.
Experimental constraints, performance constraints, and performance objectives of the
robot design were selected to ensure the robot could generate the forces and motions
for efficient travel. A grid-search was used to study the solution space and select an
initial geometry for the multi-segment robot within the constraints and objectives of the
design. The extending McKibben segment was 76.2 mm long, had a 50.8 mm outside
diameter, a 3.2 mm initial wall thickness, and was built with an initial fiber wrap angle of
80 degrees. When pressurized at 207 kPa, the extender could produce up to 206 N of
extension force. The two traction segments had the same outside diameter, wall
thickness, and operating pressure as the extending segment. The 114.3 mm long
segments were able to produce up to 1043 N of traction force.

The multi-segment robot was tested in two horizontally oriented tubes of varying
diameters to simulate a burrow, and it was able to travel in both directions without
issues. The robot was also tested in a vertical tube and was able to travel upwards
against gravity. These results demonstrate that the contributions in this thesis provide
the framework to develop soft robotic solutions for applications like burrowing where
large forces and specific motions are required.
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Nomenclature

Table 1: Nomenclature used throughout this thesis

A cross-sectional area
Awall area of external wall t hatapptied®
B length of single fiber
Cs constant lumped parameter
C2 constant lumped parameter
d spacing between fibers or actuator displacement
Umax maxi mum achievable U
d inner diameter
di, ri initial elastomer outside diameter, radius
Di initial outside diameter
Do diametric constant
D current outside diameter
U contraction ratio (or strain)
Chnax maximum achievable contraction ratio
E el astomer Youngds modul us
Ein energy required to expand or extend actuator segment
F contraction force
Fanchoring | @nchoring force radially applied by the actuator
Felastc | elastic axial force of elastomer
Fribers | actuator force developed from internal pressure
Fiiiction | friction force
Fnormal normal force
Frotal total actuator force
Fraction | axial traction force produced by the actuator
o) angle between fibers measured about origin of radius of curvature
I smallest area moment of inertia
Kk radius of gyration
I fitting to fitting actuator length
lest axial contact length between actuator and external tube
lefrective | effective column length
It final extended actuator length
lo, Lo initial actuator length
L current actuator length
Nt total number of fibers wrapped around actuator
Ns number of spaces between fibers
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N, n # fiber turns around elastomer
a elastomer stress
U1 actuator hoop stress
Ua elastomer axial stress
Ue elastomer effective stress
Un elastomer hoop stress
Umax maximum tensile strength of elastomer
8o initial fiber angle
o current fiber angle
diock kinematic lock fiber angle of 54.7 degrees
P applied fluid pressure
Pourst | elastomer bursting pressure
Pecr critical buckling load
Peiasic | internal pressure required to expand the actuator to a new radius, It
Pelastic(V) | internal pressure required to expand segment to rs as a function of V
Moulge radius of curvature of the bulge between fibers
Ri initial outside radius
R, r current outside radius
It final actuator outside radius (based on burrow diameter)
It actuator expansion radius
lo actuator initial outside radius
S elastomer Type A durometer
Shulge bulge arc
Sr slenderness ratio
SFuucke | Safety factor against buckling failure
SFourst | safety factor against burst failure
Syc compressive yield strength
t current elastomer wall thickness
tf final elastomer wall thickness after expansion
tk initial elastomer wall thickness
T total fiber tension
Tx fiber tension component in x-direction
T fiber tension component in z-direction
W, Us | coefficient of static friction between actuator and tube surface
\ actuator volume
V1 initial actuator volume
V2 expanded actuator volume
X distance over which actuator force is applied
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Chapter 1: Introduction

This chapter introduces the field of soft robotics, presents the current
state-of-the-art of soft robot technology, and introduces the specific contributions
of this thesis to address opportunities within the field. Furthermore, the motivation
for this project and detailed background information on the McKibben actuator, a
key part of this research, are presented. Finally, an overview of the contents of
this thesis, including a proposed multi-segment soft robot design, is provided at

the end of this chapter.

1.1 Motivation

There is a need for efficient burrowing and tube-traversing systems for
installation and inspection of underground infrastructure, search and rescue
robots, and other applications where excavation is undesirable. The recent
technological advancements in soft robotics have been introducing novel
perspectives for designing soft robots [1], and biomimicry has been used to
design innovative soft robots that can crawl, grip objects, and change stiffness
[2]. Furthermore, hydraulic power transmission offers unmatched power density
and can generate very large forces. High pressure, compact burrowing robot
technologies that utilize the benefits of soft robotic actuation and hydraulic power
transmission present a new opportunity within the field of soft robotics. The long-
term objective of this work is to develop the models and design methodology

required to realize high force, compact, soft robots with applications in burrowing



technology capable of traversing many soil substrates and environments. This
thesis presents the development of force models, design methodologies, and
manufacturing approaches for the development of a novel multi-segment,
hydraulically driven soft robot capable of navigating tubular environments like a

burrow.

The proposed soft robot consisted of two radially expanding segments
connected with an axially extending segment that can be independently actuated
to allow the robot to move in a controlled manner through a tubular environment

using alternating anchor locomotion as shown in Figure 1.

Radial Deformation

Axial Deformation

Figure 1: Proposed multi-segment soft robot design utilizing alternating anchoring

locomotion to move through a burrow

Trenching is the most common method used for installing, replacing, and
repairing the millions of miles of pipelines, sewer systems, irrigation lines, fiber

optic cables, electrical lines, geothermal systems, and other similar underground
2



utilities. However, excavation is inefficient, unsafe, destructive to the environment
and biological ecosystems, and not ideal in many sensitive areas [3-5].
Directional boring is a trenchless burrowing method used mostly in dry soils, with
a variety of constituents like sand, silt, gravel, clay, or shale, for installing utility
lines that utilizes the pushing of a rotary cutting tool long distances underground
and removing the soil from the burrow. Directional drilling and boring units
require a human operator, are hard to steer, resulting in position error up to one
meter at long distances, are large, and expensive all of which limit their number

of useful applications [6-8].

Optimized by natural selection, burrowing mechanics and locomotion
techniques are exhibited in nature by lizards, worms, moles, gophers, clams, and
many other animals to navigate efficiently, which is measured by their metabolic
and oxygen consumption rates, through a variety of different soil compositions [9-
13]. Several biomimicry based burrowing robotic systems have been investigated
to penetrate into specific soils, but there are currently no compact robotic
burrowing systems capable of producing the large forces and kinematics required
for fast and efficient burrowing for non-invasive utility installation and repair

through a variety of different soil substrates [14-18].

Recent developments in the field of soft robots show that high force,
hydraulically powered, fiber reinforced soft actuators can produce the necessary

forces and kinematics that could be used for efficient burrowing locomotion. The



McKibben actuator, a soft extending and contracting linear actuator, has been
studied and shown to be useful for adoption in high force hydraulic systems [19-
22]. Hydraulic transmission is unsurpassed in force and power density in
comparison to other conventional actuation techniques which makes it a natural
choice for compact systems that are used in confined spaces and require high

power density [21].

The long-term objective of this work is to develop the framework
necessary for developing high force, excavation-free, compact burrowing robot
systems capable of precise and efficient burrowing through a variety of soil types
commonly found in underground utility installation such as pipes, sewers, or
irrigation lines. This will be done by utilizing soft actuators, biomimicry, and the
density of hydraulic power transmission. It is hypothesized that such a system,
with the ability to push itself into the soil as well as pull itself along using
traction/anchoring mechanisms, would be more easily steered than directional
boring that is exclusively pushed along within a burrow. Such a system may be
useful in rescue operations, anchoring applications, welfare robots, and many
other applications [11, 23-25]. Figure 2 shows possible ways that a multi-
segment burrowing robot could utilize nature-inspired techniques to realize the
long-term objective of efficient, multi-substrate burrowing robot systems. Figure 3
shows a few of the many potential applications of the proposed burrowing

technology where excavation of the soil is undesirable.
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Figure 2: Potential designs of a multi-segment, multi-substrate burrowing robot based on

biomimicry
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Figure 3: Electrical, irrigation, sewage, and drilling applications



1.2 Background

This section introduces the field of soft robotics, provides an overview of a
common soft actuator 1 the McKibben actuator, reviews burrowing mechanics
found in nature, and presents a synopsis of existing burrowing and tube-

traversing robots found in literature.

1.2.1 Soft Robotics

Soft robots are comprised of a soft, elastic structure, have a compliant
response based on the environment, and can have many degrees of freedom -
allowing them to be used to accomplish tasks that rigid robots cannot. Soft robots
are a unique subset of robots as illustrated by the robot classification diagram in

Figure 4 [26].

Discrete

l Nonredundant. Redunfian

Figure 4: Classification of robots [26]

Soft robots, often found in or inspired by nature, can conform to their
environment, navigate in or through confined spaces, and be specifically
designed for complex tasks. However, understanding the kinematics and forces

generated by soft robots is much more challenging than with hard robots [1].



Nature provides a myriad of biological soft robots ranging from the hydraulically
powered connective tissue-reinforced tube feet of starfish to the muscle fiber-

reinforced dog tongue as observed in Figure 5 [26].

Figure 5: Examples of soft robots in nature: (a) tube feet in starfish, (b) octopus arms, (c)
colonial anemone, (d) mammalian tongue, (e) squid, (f) elephant trunk, (g) echinoid, (h)

lllex illecebrosus, (i) inchworm, and (j) snail feet. [26]

There are four primary methods for actuation of soft robots including
shape memory alloys, dielectrics, cables, and pressurized fluid [27]. Shape
memory alloys (SMAs) have been utilized to design soft robots that crawl, climb,
and roll using linear and colil springs that simulate biological muscle forces and
caterpillar like motion [28-29]. Soft robots that mimic the movement of an octopus
have been designed to grasp objects by utilizing cable actuation that applies
tensile forces [30], and dielectrics are utilized to rapidly activate elastomers in the

presence of an electrical field [31]. However, the most common soft robot

7



actuation technique in nature and past literature is pressurized fluid. Introducing
pressurized fluid volume into an enclosed pressure vessel causes deformation
and force generation depending on the composition and characteristics of the
elastic vessel material and support structure. It is also possible to combine soft
robot actuation techniques. In one study, pressurized fluid actuation was coupled
with SMAs that acted as the support structure which caused improvement to the

displacement response speed of the actuator [32].

Soft robots that are powered by fluid, either pneumatically or hydraulically,
can generally be further classified as fiber-reinforced or fiber-less actuators.
Fiber-less actuators have been constructed with custom internal cavities and
chambers, commonly known as bellows, that allow for specialized locomotion
upon pressurization and are s-ametuame
Kota et al. presented the first modeling approaches of fiber-reinforced
elastomeric enclosures (FREE actuators), comprised of a hollow elastomer that
is reinforced with stiff fibers, that generate specific motions based on their fiber
wrap configuration [34-35]. FREE actuators have been designed with various
arrangement of fiber families and elastomer geometry to achieve many modes of
locomotion including radial expansion and contraction, axial extension and
contraction, bending, twisting, and combinations thereof [34-41]. Figure 6 shows
an example of a cylindrical FREE actuator consisting of two fiber families at
different wrap angles that produces simultaneous contraction and twisting motion

when pressurized [37].

ss&npa
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Figure 6: FREE actuator with two families of fibers at different fiber wrap angles [37]

T =

There are many applications and designs of FREE actuators that can be
found in literature. One example of a low-pressure hydraulic FREE actuator is an
assistive glove designed at Harvard University that can assist a user with

bending their fingers as shown in Figure 7 [42].

LED

sensor state

fiber-reinforced 3 Soft straps and
actuators actuator ﬂlluchl“cl“s

Figure 7: FREE actuator-based hand assistive device [42]

FREE actuators can produce many different motions depending on how
the fibers are oriented. One FREE actuator was developed to generate
extending, bending, and twisting deformation and could generate the complex

motion needed to grip objects as shown in Figure 8 [43].



Figure 8: FREE actuator generating complex motions [43]

Many other forms of soft robots have been developed as well. Kanno et al.

have developed a pneumatically-driven, spring-reinforced soft actuator capable

of producing larger force outputs per cross-sectional area than traditional

extending soft actuators like the McKibben actuator shown in Figure 9 [44].
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Figure 9: Pneumatic spring-reinforced soft actuator [44]

Another technique for soft robot synthesis has been developed where

structural elements are used to replace the inextensible fibers commonly found in

10



FREE actuators. Kota et al. have developed unique soft actuators with auxetic
sleeves that experience unique kinematic behavior by utilizing structural
elements on the surface of the soft actuator [45]. The actuator model enables the
user to synthesize the actuators to produce contraction, extension, expansion,
and bending, all of which can vary along the surface of the actuator both axially
and circumferentially. The actuator concept is shown in Figure 10 and shows
potential for very specific applications where unique motions and precise

deformations are needed.
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Figure 10: Structural elements used to generate unique soft robot motions [45]

Many other unique examples of soft robots have been presented in
literature including pneumatic variable stiffness robotic hands [46], steerable
worme-like robots [47], pneumatic pipe traversing robots [48], straight-fiber FREE
actuators for generating ballooning motions and radial traction forces [49], and

many others. However, the relatively new field of soft robotics has been primarily
11



limited to low-force, pneumatically-driven applications, and limited research has
been conducted on high-force, hydraulic soft robot applications. Hydraulically
driven soft robots provide an opportunity to harness the flexibility and
customization of soft robotics and the force density of hydraulic power

transmission for underground burrowing and similar applications.

1.2.2 The McKibben Actuator

This section introduces one of the most common soft robotic actuators i
the McKibben actuator i which will be one of the main focuses of this thesis. An
overview of design, failure mechanisms, and applications of the McKibben

actuator are presented in this section.

1.22.1 Design

McKibben actuators, comprised of an elastomeric tube wrapped in
inextensible fibers, were developed in the 1950s and have been used primarily in
pneumatic applications. McKibben actuators provide superior force and power
density at a lower cost compared to many conventional actuators because of

their simple design.

A McKibben actuator is a special case of a FREE actuator where the
forward and backward fiber wrap angles are equal and opposite as shown in

Figure 11. When fluid is added to the McKibben actuator, the actuator axially

12



extends or contracts and radially grows or shrinks depending on the fiber wrap
angle. The axial force is approximately proportional to the input pressure. Many
existing models predict the deformation and force generation of the actuator
based on the actuator geometry and fiber wrap angles [34-35, 50-51]. Note that

compression of the McKibben actuator can lead to buckling failure.

A Fibers

Elastomer

Figure 11: McKibben actuator equal and opposite fiber wrap angles [35]

McKibben actuators are compliant and cost-effective linear actuators that
have advantages over many conventional actuators including hydraulic cylinders,
air cylinders, and electromagnetic motors with ball screws in terms of force and
power density [52-53]. The compact and compliant nature of McKibben
actuators, as well as the development of high strength fibers [52], has made it
lucrative to explore utilizing these actuators in hydraulic systems where force and
power density are critical. Most of the design and modeling work to date on the
McKibben actuator is in the pneumatic space, where thin-walled elastomeric
enclosures and coarse fiber spacing are used in fabricating the actuators, and
therefore, only small forces can be developed [53]. Challenges with pneumatic
McKibben actuators are that the compressibility of fluid yields poor position
control and lower efficiency when the compressible fluid is vented to the

atmosphere [54]. Increasing the operating pressure of the actuator and utilizing

13



hydraulics addresses these challenges and significantly increases the axial and
radial force capability. This introduces a need to design actuators that can
withstand larger forces. Specifically, hydraulic McKibben actuators require a
thicker walled elastomeric enclosure and closer fiber spacing to resist failure from
bursting and robust segment connectors to prevent slipping at high axial forces.
Past studies have also analyzed the performance and efficacy of controlling
hydraulic McKibben actuators [20, 55], the drive characteristics of the actuator
[56], and the effect of the elastomeric material selection on actuator performance
[57-58]. While the hydraulic McKibben actuator shows increased force
capabilities and better position control than the pneumatic McKibben actuator,
further work in refining the design of the mechanical structure and modeling
techniques for the hydraulic actuator must be undertaken to enable more uses of
the technology. While the majority of McKibben research to date has been based
on the pneumatic McKibben, some work on the hydraulic McKibben has been

conducted in literature and some examples are presented here.

One extension-type hydraulic McKibben actuator was tested at 2.5 MPa
and was able to generate 450 N of extension force without buckling failure [19].
This suggests that hydraulic McKibben actuators may be useful for applications
where large extension or penetration forces are more useful than contraction
forces. If a contracting McKibben has a fiber angle of 23.5 degrees and a similar
extending McKibben has a fiber angle of 67.5 degrees, they produce equal

amounts of displacement 1 just in the opposite direction [19]. One experiment by

14



Suzumori et al. showed that by combining extending and contracting McKibben
actuators with the aforementioned fiber wrap angles in parallel, bending
actuators can be developed as shown in Figure 12 [60]. The hydraulic McKibben
actuator has also been used in a practical application by driving a robotic hand

mechanism at 4 MPa capable of clasping objects with variable force [21].

Figure 12: Bending actuator design with McKibben actuators in parallel [60]

Suzumori et al. and Zhang et al. have both developed high force, water
powered McKibben actuators by developing custom crimp fittings to withstand
the large forces that are developed and utilizing a 2x2 twill pattern braided sheath
comprised of high strength fibers [19, 21, 56, 59]. Three-layered tubes have been
used to protect the fiber sleeve and reduce burst failure by encasing the fiber
sleeve between two rubber tubes and chemically vulcanizing the layers together
as shown in Figure 13 [19]. While traditional pneumatic McKibben actuators can
only be driven up to 0.7 MPa of pressure, the hydraulic versions have been
pressurized up to 7 MPa [19]. By combining the use of high strength fibers,
custom crimp fittings, and three-layered tubes to increase the strength of the

hydraulic McKibben actuator, it has been estimated that these soft robotic
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actuators can withstand pressures up to 30 MPa without failure enabling very

large forces to be developed [19].
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Figure 13: Three-layer tube design [19]

Zhang et al. studied in detail the static characteristics of the hydraulic
McKibben actuator as a function of the manufacturing and operating parameters
driven at hydraulic pressures up to 6 MPa [61]. Multiple McKibben actuators with
off-the-shelf fiber sleeves were studied, and the results of these experiments
demonstrated the significant andtmetastamerof t he
wall thickness on the total axial force generated by the hydraulic version of the
actuators. Figure 14 and Figure 15 show the design of the contracting McKibben

actuators for experiments at hydraulic pressures by Zhang et al. [61].
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1 Hollow end fitting, 2 Crimping ring, 3 Crimping ring, 4 Crimping ring,
5) Rubber tube, 6 fiber sleeve, 7 Closed end fitting.
(A) Schematic of WHAM

(B) Hollow end fitting (C) Close end fitting

(D) Assembling of end fittings and rubber tube

(E) Assembling of fiber sleeve, end fittings and rubber tube
(The end fittings and rubber tube are cover by fiber sleeve)

(F) WHAM (Swaging assembly)

Figure 14: Hydraulic McKibben actuator design [61]
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Figure 15: Hydraulic McKibben actuators used in experiments [61]

More recently, Slightam et al. have studied the hydraulic McKibben
actuator at pressures up to 14 MPa, and have demonstrated that the actuator
can produce up to 6.3 kN of axial force which is very promising for high-force
applications such as burrowing [62]. The experiments demonstrated the

structural integrity of the hydraulic McKibben actuator at hydraulic pressures and
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examined the effectiveness of various McKibben modeling approaches that will
be discussed in Chapter 2. Figure 16 shows an image of the experimental set up

and McKibben actuators used in this study.
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Figure 16: Hydraulic McKibben actuator testing at hydraulic pressures [62]
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1222 Failure Mechanisms

Previous hydraulic McKibben actuator research has explored challenges
in developing high strength fibers and fiber sleeves suitable for preventing
actuator bursting [19, 53], developing robust segment connectors to prevent axial
slipping [19, 56-59, 63], and developing high strength three-layer tube structures
for increased actuator strength and durability [19]. The four most common failure

modes of the hydraulic McKibben actuator are the elastomer bursting through the
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fiber weave, mechanical fitting failure, tensile fiber failure, and buckling failure.

An introduction to these failure modes is provided in this section.

Zhang et al. have extensively studied the mechanical strength and failure
modes of hydraulically driven McKibben actuators including the primary failure
modes of fitting slippage, fiber sleeve failure, and burst failure [64]. The results
from this study demonstrated that the most important factors relating to the
strength of the hydraulic McKibben actuator is the fiber sleeve, elastomer, and
mechanical fitting design. This work provides considerable insight into how to
address the problems associated with designing soft robots for applications at
hydraulic pressures. Models to predict fiber stress and failure were developed,
depending on fiber weave and orientation, and experimentally validated.
Furthermore, models on the impact of the elastomer wall thickness relative to the
strength of the actuator were presented and experimentally validated. Finally, a
design study and optimization were performed to identify a segment connector
structure that best connects the elastomer and the fiber sleeve to prevent
slipping. The conclusions from this study on robust hydraulic McKibben design

are summarized below.

1 In order, the axial force generation capabilities of a McKibben actuator are

affected the most by the fiber angle, the fiber material, displacement of the

elastomer, and the elastomer wall thickness.
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T I'n order, the actuatordés ability to resi
affected the most by initial fiber angle, the fiber material, the elastomer wall

thickness, and the displacement of the elastomer.

1 If higher axial forces are needed, a small initial fiber angle should be selected.
If higher resistance to burst failure is desired, a larger initial fiber angle and a

larger initial elastomer wall thickness should be selected.

1 Increasing the area covered by the fiber sleeve prevents the elastomer from

slipping with respect to the fiber sleeve.

1 Decreasing the ratio of axial displacement of the elastomer to wall thickness
deformation of the elastomer reduces the effects of stress concentration near
the segment connector structures and reduces the tendencies of the actuator

to fail due to segment connector structure slippage.

Fitting Failure

A commonly observed failure mode of hydraulically powered McKibben
actuators is slipping of the mechanical fittings that hold the fibers and elastomer
together. The actuators can generate large axial forces that must be balanced by
the clamping forces of the segment connectors. A barbed crimp fitting is often
used on commercial hydraulic hoses. Some past studies have presented custom

segment connector structures that share the generated loads between the fiber
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sleeve and crimp-elastomer interface to increase the reliability and axial force
capability of the hydraulic McKibben actuator as shown in Figure 14 and Figure
15 [61]. These methods require custom segment connector fabrication that must
be designed to increase the axial strength of the actuator. Traditional hydraulic
hose crimping standards are not able to be used because of the variety of inner
diameters, wall thicknesses, and material properties of the elastomers used in
McKibben actuator applications. When there are insufficient clamping forces at
the segment connector, the fiber sleeve can become loose, the mechanical
fittings can slip, or the elastomer can slip away from the segment connectors i all
of which result in actuator failure as shown in Figure 17, Figure 18, and Figure 19

respectively [64].
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Figure 17: Fiber sleeve loosening [64]

Figure 18: Segment connector slipping [64]
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Figure 19: Elastomer slipping out of connector [64]

Fiber and Burst Failure
Another mode of hydraulic McKibben actuator failure is exceeding the
strength of the fibers themselves. Failure of the reinforcing fibers causes

catastrophic failure of the McKibben actuator as shown in Figure 20 [64].

Figure 20: Fiber failure leading to actuator failure [64]

For modeling purposes, high strength fibers, such as aramid or carbon
fibers, are generally considered Oamdiffici e
developing an understanding of the limits of the high force McKibben actuator

due to the fibers failing in tension is important to entirely understand the failure
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criteria of McKibben actuators in high-force applications. The developed fiber
tension in the fiber sleeve of a McKibben actuator can be predicted as shown in
Figure 21 where T, 6,D, P, and F represent the fiber tension, fiber angle, inner

tube diameter, operating pressure, and external loads respectively [21].

Part of actuator

Figure 21: Fiber tension in fiber sleeve [21]

T, = mPD?tan(0) (1.1)
. mPD? .
2= 7 (1.2)

The total tension in the fibers must not exceed the strength of the fibers or
actuator failure will occur. Some McKibben actuators, such as the one developed
by the author in Figure 22, have been custom-wrapped with fibers that are not
part of a fiber sleeve resulting in large spaces between the fibers that can lead to

burst failure of the elastomer through the fibers.
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Figure 22: Custom fiber-wrapped McKibben actuator developed by the author

Burst failure of the elastomer between the fibers has not been studied in
prior literature, and a preliminary investigation of this behavior is presented in
Chapter 2 of this thesis. Furthermore, elastomer burst failure can occur due to

stress concentration near the segment connectors as shown in Figure 23 [64].

end fittings
with four barbs

end fittings
with three barbs

Figure 23: Elastomer burst failure due to stress concentration near the segment

connectors [64]
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Buckling Failure

Buckling occurs due to the actuator being loaded in compression.
Because compliant actuators capable of producing extension forces are needed
in burrowing applications that occur in a tube-like environment, an understanding
of how buckling impacts the ability to generate large extension forces must be
developed. It is hypothesized that short, thick-walled McKibben actuators with a
large diameter can better resist buckling than slender actuators, but it is
uncertain from literature if Euler beam theory, which will be presented in Chapter
3 of this thesis, applies to McKibben actuators due to the presence of the high
strength fiber sleeve and the variable pressure fluid column. Once buckling
mechanics are understood, the impact of the tube-like environment will be
investigated to determine if and how extension forces can propagate within a
constrained, tube-like environment like a burrow. The potential use of an
extending McKibben actuator as the middle section of a multi-segment burrowing
robot is presented in Figure 24, and an example of a buckled hydraulic McKibben
actuator developed by the author is shown in Figure 25. A full investigation of

McKibben buckling behavior will be presented in Chapter 3.
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McKibben
Section

Figure 24: Potential use of an extending McKibben actuator in a multi-segment

burrowing robot

Figure 25: Buckling McKibben actuator developed by the author
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1.2.2.3 Applications

There has been a myriad of applications of the McKibben actuator in
literature with nearly all of them dealing with the pneumatic version of the
actuator. One application of the McKibben actuator was presented by Suzumori
et al. where multiple thin McKibben actuators were braided together, and the
overall combined actuator could create unique locomotion and improved
contraction because the individual McKibben actuators could be independently

actuated as shown in Figure 26 [65].

Soft gripper

cKibben actuator

Figure 26: McKibben based soft robot manipulator [65]

Suzumori et al. demonstrated that a trade-off existed between increased
contraction ability (~35% increase) and decreased contraction force (10-40%
reduction) for the combined McKibben actuator systems [66]. The thin, combined
McKibben actuator application was expanded by Suzumori et al. for medical
device purposes such as a muscular hand [67], upper body [68], or lower body

assistive medical device system as shown in Figure 27 [69].
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Figure 27: Lower body assistive medical device system based on the thin McKibben

actuator [69]

Hammond Il et al. have developed a modified version of the pneumatic
McKibben actuator that is equipped with radial sensors that enable position and
force sensing of the actuator [70]. Two of the actuators were connected in a
system to generate antagonistic actuation of a one degree-of-freedom linkage
system. The embedded sensors allow for closed loop force and position control
of the system without the need of any external sensing equipment. Figure 28
shows the design of the actuator and the placement of the force and position
sensors. Figure 29 shows the completed linkage system driven by the McKibben

actuator.
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Radial Optical
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Figure 29: Combined linkage system based on the McKibben actuator [70]

While the majority of McKibben applications are primarily pneumatic, there
are some examples of hydraulic McKibben actuators that can be found in
literature. For example, Suzumori et al. developed a knee-support device that
was based on a four-bar linkage driven by a hydraulic McKibben actuator that
emulated the muscles in the knee [71]. The hydraulic McKibben actuator is
uniquely beneficial for these types of applications where a large force output and
flexibility is needed but large displacement is not. Figure 30 shows a diagram of

the hydraulical McKibben driven device at 3 MPa.
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Figure 30: Hydraulic McKibben based knee-support device [71]

There are similar applications of the hydraulic McKibben actuator, such as
the shape adaptable hand [59] and underwater manipulator [21], but literature is
limited to simple applications of the actuator where its inherent flexibility and
ability to generate large forces may not be utilized to their fullest potential.
Modeling limitations, design challenges, and lack of the awareness of
applications have historically limited development of hydraulic McKibben
actuators that may be useful in high-force applications in confined places like

burrowing.
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1.2.3 Burrowing Mechanics and Systems

Burrowing mechanics in nature have been extensively studied as
inspiration for biomimicry-based robots. This section provides an overview of
burrowing mechanics found in nature and robot technologies that have been
developed to accomplish tasks related to underground burrowing such as soil
penetration or traversing a tubular environment like a burrow. While the
contributions of this thesis will not include development of a soil penetrating
head, a high-level review of soil penetration and existing soil penetrating

technologies will be provided.

While burrowing locomotion requires more energy than running, flying, or
swimming locomotion, many animals have evolved to be able to burrow
efficiently, as defined by their metabolic and oxygen consumption rates, into
different substrates in order to survive [12, 72]. A variety of burrowing locomotion
techniques have been observed in nature where animals and plants have
developed locomotion gaits that are dependent upon the soil mechanics of the
substrate as shown in Figure 31 [25]. The mechanics and efficiency of these
locomotion gaits and techniques have been studied extensively in prior literature

[14, 72-80].
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Figure 31: Burrowing and anchoring mechanisms for some animals found in nature [25]

Elastic energy
storage

Soils that are composed of granular media (i.e. sandy soils) are home to
worms, ants, moles, lizards and other species that burrow into the substrate [81].
Granular soils are characterized by the presence of individual particles that
compose the substrate and dictate the soil response through the inter-particle
contact forces [9, 82]. Some lizards and snakes have evolved to have shovel-
shaped snouts and a counter-sunk lower jaw that allow them to penetrate the soil
substrate, and once submerged into the soil, they utilize a locomotion technique
known as sand swimming to provide the necessary propulsion forces to burrow.
This is done by generating sinusoidal waves up and down the body of the animal
[81]. The efficiency of soil penetration is very much affected by the shape of the
penetrator [76]. Dimensionless wedge numbers and studies of penetrometer
shape have been studied to predict soil deformation [78, 83-84]. Because

granular media is not as naturally cohesive as other substrates, it is much more
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di fficult for t he part avel dstingtbarowd[85t86].c k t o0 g
Models of undulatory self-propulsion (sand swimming) have been developed to
understand the burrowing kinematics and efficiencies of animals and bio-inspired
robots in granular media as well as the drag forces experienced by the burrower
depending on the water content in the soil and other physical soil properties [73,
77, 81, 85, 87-89]. Goldman et al. developed a sand swimming robot that used
servo motors and a bioinspired, wedge shaped head to mimic the behavior of a

sandfish lizard as shown in Figure 32 [81].

]
Tracking (@)
mast 3

servo motor (x6)

Figure 32: Bioinspired sand swimming robot [81]

Wet or muddy soils are home to many burrowing animals such as clams
and worms [90]. These soils are characterized from a continuum perspective
rather than a particle-based approach due to the high prevalence of cohesion
between particles. Because of the inherent elasticity of wet soils, much different
burrowing locomotion techniques are used by animals to navigate through wet
soils than sandy soils [91]. Because wet soils are more viscous than dry soils, the
ease and efficiency of burrowing in wet soils is greater [11, 85]. Moles, frogs, and

spiders have been observed to use a shoveling excavation method to provide
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propulsive forces, steer the direction of their burrow, and remove soil from or

compact soil in their burrows [11, 92-93].

A class of burrowing techniques that utilize fluid lubricant to reduce friction
have been observed in nature. One study confirmed experimentally that using a
pneumatically powered, mole-inspired excavation technique to burrow into wet
soils that behave elastically was much more efficient than in dry soils, and it is
suggested that injecting water into the dry soil will increase the viscosity and
cohesion of the initially dry substrate to enable more efficient burrowing [11].
Roots growing into dry soils have been observed to secrete mucus that reduces
the root-soil drag to increase penetration efficiency [94-96]. Mazzolai et al. have
extensively studied plant root morphology as an inspiration for soft robot design
for applications in soil exploration [97]. This work demonstrated that biomimicry
of plant roots can be used to increase energy and force efficiency of soil
penetration. Figure 33 shows the penetration force, F; versus the penetration

depth, z for several different geometry soil probes.
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Figure 33: Penetrator geometry study results [97]

Mazzolai et al. also developed a soft probe for soil exploration that was
designed to simulate the radial expansion mechanisms of a plant root [98]. Plant
roots grow in a particular geometry and rate that limits penetration friction,
therefore improving the energy efficiency of the plant root tip penetration process
into the soil. The probe tip was designed in the shape of a root tip and was fitted
with ball bearings to further reduce frictional forces when penetrating the soil.
Experimental probing into soil demonstrated that the radial expansion of the
probe tip, along with the rolling bearings in the probe tip, reduced the overall
penetration energy by 13.02% and overall penetration force by 13.40%. These
experiments demonstrate the considerable impact that friction has on penetration
efficiency as well as how crack propagation and biomimicry can be used in soil to

improve energy efficiency. The soft robotic probe is shown in Figure 34.
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Figure 34: Plant root inspired soft robotic probe [97]

The Atlantic Razor Clam uses localized fluidization, a method to increase
the water content of the substrate near itself to reduce drag forces, by pushing
against the soil wall to draw in water content from the soil to dramatically
increase the porosity of the surrounding substrate to reduce the energy
requirements of burrowing. This enables it to burrow 70 cm deep at 1 cm/s [14].
Winter et al. have used the genetic algorithm to optimize the kinematics and
timing of a pneumatic (0.4 MPa) burrowing robot called RoboClam that uses
radial expansion and contraction motions to loosen soil and draw in water from
the surrounding soil to emulate the burrowing locomotion of the Atlantic Razor
Clam as shown in Figure 35 [14]. A blunt shaped piston is used to generate

forces necessary to penetrate axially into the substrate, and other studies have
36



proposed similar linear penetration mechanisms useful for penetrating into soll

[99].

Fluidized soil ~ . &
Figure 35: RoboClam utilizing localized fluidization to reduce energy requirements of

burrowing [14]

By using the localized fluidization burrowing technique, the energy
requirements of burrowing increases linearly with depth whereas the energy
requirements of burrowing increases exponentially with depth due to significant
drag forces [14, 74, 80, 100]. The fluidized zone surrounding the robot is a
function of two common soil parameters: the coefficient of lateral earth pressure
and the fraction angle [90]. The stresses and forces needed to deform the
substrate to allow localized fluidization are well understood and the mechanics
are not limited to a specific size scale [90]. A theoretical study of utilizing
localized fluidization to burrow into dry soil using RoboClam was conducted, and
the developed models show that contraction and expansion must occur
significantly faster to prevent the dry soil from collapsing in around the device
[85, 100-101]. However, further fluidizing the substrate with the device itself,
rather than drawing fluid from the surrounding substrate only, may increase the
soil cohesion and may be a way to increase the effectiveness of burrowing in dry

soils with RoboClam like locomotion. Winter et al. presented the scaling laws of
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RoboClam locomotion and postulated that a scaled device would have to operate

slower [13].

Crack propagation is another technique, often used by various species of
worms and plant roots, to generate penetration forces necessary to move
through soil and is primarily used in wet and muddy soils that behave similar to
elastic solids [83, 94, 102-104]. Linear elastic fracture mechanics are used to
model this locomotion method where the burrower creates a small crack in the
soil interface and generates radial forces until a critical stress is reached and the
crack propagates [72, 86]. Crack growth has been shown to be stable when
displacement driven and unstable when force driven [86]. A two anchor system is
often utilized to provide the necessary traction forces and kinematics to penetrate
into the soil and create the crack or to traverse an existing tube-like environment
[72, 91, 105-109]. Worms do this in nature by generating radial forces via
expansion, generating axial forces by extension, contracting the expanded
segment, and then pulling the body forward in their burrow [47, 72, 110]. Another
method of providing anchoring or traction forces is observed in roots that twist
and turn as they grow [96]. A robotic root was designed to test various penetrator
shapes and the best penetration rates for probing into soils [111]. One study, with
the intent to optimize the geometry of a penetrating shell, presented the design
and testing of a low pressure, hydraulically powered actuated bivalve robot that
utilizes the aforementioned anchoring system that burrowed very slowly in wet

soil to anchor itself at shallow depths [110]. Studies have found that the

38



mechanical advantage, defined by the ratio of force capabilities to body mass, of
animals that generate forces (radial and axial) during burrowing locomotion

scales as a function of body mass [75, 112].

Excavation methods have been observed in nature and tools have been
developed that bore through the soil and remove the substrate rather than
compacting the substrate into the walls of the burrow. Studies on the energetics
of burrowing have shown that excavation techniques are mechanically inefficient
burrowing methods [113]. Bioinspired techniques such as the shoveling motion of
a mole or the backwards burrowing approach of the wolf spider have been
observed [11, 92]. Gophers that use excavation techniques have been studied to
show they are more efficient burrowers in soil content with high water content
which further suggests that fluidized substrates are easier to penetrate as well as
excavate [114]. Rodents can burrow faster in damp sands than they can in dry
sands using excavation techniques that shear, scratch, and thrust the soil [115].
A study was done on the design and models for a burrowing robot for lunar
exploration that utilized a screw-like auger to excavate at the burrow tip and a
body geometry that causes a cylindrical section of the soil substrate to deform
plastically to leave a permanent burrow. A second screw was added to the
device to enable the system to move back and forth axially as well as excavate.
The excavating screw was designed in a way that balanced the penetrating and
anchoring forces of the penetrator [116-117], but other studies of screw

excavation have been performed as well [15, 118-120]. Another lunar burrowing
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robot was proposed to use a screw excavator with individually actuated
mechanical anchoring segments to provide traction forces as shown in Figure 36

[16].

Figure 36: Proposed design of a burrowing robot for lunar applications [16]

A group of French researchers have proposed an autonomous, self-
optimizing, multi-segment rigid robot that can excavate and burrow like an
inchworm to navigate, detect buried objects, and map underground spaces in
three dimensions. The proposed system utilizes GPS tracking, modular impact
and rotary drilling mechanisms along with a soil transport system, peristaltic
locomotion, and a novel mechatronic steering system. The burrow is reinforced
with 3D printed structures placed by the robot as it traverses the burrow. The
system can adapt to the changing burrow direction by using rigid segments
connected with three degree of freedom mechanical joints. The proposed system

is shown in Figure 37 [121].
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Figure 37: Proposed design of a multi-segment burrowing robot [121]

Directional boring, commonly referred to as direction drilling or horizontal
directional drilling (HDD), is an excavating method that has been developed to
burrow holes in a steerable manner for utility installation in dry soils [8]. Drilling
fluid is supplied to a rotary cutting tool to reduce abrasion of the cutting tool,
stabilize the burrow, and reduce drag experienced between objects passing
through the burrow, such as pipes and cables, and the burrow wall. High

viscosity fluids are used that remain in the burrow to reduce drag rather than

seep into the soil like water does [8]. St eel stems are wused

forcesd along the boring system to the
can be guided by walk over locating/sensing systems that convey information
back to an operator, magnetic guidance systems that read in azimuth and
inclination angles to track position, and more expensive but very accurate gyro-
sensing location systems. Direction boring units are very large and expensive

which limits the number of specialized applications they are well suited for [6].
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In recent years, many new approaches to navigating tubular environments
with multi-segment soft robots have been explored. One pneumatically driven
multi-segment soft robot utilized expanding segments that generated a helical
shape, connected in the middle with an extending McKibben segment, to
traverse through a tube [109]. The helical shape was achieved by wrapping the
elastomer with differing forward and backward fiber angles along with the
inclusion of a single fiber at a third wrap angle [122]. The robot experienced
slipping while it moved through the tube because it was actuated serially with a
single input pressure wave on the proximal end that caused a delay between the
actuation of the three segments. Another reason slipping occurred was because
the helical anchoring actuators changed axial length when radially expanding,
which is a limitation to this multi-segment robot design. Passive valves were used
between the three segments to control the fluid flow during actuation.
Furthermore, the serially-actuated robot is not able to move backwards through
the tube. The robot, which was developed at the University of Minnesota, is

shown in Figure 38.

Figure 38: Pneumatic, serially-actuated multi-segment tube traversing robot [109]
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Another example of a multi-segment soft robot is from Verma et al. who
developed a pneumatically powered soft robot actuated with vacuum chambers
that can move through tubes by actuating various segments of the robot
sequentially. However, this robot was severely limited in its ability to generate
large extensions and forces, and it was severely limited in what tube size ranges

it could traverse. The robot is shown in Figure 39 [123].

2s . 3s

Figure 39: Vacuum chamber actuated tube traversing multi-segment robot [123]

Kamata et al. have developed a pneumatic multi-segment robot that is
comprised of many axially connected soft segments to move like an earthworm
through small diameter pipes for inspection applications [124]. The soft segments
simultaneously displace axially and radially in a way that allows the robot to
navigate through a pipe by carefully controlling the actuation timing of the
segments. The extending segments utilized an extension spring, and the radially
expanding segments used a straight fiber design that allowed for prescribed
radial expansion and axial contraction. Because the design contained multiple
extension units, it was able to account for the axial displacement of the

expanding units by actuating multiple units simultaneously. The robot was able to
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navigate through a tube, but the travel speed was greatly diminished as the travel
distance increased due to challenges with transmitting pneumatic pressure over
long distances. Figure 40 shows the design and actuation cycle of the robot,
Figure 41 shows the design of the extending units, and Figure 42 shows the

design of the expanding units.
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Figure 40: Multi-segment robot design and actuation cycle [124]
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Figure 41: Extension unit design [124]
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Figure 42: Expanding unit design with straight fibers causing simultaneous expansion

and contraction [124]

Calderon et al. have developed a multi-material, multi-segment soft robot
inspired by the locomotion of burrow worms [125]. The robot is pneumatically

45



driven by circular and longitudinal actuators and is able to traverse through pipes
in both the horizontal and vertical directions using the peristaltic motions of an
earthworm. The robot was fabricated with two spherically expanding segments
and one extending segment, and it shuffled fluid between the segments to create
motion in the likeness of a burrow worm. The robot was also able to move
through bends in the pipe demonstrating some of the many benefits of the
flexibility of soft robotics for creating complex motion. However, the robot was
limited to producing small forces and displacements. The robot design and

actuation cycle as it moves vertically through a pipe is shown in Figure 43.

Figure 43: Burrow worm inspired multi-segment robot w/ spherically expanding radial

segments [125]
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Calderon et al. also developed a slightly modifed version of their pneumatic tube-
traversing robot that was able to manipulate friction to crawl across flat surfaces
[126]. Slight modifications were made to the radial actuators to so that the friction
experienced between the surface and the bottom of the actuators could be
controlled during the peristaltic motion of the actuator. Figure 44 shows the

robotic system crawling across a flat surface.

0115}

Figure 44: Multi-segment crawling robot that manipulates friction to generate traction

forces [126]

Liu et al. developed a pneumatically driven, multi-segment soft robot
based on biomimicry of an earth-worm by utilizing high-traction Kirigami skin to

generate more friction, and therefore larger anchoring forces, in the two radially
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expanding segments and a McKibben actuator to produce extension in the
middle segment [127]. The silicone Kirigami skin is fabricated to act in the same
manner as the bristles on an earthworm to generate larger anchoring forces
when moving forward into a burrow. The robot was tested in cohesive garden
soils to demonstrate the improved anchoring of the robot due to the presence of
the Kirigami skin. Precise control of the distal end of the robot is limited by the
fact that the contractile actuators displace axially when radially expanding. This
can also lead to the actuator slipping in the burrow or tube. The overall design of
the kirigami robot is shown in Figure 45, and the expanded contractile segment

utilizing the kirigami skin for additional friction is shown in Figure 46.

Rigid conic nose |=6.5cm Extensile Actuator Rigid connectors

<!

Pneumatic
/ Control Board

Kevlar Thread«— Flexible pneumatic

Contractile Actuators tubes

Flexible Pneumatic \,
Tubes

Extensile Acta\to:

Kirigami-skin Covered
Contractile Actuator

Figure 45: Kirigami-based multi-segment robot for burrowing applications [127]
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Figure 46: Radially expanding, axially contracting, Kirigami covered contractile actuators

for generating traction forces [127]

Only one known hydraulically driven, multi-segment burrowing soft robot
has been developed in literature to date. The multi-segment robot, privately
developed by the General Electric Company (GE) in 2020 for military applications
in tunneling, consists of multiple soft hydraulic artificial muscles that enable the
entire robot to move like an earthworm and generate large penetration forces at
the tip. The robot requires many of the segments to be actuated simultaneously
such that some of the segments are generating radial anchoring forces while
others are extending to generate motion and penetration forces. All the robot
segments, except the tip of the robot, are similar in design and rely on actuation
timing to generate the burrowing locomotion desired. The robot can adapt its gait

depending on the burrow conditions but is limited in what motions the robot can
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achieve due to the requirement of simultaneous actuation of the segments.

Figure 47 and Figure 48 show images of the GE burrowing robot [128].

Figure 48: GE multi-segment burrowing robot (top view) [128]
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The GE robot is the first hydraulically driven, multi-segment burrowing robot
developed from soft robotic segments, and it shows great potential for burrowing
applications. However, the robot relies on its length to develop large traction
forces along the burrow, requires simultaneous actuation of the segments to
generate motion in the burrow, and the motions it can achieve are limited due to
the wave-like actuation method. Furthermore, it appears from Figure 47 and
Figure 48 that the robot utilizes externally placed electrical or hydraulic fluid lines
that could be damaged by the underground burrowing environment. A video of
the GE robot in action can be found at the following website link [128]. This

research is ongoing at this time.

https://www.youtube.com/watch?v=VdMIFZ6ZfaE

1.2.4 Conclusion

Soil mechanics and burrowing locomotion in different substrates have
been studied extensively by observing the behavior of biology. Animals and
engineers have developed techniques to fluidize the substrate to reduce drag
forces while moving through muddy soils, use wave-like swimming motion to
navigate into sandy soils, anchor themselves in soil, and utilize crack propagation
to drive into elastic soil substrates as outlined in this section. Parallels have been
drawn and several burrowing robots have been developed or proposed that

emulate the efficient behavior of these animals.
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The pneumatically driven Kirigami robot and the hydraulically driven GE
robot are the only known multi-segment soft robots that have demonstrated
efficacy in burrowing applications, and the limitations of each of the robots were
discussed in section 1.2.3. This thesis seeks to address some of these limitations
and present a novel approach to designing a hydraulically driven, multi-segment
soft robot capable of traversing a tube-like environment like a burrow. Because
burrowing occurs in a confined and variable environment, soft and compliant
robots that utilize the unparalleled force density of high-pressure hydraulics are a
natural choice for the application. Furthermore, hydraulics offers better

displacement control than pneumatics because of the compressibility of air.

An opportunity exists to use hydraulically driven, high-force soft robotic
segments to develop burrowing systems that can eventually be designed to
operate with energy efficient burrowing locomotion and techniques. Currently, no
compact, hydraulically driven, multi-segment soft robotic systems exist that
conform to the environment, allow for purely independent actuation of the robot
segments for precise position control, and can produce the large forces needed

in many burrowing applications.

1.3 Thesis Overview and Specific Contributions

The research herein presents a means to develop efficient burrowing
technology by emulating nature, utilizing compliant soft robots, and exploiting the

high-power density of hydraulics. The technology will reduce the need for
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invasive excavation or expensive directional boring techniques and presents a
more efficient approach for installation of pipes, electrical lines, and other
common utilities. Additionally, this work provides methods for the design of
reliable, high force soft actuators for use in many systems that require flexible
actuators capable of adapting to their environments and developing large forces.
Besides burrowing, potential applications enabled by the technology include pipe
inspection, pipe repair, anchoring of off-shore rigs, sensor placement, mine and
IED detonation, rescue operations, mining, searching for fossil fuels, exoskeleton

designs, and many others.

The scope of this thesis will be limited to the development of the models,
design methodologies, and manufacturing techniques for a hydraulically driven,
multi-segment robot that addresses the limitations of existing burrowing robot
technologies and can navigate horizontally and vertically through tubes of various
diameters in a robust and energy efficient manner. The development of a soil
penetrating end-effector, robot-soil interface models, and optimized gait
kinematics of the robot are out of scope for this thesis and will be addressed in
future workt o fully realize the robotds p

similar applications.

A multi-segment soft robot prototype was developed by the author as an
outcome of this research. Axial and anchoring force models were developed and

experimentally validated for the segments, and a multi-segment robot prototype
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was devel oped to validate the systemos a
environments. The robot was able to effectively navigate through rigid tubes of
various sizes in both the forward and backward directions in both a horizontal

and vertical configuration (against gravity).

The final robot prototype is shown in Figure 49. Junchi Feng, an
undergraduate student in the Mechanical Energy and Power Systems laboratory,
assisted the author in developing the time-lapse in Figure 50 demonstrating how
the proposed robot technology could use multiple soft segments to navigate and
steer through underground environments. The full-length robot animation

depicted in Figure 50 can be found at the link below.

https://drive.gooqle.com/drive/folders/1A3Jd10QleO8UoLg4XZtaizWIrg6Ro

84gB?usp=sharing

Figure 49: Finalized multi-segment soft robot
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Figure 50: Time-lapse of proposed multi-segment soft robot locomotion through soil

substrate i credit Junchi Feng

The following chapters investigate McKibben actuators as suitable soft
robot segments for burrowing applications, explore anchoring force generating
soft actuator designs, explore soft robot failure modes, validate new soft actuator
force modeling techniques, and present the design approach and experimental
results of the tube-traversing multi-segment soft robot. This thesis contains six
chapters. The specific contributions to this thesis from each chapter are

summarized as follows.
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Chapter 1: Introduction
1 Provides motivation for the thesis and key background information on the
field of soft robotics, the McKibben actuator, burrowing mechanics,
existing soft robotic burrowing technologies, and provides an overview of

the structure of this thesis

Chapter 2: Hydraulic McKibben Actuator Force Studies
1 Development of a new McKibben axial force model (F ( { that 2ddresses
variations in actuator wall thickness as an actuator is displaced and

experimental validation against existing McKibben force models

1 Experimental validation of the Kothera elastic force model and
demonstration of the importance to include this elastic term in force

modeling thicker-walled McKibben actuators

1 Experimental validation of using the empirical Gent model to convert shore

A durometer to elastic modulus for McKibben force modeling

1 Experimental validation that layering multiple off-the-shelf fiber sleeves on
a McKibben actuator to increase the resistance to a burst failure has
minimal impact on the axial force generated (input pressure of ~13.9 MPa

achieved)
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1 Confirmation that the axial force generated by contracting and extending
McKibben actuators can be predicted with the same models with similar

accuracy at free and displaced conditions

1 Development of a novel manufacturing approach of McKibben actuators
including how to manufacture custom-sized elastomers with embedded

fibers at specific fiber-wrap angles

1 Development and experimental validation of new elastomer bulge model
to understand the relationship between input pressure, fiber spacing, and

elastomer bulging/safety factor from bursting.

Chapter 3: Hydraulic McKibben Actuator Buckling Study
1 Experimental confirmation that extending McKibben actuators follow

traditional column buckling mechanics

1 Experimental confirmation that fiber-wrapped McKibben actuators follow
the same buckling behavior when buckling from compression forces
developed due to internal pressure actuation as from compression forces

from an external source applied to the actuator
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1 Experimental validation that extending McKibben actuators can develop
extension forces beyond the Euler-Johnson column buckling critical load

when constrained environment like a burrow

T Preliminary frame-work for treating a pressurized extending McKibben
actuator in a constrained environment as two eccentrically loaded columns
that axially shorten as the contact length between the actuator and the

environment grows

1 Experimental validation of the compressive yielding failure - which may be
the most common failure mode for actuator sizes that will be used in

burrowing robots

Chapter 4: Anchoring (Traction) Actuators
1 Development of a novel force model for a fixed length, radially expanding
soft robot actuator for determining traction force as a function of actuator

geometry, actuator input pressure, and burrow (or tube) diameter

T Novel design of a fixed length, radially expanding soft robot actuator
capable of generating traction forces in a wide range of burrow (or tube)
diameters. The actuator consists of a constant wall thickness elastomer, a

stiff threaded rod to prevent the actuator from changing length during
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actuation, two aluminum segment connectors, and low-profile zip ties to

secure the elastomer to the segment connectors.

1 Experimental validation of the traction force model as a baseline predictive

design tool

1 Development of three early-stage traction actuator designs:

o0 Loose sleeve modified McKibben actuator design that utilizes a
strain limiting rod to prevent axial displacement and a loose fiber
sleeve to limit radial expansion of the elastomer

o0 Multi-layered calcium-chloride expanded actuator design that
allows fibers to be embedded on a stressed elastomer and multiple
elastomer compartments to be designed into a soft actuator to
control deformation during actuation

o Constant stress elastomer design to mitigate blow out failures
caused from stress concentration near the segment connectors of

soft actuators

Chapter 5: Multi-Segment Robot System
1 Development of a novel three-segment, hydraulically driven soft robot

capable of moving through both horizontally and vertically aligned tubular
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environments of varying diameters. The key components of the design

include the following:

o Two radially expanding traction segments with an axial strain
limiting rod to generate radial expansion and traction forces without
any axial displacement

o One axially extending McKibben segment, located between the two
traction segments, to generate extension forces to move the robot
through the tube or burrow

o A single constant wall thickness elastomer containing all three robot
segments and aluminum segment connectors used to partition the
robot segments and connect all piping and internal components of
the robot together

o The ability to independently actuate each of the robot segments,
without impacting the performance of another segment, by utilizing
small diameter microbore tubing to route all fluid to and from the
segments completely internally within the robot

o Novel spiral-shaped microbore tubing design to route fluid through
the extending segment to the distal traction segment regardless of

the current displacement of the extending segment

1 Development of a multi-segment robot design grid-search tool that sweeps

a range of initial robot geometries to determine the anticipated
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performance of the robot at various operating conditions for designing

multi-segment robots for specific applications

1 Experimental demonstration of the 457.2 mm long, 50.8 mm diameter,
three-segment soft robot navigating in the forwards and backwards
direction through horizontally oriented clear polycarbonate tubes with

diameters of both 57.2 mm and 63.5 mm

1 Experimental demonstration of the multi-segment soft robot traversing a

vertically oriented 63.5 mm polycarbonate tube against gravity

Chapter 6: Conclusion
1 Summarizes the thesis, ties all the research together, and discusses the
future work needed to realize hydraulically powered, soft robotic burrowing

systems capable of burrowing through a variety of soil substrates
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Chapter 2: Hydraulic McKibben Actuator Force Studies

Existing McKibben force models have primarily focused on the low-
pressure, pneumatic McKibben actuator and have limitations when being used
for hydraulic McKibben design. The purpose of this chapter is to experimentally
evaluate the accuracy of various McKibben actuator force models for the
application of high-force actuators that may be used in burrowing or similar
applications. First, an overview of existing McKibben force models is presented
along with the development of a novel model developed by the author for thick-
walled McKibben actuators to address existing model limitations. Twelve
contracting McKibben actuators were fabricated, experimentally tested, and
compared against the various force models. Five extending McKibben actuators
were built to determine if there are differences in the accuracy of the force
models between contracting and extending McKibben actuators. Design and
manufacturing methods of the McKibben actuator are presented, and a study is
presented on the efficacy of using the Gent n
modulus of an elastomer for design purposes. A new elastomer burst failure

model is presented and compared against experimental results.

2.1 McKibben Force Modeling

The objective of this section is to analyze common McKibben force
models, to construct and validate a new force model that addresses limitations of

the existing models for thicker walled, hydraulically powered McKibben actuators,

62



and to further develop methods to quickly manufacture hydraulically powered
McKibben actuators. To do this, a general overview of existing force models for
McKibben actuators and the development of a novel new force model that
considers the change in elastomer wall thickness during actuation and is a

function of only initial actuator geometry are presented.

In a comprehensive review on McKibben actuator modeling, a need to
refine the approaches for thin-walled versus thick-walled McKibben actuators
was identified as well as the conclusion that there are limitations in all existing
McKibben force models [53]. The thick-walled elastomer experiences
considerable wall thickness change during actuation and generates significant
axial elastic force when the actuator is extended; these two phenomena are often
ignored when modeling pneumatic McKibben actuators [129-130]. Because
pneumatic McKibben actuators typically use thin, low modulus elastomers, these
modeling limitations are not as important. However, these neglected factors are
significant in McKibben actuators designed for hydraulic pressures. No current
model that is convenient for design and control exists that considers the varying
wall thickness of the actuator as it is extended, as well as the generated elastic
force from straining the actuator, and is only a function of initial actuator

geometry.

The McKibben actuator was not utilized in many engineering applications

until Chou and Hannaford presented their ideal actuator, virtual work-based
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model to predict actuator force as a function of the input pressure and fiber wrap
angle in 1996 [51]. They presented multiple variations of the model that track
generated force as a function of both the fiber wrap angle and contraction ratio.
While the Chou-Hannaford model was simple and accurate to within 15% for
conventional thin-walled pneumatic McKibben actuators, further refinement of
McKibben modeling approaches has since occurred to include fiber braid and
friction effects, elastic force generation, and wall thickness effects [53, 129-131].
Multiple approaches for modeling McKibben actuators have been explored in the
past including geometric approaches [35, 38, 51, 57, 132], empirical approaches
[133], and approaches that consider the material properties of the elastomer [19,

129-130].

The Chou-Hannaford model is primarily investigated in this section in a
few different forms [51]. When pressurized fluid is introduced into the McKibben
actuator, the pressure applied on the inside walls of the actuator translates into
tension in the fibers generating axial force. Three different variations of the Chou-
Hannaford model, and a new variation developed by the author that addresses
the limitations with existing models, are presented here as means to predict the
force generated by a hydraulic McKibben actuator. Furthermore, a model for the
elastic force generated by a McKibben actuator under axial deflection and a
model to estimate the elastic modulus of an elastomer from durometer will be
presented. The section will conclude with a model that predicts bursting failure of

a fiber wrapped actuator.
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All four of the following axial force models assume no elastic force is
generated as the actuator is extended and that force is generated purely by
converting input pressure into axial force generation in the fibers. This is
addressed by adding an elastic force term to the models as presented at the end
of this section. The general form of the following models enables axial force
tracking as a function of only pressure and the fiber angle or only pressure and
the contraction ratio, which is convenient to allow the models to be used as

design tools.

2.1.1 F ( I®hou-Hannaford Model as Function of Fiber Angle

Chou and Hannaford developed the F ( J/islodel which predicts contraction
force as a function of the changing fiber wrap angle [51]. Note that contraction
force is defined by convention as positive when the actuator is in tension. This
model assumes no elastomer wall thickness, inextensible fibers, that the actuator
remains cylindrical before and after pressure is applied, no losses, and that
measurements are taken far from the system boundaries. This model does not
account for elastic force generated from straining the elastomer. This model is
most useful when the actuator is static and fixed on both ends because when the
actuator changes length, the new fiber angle must be known to calculate the
force. The fiber angle used in this model can be approximated from geometry if
the actuator is extended, or the fiber angle must be physically measured which

can be challenging to do accurately. The diametric constant and contraction force
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are defined below where F, Do, D, P, and d are the contraction force, the

diametric constant, the outside diameter, applied pressure, and fiber angle

respectively.
b P
° " sin(0) (2.1)
nDZP
F= (3cos2(8) — 1) (2.2)

2.1.2 F ( ,{Chou-Hannaford Model as Function of Contraction Ratio

Engineers from Bridgestone Corporation were the first group to begin
using the F ( thpdel, but others have followed suit [21-22, 53, 59, 134]. Most
hydraulic McKibben actuator research to date uses this model. The F ( thydel
predicts the contraction force as a function of the contraction ratio and assumes
no elastomer wall thickness, inextensible fibers, that the actuator remains
cylindrical before and after pressure is applied, no losses, and that
measurements are taken far from the system boundaries. This model does not
account for the elastic force generated from straining the elastomer. The

contraction ratio is defined as:

L, (2.3)
where Lo, L, and Uare the initial actuator length, the current actuator length, and
the contraction ratio respectively. Note that a shortening of the actuator

represents a positive contraction ratio. The force is described as:
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B mD?*P
T4

1 2
(sin(ea)) [3(1—¢)2cos?(0,) — 1]

(2.4)
where do, represents the initial fiber angle before displacement. This model is
most useful when the actuator is allowed to displace because the force and

displacement of the actuator can be predicted without requiring continuous

knowledge of the fiber wrap angle.

2.1.3 F ( Jb, @Ghpu-Hannaford Model as Function of Fiber Angle and

Accounting for Wall Thickness of Elastomer

The F ( Jb,model, developed by Chou and Hannaford, predicts the
contraction force as a function of the changing fiber wrap angle and accounts for
the initial wall thickness of the elastomer in the derivation [51]. This is important
as the fluid pressure is applied across the inner diameter, and the axial force is
generated from the tension in the fibers on the outer diameter. This model does
not account for the elastic force generated from straining the elastomer. This
model assumes inextensible fibers, the actuator remains cylindrical before and
after pressure is applied, no losses, and that measurements are taken far from
the system boundaries. This model expresses the force as:

F_fngP
T4

(3C052(e) _ 1) + ﬂ'P(Dotk (2 sin(e) - _sinl(e)) - t]%) (2 5)

where tx is the initial wall thickness of the elastomer. This model is theoretically
more accurate than the models from sections 2.1.1 and 2.1.2 and is most useful

when the actuator is static and fixed on both ends because when the actuator
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changes length, the new fiber angle and wall thickness must be known to

calculate the generated contraction force.

2.1.4 F ( O, Goptraction Wall Thickness Model as a Function of

Contraction Ratio and Changing Wall Thickness

There are no existing McKibben modeling approaches that account for
how the wall thickness changes non-linearly as the actuator changes length and
predicts the actuator output force as a function of initial actuator geometry only.
While this may not be important in pneumatic applications, much thicker walled
actuators are necessary for hydraulically powered McKibben actuators to resist
actuator burst failure between the fibers and prevent buckling when they are
designed to generate large extension forces (/b>54.7°). Kothera et al. have
developed a model that considers variable wall thickness, but the model is a
function of both current and initial wall thickness [129]. This model is particularly
useful for short, thick-walled actuators that are changing length and designed to
provide large elastic and extension forces 1 similar to what may be needed for a

burrowing application.

To address these limitations, the author developed the F ( Umotel that
predicts the axial force as a function of the contraction ratio while accounting for
the changes in elastomer wall thickness as a function of the contraction ratio
when the actuator changes length. Furthermore, the new model is a function of

only initial actuator geometry which is useful for design purposes. This model
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assumes inextensible fibers, the actuator remains cylindrical before and after
pressure is applied, no losses, and that measurements are taken far from the
system boundaries. This model does not account for elastic force generated from
straining the elastomer, but it does account for the change in elastomer thickness
as displacement occurs. The elastic force model will be addressed separately in

the next section.

Starting with the conservation of work relationship where the input work is
done by the fluid pressure pushing against the internal surface of the elastomer,
and the output work is done when the actuator experiences axial displacement
from the change in actuator volume, the following expression is obtained.

—PdV = FdL. (2.6)

The contraction force, F can then be solved for.

F=-p
=—Par 2.7)

To calculate the contraction force, the following expression is developed from the

geometry of the actuator [51].

L cos(6)

L, cos (0,) (2.8)

By combining (2.3) and (2.8) and performing algebraic manipulation, the

following expression is obtained.

sin(B) = \/1 — (1 —¢5)2cos?(8,) (2_9)
The initial outside diameter, Di can be developed from geometry in a similar

manner as in (2.8) [51].
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_ Dsin(8,)
' sin(0) (2.10)

Then by combining (2.9) and (2.10), an expression for the current outside
diameter, D is developed as a function of initial actuator geometry and

contraction ratio only.

D= D1 = (1—¢)2cos?(8,)
- sin (8,) (2.11)

Rearranging (2.3) and solving for actuator length, L yields

L=(1-¢)L,. (2.12)

An expression for the elastomer wall thickness as a function of the
actuator contraction ratio must be developed. To do this, it is assumed that the
elastomeric material is incompressible (i.e., natural rubber, neoprene rubber,
Buna-N rubber), and the original volume of elastomeric material before applying
pressure to the actuator is the same as the volume after pressure is applied

which is expressed as:

D} w(D; - 2t;)* L= nD? (D - 2t)? L
4 4 e\ 4 4

(2.13)
where t is the current elastomer wall thickness. By combining (2.12) and (2.13),
an expression for the current elastomer wall thickness, t is developed as a
function of the contraction ratio where (2.11) is used to calculate current outside

diameter, D as a function only of initial actuator geometry and contraction ratio.

D* . (D; —t)

b 1-e (2.14)
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The volume, V of the fluid in the McKibben actuator is expressed as:

_ (D —2t)%L
== (2.15)

14
which is completely realized by (2.11), (2.12), and (2.14) as a function of initial
actuator geometry and contraction ratio only. To determine the expression for the
contraction force, F from (2.7), the following differentiation was performed where

the expressions developed in (2.12) and (2.15) were substituted into the

expression.

v dv/de

ST TP (2.16)

The following McKibben force model as a function of contraction ratio while

accounting for the changing wall thickness is expressed as:

_ (L — D) b !
F= —pP (ﬂ'clz + (m +D,(1-C,) (Clcz(g -1) B sin(BO) \/C_g)))

For use and viewing simplicity, lumped parameter coefficients are defined as

(2.17)

follows.

_\] DiC; . (t,—Dy)
| =

4sin?( 6,) -1 (2.18)

C; =1-cos?6, (e - 1)* (2.19)

2.1.5 Kothera Elastic Force Model

All the aforementioned models only consider the fiber forces of the

actuator and neglect the elastic force generated due to straining the elastomer,
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so the following model developed by Kothera et al. is used to predict the elastic

force generated from straining the elastomer

1 1 L
Felastic = E[V (L__ Z) + ITRN 2 (tL - tkLo)]

(0]

(2.20)
where E,V,R,and Nr epresent the Young6s modul us of
volume of the elastomer, the current outside radius of the elastomer, and the
number of turns of a single braid fiber about the actuator outside diameter
respectively [129]. Note that the elastic force term expressed here is needed, in
addition to the force developed in the fibers from applied pressure, to predict the
total actuator force if the actuator changes length. By adding Felastic to any of the
previously mentioned force models, the total axial force can be calculated. The
direction of the generated elastic force is always opposing actuator displacement
relative to its relaxed state. Expressions for the total volume of the elastomer and
the number of turns of a braid fiber about the actuator outside diameter are
defined as:

V= L,m(R* = (R; —t;)?) (2.21)

L
N =—"tan (6,)
2mR; (2.22)

where R; represents the initial outside radius of the elastomer. By combining
(2.3), (2.11), (2.20), (2.21), and (2.22), an equivalent expression for the elastic
force term is developed as a function of the contraction ratio, changing wall
thickness, and initial actuator geometry that is easily combined with the
aforementioned models to predict the total generated force of a McKibben

actuator.
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e 2R}M(1-¢)?
Fetastic = ~ME[(R — (Ri = tk)z)s -1 * Rtan%(8,) - 1 —ks)] (2.23)

By adding the Felasic term in (2.23) to any McKibben model that neglects the
elastic force generation from straining the elastomer, total generated force is
computed for a given actuator and modeling approach. Thus,

Frotat = Frivers T Fetastic (2.24)
where Fiivers IS the predicted fiber forces by any model that neglects elastic forces
from actuator displacement, such as the four models presented in sections 2.1.1-

2.1.4 and Foal is the total axial force generated by a McKibben actuator.

2.1.6 Converting ElastomerDur omet er t &oddlasung o s

Gent developed an empirical mod e | for «
modulus for elastomers [135]. Durometer is a common way to characterize
elastomers, and durometer is often used as a rough correlation to the You n g 6 s
modulus of a material. The Gent model is an empirically derived, commonly used
first order approximation to convert a specified Type A durometer of rubber
materials to the Youngo6s modul us. The Ger
durometers ranging from 20A-80A but has been shown to have limitations for
material hardness below 40A and substantial scatter in experimental data. The
Gent model is presented belowwhereEi s t he Youngdéds m&daul us i
the ASTM D2240 Type A durometer of the elastomer. The Gent model

approximation ofthe Youngbs modul us 1 s used throughout
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_ 0.0981(56 + 7.623365)
~0.137505(254 — 2.548) (2.25)

2.1.7 New Model to Predict Elastomer Burst Failure

One common mode of McKibben actuator failure is burst failure. This
occurs when the elastomer bulges through the fiber weave, and the elastomer
bursts from the internal pressure as shown in Figure 51 [21]. This sub-section
presents a new approach to modeling burst failure in fiber-wrapped McKibben

actuators operating at high pressures.

Figure 51: Hydraulic McKibben burst failure [21]

To model the burst failure mechanics, the maximum pressure, defined
here as the burst pressure, is predicted using geometry and stress analysis
techniques. A simplified case of perfectly circumferentially wrapped fibers with
uniform spacing is employed where the elastomer begins to bulge between fibers
when pressurized. To model this interaction, the following expressions are first

developed from actuator and sleeve geometry.

L

0

B =
cos () (2.26)
_ Bsin(0)
" 2 (2.27)
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B, L,, 6, n, and r are the total length of a single fiber, the initial length of the
actuator, the fiber wrap angle, the number of turns a fiber makes along the
actuator, and the outside radius of the actuator respectively. Based on the length
of a single fiber and the number of turns it makes around the actuator, the

number of spaces between fibers along the actuator can be calculated as

M =T (2.28)

where n; and Ny are the number of spaces between fibers along the actuator and
the total number of fibers wrapped around the actuator respectively. Then, the

spacing between the fibers along the actuator can be calculated as follows.

L,
n. (2.29)

S =

To calculate the actuator burst pressure, the actuator is treated as a thin-
walled pressure vessel and a single bulge of the actuator is analyzed from a side
view as the elastomer begins to bulge between fibers as shown in Figure 51.

Usi ng Hookeo s thih-walled pressure wvelssel equation, the following

expression for the stress in the elastomer is developed.

_ Phyuge

o=Ee=— (2.30)
o,E, & P, n,., and T represent the stress in the elastomer, the elastomer elastic
modulus, the elastomer strain, internal pressure, radius of curvature of the bulge

between the fibers, and the elastomer wall thickness respectively. The strain in

the elastomer bulging between the fibers is calculated as

_ Sbulge — 4

-5 (2.31)
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where s,,,. IS the bulge arc between the fiber constraints. The bulge arc is
defined as
Shulge = Thulged (2.32)
where o0 is the angle between the constrai
origin of the radius of curvature. By combining the three preceding equations, an

expression for the angle, y can be developed.

PS8
tE " Thuge (2.33)

Y

Because 1,,,. a nd ) ar e both unknown and can
knowledge of the other, an iterative solution is employed where vy is calculated
using a preliminary estimation of r,,,, and then substituted into the expression

below that is developed from geometry as shown in Figure 52.

1)
2sin (5) (2.34)

rbu[ge =

o) Sbulge

rbulge

Figure 52: Relevant geometry for McKibben elastomer burst mechanics

Once the new value of r,,,. is calculated in (2.34), the percent error between the
preliminary estimation of r,,,. and the new value of r,;,. can be calculated. The
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new value of r,,,, is substituted into (2.33) and the iterative process is repeated
until a desired convergence is reached. Once n,;,. has converged, it can be
substituted into the following expression to calculate the pressure where the
elastomer is expected to burst through the spacing between the fibers. Note that
Omax 1S the maximum tensile strength of the elastomer.

_ Omaxt

Pbursr - T
bulge (235)

2.2  Contracting McKibben Actuator Force Study

Twelve hydraulic contracting McKibben actuators of varying geometries
were designed, manufactured, and tested with a custom experimental apparatus
to determine agreement between the McKibben force models presented in
section 2.1 and the experimental force results. Agreement between experimental
Youngo6s mo d uthessamplesassevatuated gainst the Gent model, and
a brief examination of the impact of multiple sleeve layers is provided in this

section.

2.2.1 Methods

This section introduces the actuator design, experimental apparatus, and

experimental procedure used for testing the contracting McKibben actuators.

2.2.1.1 Actuator Design
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The initial geometry of the designed actuators is summarized in Table 2.
Note that the length of the actuator is measured at free length from crimp to
crimp. Commercially available 2x2 twill pattern aramid fiber sleeves (Supplier:
Rock West Composites, SKU: BR-A-100) were selected for the fiber materials
because of their low cost, high strength, and resistance to abrasion. Three
different pre-manufactured and commercially purchased elastomers, including
60A neoprene (Supplier: Hanna Rubber, PN: 5742821), 80A neoprene (Supplier:
McMaster, PN: 5034K15), and 70A natural rubber (Supplier: McMaster, PN:
51135K631), were selected for the experiments to validate the elastic force
model over a range of elastomer elastic moduli. All actuators were designed with
a sufficient wall thickness to prevent bursting (safety factor against bursting
greater than 3 at all operating pressures) and to be compatible with commercially
available crimp fittings. The safety factor was computed by calculating the stress
in the elastomer wall using equation (2.30) in section 2.1.7 and then comparing
that to the maximum tensile stress the elastomer can withstand. Actuators B and
C are identical besides the number of fiber sleeves and the initial length of the
actuators. Actuator C was fabricated with two fiber sleeves to increase the
strength of the actuator and to examine any differences in behavior between
actuators fabricated with one sleeve versus two sleeves. Braided sleeves were
cut to length and slid over the elastomers and off the shelf barbed hydraulic
fittings (Supplier: Discount Hydraulic Hose, PN: MP-08-08) were utilized to crimp
the braided sleeves to the elastomers. A layer of electric tape was adhered to the

exterior of the fiber sleeves to reduce abrasion to the fibers at the fiber-fitting
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interface when crimped. Figure 53 shows a fabricated hydraulic McKibben

actuator used in the experiments.

Figure 53: Fabricated McKibben actuator with crimped fitting (Actuator D)

Table 2: Fabricated McKibben actuator information

Outside Initial Wall Initial Fiber | Elastomer |Sleeves
Diameter, D;| Length, |Thickness, t,|Wrap Angle, Material #)
(mm) L, (mm) (mm) 8, (deg)

A 12.7 202.0 1.6 48.0 60A Neoprene| 1
B 19.1 238.1 3.2 45.0 80A Neoprene| 1
C 19.1 231.8 3.2 45.0 80A Neoprene| 2
D 22.2 144.5 3.2 55.6 80A Neoprene| 1
E 12.7 215.5 1.6 45.0 70A NR 1
F 15.9 225.0 1.6 36.1 70A NR 1
G 17.5 199.0 2.4 40.4 70A NR 1
H 19.1 212.0 3.2 45.0 70A NR 1
I 19.1 195.0 1.6 45.0 70A NR 1
J 22.2 209.0 3.2 55.6 70A NR 1
K 22.2 209.5 1.6 55.6 70A NR 1
L 25.4 204.5 3.2 45.0 70A NR 1

2.2.1.2 Experimental Apparatus

*NR = Natural Rubber
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An experimental system was built to test the fabricated McKibben
actuators. Two vises were used to secure each end of the actuators to the test
bench. A stationary vise held the actuator in place on the proximal end, and the
vise that was used to secure the distal end of the actuator was mounted on a
lead screw to strain the actuator and to enable force measurements at different
contraction ratios. A 4500 N load cell (Manufacturer: Futek, PN: LCM300) was
threaded into the end cap on the distal end of the actuator and fixed to the lead
screw. A 20.7 MPa pressure transducer (Manufacturer: Honeywell, PN:
MLHO3KPS) was used to measure the input pressure at the proximal end of the
actuator. A data acquisition board (National Instruments: PCIE-6343) was used
to collect axial force and pressure measurements for data processing. Hydraulic
oil (Mobil DTE 25) was used to apply pressure at the proximal (left) end of the
actuator, and an end cap was used to close the enclosure on the distal (right)

end as shown in Figure 54.

Load Cell

N\ =

Proximal End | Distal End

Figure 54: McKibben actuator test system
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The pressure sensor was calibrated using a dead weight tester, and the

load cell was calibrated using hanging weights and a cantilever beam. The data

acquisition board was used to collect axial force and pressure measurements for

data processing, and a low pass median filter was used to condition the signal

and remove noise. An electronic reducing valve built into the hydraulic power unit

(Manufacturer: Oilgear, Model:

PVWH-11-LSAY-FRNN-N.O.) was used to

regulate the pressure levels. The hydraulic circuit is shown in Figure 55. The

entire system was enclosed in a transparent Lexan case to address safety

concerns.

Pressure
Transducer
MceEibben Actuator
Relief Valve
-
="
] 1
2 - %
| ‘ l | _j ‘
| ez >d
Reservorr [ ¥
- Pump

Figure 55: Hydraulic circuit
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2.2.1.3 Experimental Procedure

An input pressure of 6.89 MPa was applied to Actuator A at the proximal
end, and the axial force generated on the distal end was recorded. Because
Actuator A failed at the end of the first set of experiments, the experimental input
pressure was reduced to 2.75 MPa for Actuators B-L to ensure sufficient data
collection for the analysis. The first measurement for each actuator was taken at

the ree | ength (U

o), whil e additional
incrementally decreasing contraction ratio. After the first measurement at the free
length, each actuator was lengthened using the vise lead screw to decrease the
contraction ratio by 0.025 for each subsequent experiment until either the
actuator reached the load cell limitations or the actuator failed!. Actuator
pressure was turned off before each experiment as the actuator was stretched,
and the elastic force generated from the elastomer extension was recorded to
evaluate against the Kothera elastic force model before pressure was applied to

the actuator.

The Youngo6s Modul us was experimentall
neoprene, 80A neoprene, and 70A natural rubber materials. Six different
elastomer tubes were tested, and two tubes of different diameters and wall

thicknesses were used for testing each of the three respective materials. Each

1 Note that lengthening the actuators decreases the fiber angle justifying how actuators D, J, and
K can have an initial fiber angle greater than 54.7° but can still generate contraction forces when
at a negative contraction ratio. While applications for contracting McKibben actuators at negative
contraction ratios are not often found, this testing configuration was convenient for gathering force
data over a range of contraction ratios, because the actuators can be stretched without the need
for constant actuator pressure to be maintained.
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tube, void of any fibers, was crimped on each end to hydraulic segment
connectors, and the proximal end of the elastomer was threaded into the load
cell on the vise lead screw to allow for force measurements at various strains
while the distal end was held fixed. While the elastomer was held at free length,
the elastomer midpoint was identified and a point 40 mm to either side of the
midpoint was marked. The centralized 80 mm elastomer segment was used for
the experiment to ensure all data was taken sufficiently away from the boundary
conditions. The vise lead screw was used to extend the entire elastomer until the
80 mm segment had extended 2 mm (2.5% strain) and the generated axial force
was recorded. A caliper was used to make the make the extension
measurements. This procedure was done for all six tubes at all strains from 2.5%

strain to 32.5% strain in 2.5% strain increments.

Experiments were conducted to measure the total generated axial force
for the twelve actuators, and the experimental data were analyzed and compared
to the theoretical results for each of the four McKibben force models described
earlier in section 2.1. To compare the results of different experiments (i.e.,
different contraction ratios) for a given actuator, the same input pressure,
referenced here as the nominal pressure, was used for each of the experiments
for a given actuator. All experiments were run at an input pressure within 0.5% of
the nominal pressure, and if pressure fluctuations were present (data points more
than 0.5% from the nominal pressure), those data points were omitted from the

analysis. If the elastomer was stretched in an experiment, the elastic force of the
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elastomer was measured before pressure was applied to be analyzed later. A
video camera was utilized to record the tests and to detect any slipping of the
segment connectors, and if slipping occurred, those data points were omitted
from the analysis. The mean value ted
was wused to obtain the experimental

rubber materials to compare to expected values from the Gent model in equation

(2.25) found in section 2.1.

2.2.2 Results and Discussion

Using the experimental procedure and experimental apparatus, the twelve

fabricated actuators were tested. Six tubes, two for each of the three rubber

t he

Young

materials, were tested to experimentally obtaint he Youngds eanlomdul us

material. The results of these investigations, as well as a discussion on the
findings, are detailed below. Actuators A, F, G, H, and J failed due to slipping out
of the fittings and Actuator | failed by the elastomer bursting through the fiber
sleeve. Any actuator test at a specific contraction ratio where slipping or bursting
occurred was omitted from the results shown below and the tests for that
actuator were concluded. Actuators B, C, D, E, K, and L survived all experiments,

and no data points were omitted.

2221 Youngds Modul uandDsusdion Resul ts

The value of the Youngos modul us

elastomer materials to predict the generated elastic force of an actuator when

wa s

extended. The results of the Yebuspegidens wofdrul us t
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each of the three rubber materials, are presented in Figure 56. Each speci meno

initial geometry and percent error from th
using the Gent model in (2.25) of section 2.1 are presented in Table 3.
60A Neoprene 70A Natural Rubber 80A Neoprene
15
_ + _ 15 I _3
&1 ¥ 2 F o2 S
=3 ¥ =3 «* = vt
o ¥ w 1 ¥ w 2 ++
g e @ ¥ @ T
Hnos + in Ea b e +
¥ 0.5 B 1 5
+ G0A Test1 » TOA Test 1 i B0A Test1
* +  60A Test2 # +  70A Test2 & +  80A Test2
0 ‘_'_i“' """""" Gent Madel 0 ,.f """"""" Gent Model 0 | *¥ [ Gent Model
0 01 02 03 04 0 01 02 03 04 0 01 02 03 04
Strain Strain Strain

Figure56:Resul t s

Rubber, and 80A Neoprene elastomers

f r rmoduluy experingedtsfor 60A Neoprene, 70A Natural

Table3: Resul t s onfodul®expemgmiergs
Elastomer |Outside| Wall Mean | Gent | Percent Mean Mean
Dia., D; [Thickness,| Value | Model Error |Value of E| Value
(mm) | t, (mm) |of E for|Value of from Gent for All Percent
Test |E (MPa)| Model | Material Error
(MPa) (%) Tests from
(MPa) Gent
Model
60A Neo. | 15.9 3.2 4.51 3.61 +25.0 4.23 +17.3 %
Test 1
60A Neo. | 22.2 3.2 3.95 3.61 +9.6
Test 2
70A Nat. 15.9 3.2 3.90 5.52 -29.2 4.77 -13.6 %
Rub. Test 1
70A Nat. 19.1 3.2 5.63 5.52 +2.1
Rub. Test 2
80A Neo. | 22.2 3.2 10.51| 9.35 +12.4 9.39 -0.4 %
Test 1
80A Neo. | 19.1 3.2 8.27 9.35 -11.6
Test 2
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The results from the Youngds modul us ex

slope of the stress-strain curves between the two specimen tests for all three
materials, but they do show that the Gent model is a reasonable tool for
approxi mating the Youngos . Thetdtal percent eadr,
calculated as the mean of the percent error for each of the two specimen tests for
the 60A neoprene, 70A natural rubber, and 80A neoprene was 17.3%, -13.6%,
and -0.4% respectively. The Gent model wvalwue of th
for modeling the three rubber materials in these experiments to show how the

approach can be used for predictive design purposes.

2.2.2.2 Elastic Force Results and Discussion

The elastic force test was performed at all contraction ratios for each
actuator before pressure was applied and compared to the predicted values of
the Kothera elastic force model presented in equation (2.23) in section 2.1. The
Gent mo d e | val ue of the Youngbés mod
materials. As representative samples of the twelve tested actuators, the results
for Actuator A (60A neoprene), Actuator D (80A neoprene), and Actuator | (70A
natural rubber) are presented in Figure 57. The complete elastic force results for

all Actuators A-L can be found in Appendix A.
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Figure 57: Elastic force comparison for Actuator A (60A Neoprene), Actuator D (80A

Neoprene), and Actuator | (70A Natural Rubber)

The predicted elastic force tracked the experimental results well for all
twelve of the actuators without significant error at any range of contraction ratios.
These results justify the use of the Kothera elastic force model in the total force
model as presented in equation (2.24) and the use of the Gent model to calculate
the Youngds modulus from e Thsdéevelopment isTy p e
particularly important for accurately modeling and designing thick-walled

McKibbens driven at hydraulic pressures needed for high-force applications.

2.2.2.3 Total Axial Force Results and Discussion

The total force data was collected at each contraction ratio for each
actuator and compared to the expected total force results for each of the four
previously described modeling approaches. The results for Actuator A (60A

neoprene), Actuator D (80A neoprene), and Actuator E (70A natural rubber) are
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presented in Figure 58, Figure 59, and Figure 60 as representative samples of
each material for all of the actuator results. The solid line represents the
expected total force from the new thick-walled model presented in section 2.1.
The complete total force results for all Actuators A-L can be found in Appendix B.

Actuator A Total Force
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= 7 Experimental Force
— A e e Fle)
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= Fled)
¢ e N S [ 3
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=
T e,
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Figure 58: Total force results for Actuator A (60A Neoprene) at 6.89 MPa

Actuator D Total Force
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Figure 59: Total force results for Actuator D (80A Neoprene) at 2.75 MPa
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Actuator E Total Force
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Figure 60: Total force results for Actuator E (70A Natural Rubber) at 2.75 MPa

It can be observed from the figures that the F ( bhddel tends to drop off at
more negative ratios whereas the F ( Umotle) better tracks the results in these
ranges. The F ( Jiodel consistently predicted more force than that F ( ,{bmodel
with varying levels of agreement with the experimental results. This trend is
consistent in the total force results for all twelve of the actuators. To compare the
accuracy of agreement between each of the models and the experimental data,
the following equation was used to calculate the error for each model for each

actuator at each contraction ratio tested.

(Total measured force — Total predicted force)
Maximum measured actuator force

Error = (100 *

(2.36)

The maximum measured actuator force was at the maximum tested
contraction ratio for each actuator and using this value in the denominator of
equation (2.36) instead of the total predicted force, prevented skewing the results
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at data points where the expected total force was near zero. The mean value of
the error values at each contraction ratio was then calculated to determine an
error value of each model for each actuator. The overall average error was then
calculated for each model as the mean value of the model specific errors for all
actuators. The results of the model comparison are shown in Table 4.

Table 4: Overall model error for total force results

Average of Absolute Value of Error

of Each Experiment w/ Elastic Term

Number of Tests F(d| F(U F(d| F(U,
Actuator A 11 3.7% | 15.2% | 9.0% | 2.7%
Actuator B 7 7.2% 3.9% | 6.8% 5.9%
Actuator C 8 5.7% 39% | 5.7% | 4.4%
Actuator D 14 5.8% 8.7% | 1.4% 5.5%
Actuator E 11 42% | 10.5% | 6.1% | 2.5%
Actuator F 5 8.8% | 104% | 6.2% | 7.9%
Actuator G 6 9.0% 8.0% | 7.3% 7.7%
Actuator H 3 9.0% | 4.1% | 4.8% | 8.5%
Actuator | 12 10.4% | 11.1% | 1.4% 9.3%
Actuator J 8 30.1% | 23.8% | 59.6% | 30.0%
Actuator K 14 11.5% | 19.3% | 9.0% | 11.5%
Actuator L 9 140% | 7.2% | 2.5% | 12.8%
Overall Average Error] 9.9% | 10.5% | 10.0% | 9.1%

Each actuator showed varying agreement with the different models,
making it difficult to draw clear conclusions about which model best predicts the
force of McKibben actuators. The overall average error shows that the F ( U, t )
model is an improvement over the F ( thddel for the experiments. Similarly, most
of the actuators demonstrated that the F ( d maodél was more accurate than the
F ( dhdpdel. While the overall average error of the F ( dmotl€) is greater than the
F ( dnddel, if the results from Actuator J are not considered, the overall average
error of the F ( dand F ( dnpdel for the other eleven actuators are 5.5% and
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8.1% respectively confirming that as expected, the F ( dmotde) is more accurate

than the F ( dnpdel in general. Furthermore, the overall average error results

show that the F ( Umotle) is generally more accurate than all other models used

in the analysis. Taking a deeper look at the results, Table 5 shows the complete

actuator results compared to the force models grouped in ascending order by

initial wall thickness. Figure 61 shows a plot of the model error for each group of

actuator wall thicknesses.

Table 5: Overall model error for total force results sorted by wall thickness

wall Outsid Average of Absolute Value of
Thickiess leasr’:"l € Di/ti Error of Each Experiment w/

tk (mm) ’ Di (mn.w’) EIasE|c Term s

F(df F(U F(d, F(U

Actuator A 1.6 12.7 79 | 3.7% | 15.2% | 9.0% | 2.7%
Actuator E 1.6 12.7 79 | 42% | 10.5% | 6.1% | 2.5%
Actuator F 1.6 15.9 99 | 88% | 104% | 6.2% | 7.9%
Actuator | 1.6 19.1 119 (104% | 11.1% | 1.4% | 9.3%
Actuator K 1.6 22.2 13.9 111.5% | 19.3% | 9.0% | 11.5%
Actuator G 2.4 17.5 7.3 | 9.0% | 8.0% 7.3% | 7.7%
Actuator B 3.2 19.1 6.0 | 7.2% | 3.9% 6.8% | 5.9%
Actuator C 3.2 19.1 6.0 | 5.7% | 3.9% 57% | 4.4%
Actuator D 3.2 22.2 69 | 5.8% | 8.7% 1.4% | 5.5%
Actuator H 3.2 19.1 6.0 | 9.0% | 4.1% 48% | 8.5%
Actuator J 3.2 22.2 6.9 |30.1% | 23.8% | 59.6% | 30.0%
Actuator L 3.2 25.4 79 [14.0% | 7.2% 2.5% | 12.8%
Overall Average Error 9.9% | 10.5% | 10.0% | 9.1%

Overall Average Error (tk= 1.6 mm) 7.7% | 13.3% | 6.3% | 6.8%
Overall Average Error (tk = 2.4 mm) 9.0% | 8.0% 7.3% | 7.7%
Overall Average Error (tk= 3.2 mm) 12.0% | 8.6% | 13.5% | 11.2%
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Overall Average Model Error Grouped by Actuator Initial Wall

Thickness
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Figure 61: Overall model error based on actuator wall thickness

One important take away from these results is that the F )@nd F ( U, t )

models do the best job of predicting the force for the actuators with the thickest
walls (right side of Figure 61), while the F ( dand B ( Umode)s do the best job of
predicting the force for the actuators with the thinnest walls (left side of Figure
61). The models were all within 1.7% overall average error for single medium
thickness specimen (Actuator G). Because the F ( Umote) is a function of the
contraction ratio and not the fiber wrap angle, it will be particularly useful as a
design tool for modeling hydraulic McKibben actuators with much thicker walls. If
the wall thicknesses of the actuators in these experiments were increased or
varied over a wider range, it is expected that the accuracy of the F ( Umodé)
would continue to improve in comparison to the F ( Uhpdel making the new
model an important tool for future hydraulic McKibben actuator research and

design.
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2.2.2.4 Sleeve Comparison Results and Discussion

The total generated contraction force plotted against the contraction ratio
for Actuators B and C is depicted in Figure 62. It can be observed that no
significant impact is made on the axial force for actuators fabricated with one
fiber sleeve (Actuator B) versus actuators fabricated with two fiber sleeves
(Actuator C) given that all relevant initial actuator geometry is the same. This
finding is important because layering fiber sleeves reduces the fiber spacing,
which reduces the actuatoroés | ikelihood to
the sleeve. Increasing the number of supporting fibers also increases the
structural strength of the actuator, whi ch reduces the | ikeliho
fibers to fail in tension. Note that all figures involving a contraction ratio should be

read from right to left as a negative contraction ratio refers to lengthening of an

actuator.
One Sleeve vs. Two Sleeves Comparison
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Figure 62: One sleeve versus two sleeves comparison
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Once the sleeve comparison tests were completed, steadily increasing
pressure was applied to Actuator C to determine how much force could be
generated before the actuator or experimental apparatus failed. The actuator was
able to withstand 13.79 MPa of pressure before breaking the fixturing vise with
~4600 N of contraction force. This demonstrates the high-force capabilities of
McKibben actuators and provides a method to increase the robustness of

hydraulic McKibben actuators.

2.3  Extending McKibben Actuator Force Study

McKibben actuators can be designed to produce extension forces that
could be useful for burrowing applications. This section provides an overview of
an extending McKibben actuator force study performed by the author. Five
extending McKibben actuators were designed, manufactured, and tested in a
custom experimental apparatus to further assess the new F ( UMcKiBben force
mo del 6 s .Expefimentawenre conducted to determine the force generation
capabilities of extending McKibben actuators in both fixed-length and displaced
conditions and to understand if there are fundamental differences between
extending and contracting McKibben actuator modeling approaches and failure
modes. Methods for fabricating custom elastomers using 3D printed fixtures,
polycarbonate tubes, injectable polyurethane, and aluminum rods are presented.
Multiple methods for placing fibers at prescribed angles were also examined i as
well as methods for protecting the fibers from the environment. Finally, the

results of a preliminary assessment of the burst failure model presented in
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section 2.1.7 is discussed. The results from the experiments are compared to
various McKibben force models and are presented in this section. Note that the
focus of this section is on short extending McKibben actuators that are not prone
to buckling or axial compressive failure. Buckling failure of extending actuators

will be studied in Chapter 3.

2.3.1 Methods

This section provides an overview of extending McKibben actuator design
and manufacturing approaches, an overview of the experimental apparatus, and
an overview of the experimental procedure used to test the extending McKibben
actuators. Because the extending McKibben actuator design is slightly different
than the design of the contracting McKibben actuators from section 2.2, an
overview of relevant fiber protection and fiber placement methods is also

provided in this section.

2.3.1.1 Actuator Design and Manufacturing

Five extending McKibben actuators with varying geometries were
designed and manufactured for experimental testing to further validate the new
F(UMeKi bben force model 6s efficacy throug

selected geometry of the five actuators is shown in Table 6.
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Table 6: Extending actuator geometry

SIEEEUITEE oD ID W zl Diameter at | Mean Measured
sleilgior ) =g/ (mm) | (mm) Ll Fibers (mm)|Fiber Angle (deg)
(mm) (mm)
1 74.6 76.2 | 69.9 3.2 73.0 80.8
2 76.2 76.2 | 66.7 4.8 73.0 79.9
3 101.6 76.2 | 69.9 3.2 73.0 80.0
4 104.8 76.2 | 66.7 4.8 73.0 79.6
5 125.4 76.2 | 69.9 3.2 73.0 76.2

Custom elastomers were fabricated by injecting a two-part polyurethane
mixture (Polytek74-55A) into an assembly of an aluminum rod concentrically
aligned in a clear polycarbonate tube constrained on each end by a 3D printed
part (port block). O-rings were used to seal the contact between the 3D printed
port block and the polycarbonate tube to prevent polyurethane leakage. A cross-
sectional view of the mold used to fabricate the parts is shown in Figure 63, and

an image of the actual injection assembly is shown in Figure 64.

/ Injection Ports \
Clear Tube {]

il Elastomer i

= ! o =[]
T#l%:l AluminumRod g%‘:j

O-Rings
3D Printed
Port Blocks
(A ._
% —

Figure 63: Polyurethane injection mold cross sectional view
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Figure 64: Elastomer fabrication assembly

First, the Polytek 74-55 polyurethane was thoroughly mixed at a 4:1 ratio
to cast elastomers with a 55 Shore A durometer. The mixed (but uncured)
material was then placed in a vacuum chamber for degassing to remove any air
in the mixture, because bubbles can compromise the structural integrity of the
elastomer. While the mixture was degassing, all the surfaces of the assembly
were sprayed thoroughly with mold release including the aluminum rod, the port
blocks, and the clear polycarbonate tube. Next, the aluminum rod and
polycarbonate tube were placed in the port blocks and bolts were used on each
end of the port blocks to tighten the entire assembly together. A washer and a
small surface o-ring were used to prevent leakage near the end bolts on the port
blocks. Finally, the polyurethane was carefully injected into one end of the
assembly through a clear tube fitted into an injection port using a syringe,

carefully avoiding bubble generation, until the mixture came out of the other end
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of the assembly. Once the assembly was injected and the polyurethane had >24
hours to sufficiently cure, the port blocks and clear polycarbonate tube were
removed leaving the elastomer on the outside surface of the aluminum rod as

shown in Figure 65.

Figure 65: Elastomer on outside surface of aluminum rod

The entire aluminum rod and elastomer assembly were then loaded into a
custom fiber wrapping CNC lathe, built in the Medical Robotics and Devices
Laboratory at the University of Minnesota [109, 136], to apply fibers at a specific
fiber angle. The latheb s belt driven gear s and
controlled using an Arduino to dictate the chuck rotation and linear carriage

speeds simultaneously. A fiber angle of 80-degrees was selected for all five
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actuators because 80-degree fiber angles will produce ample extension force,
the actuators can extend to large strains without reaching the kinematic lock
angle of 54.7 degrees, and the lathe was able to place fibers accurately and

repetitively at this angle.

Each of the fibers were tied to a 3D printed part on the proximal end of the
assembly and pulled through a 3D printed part on the distal end of the assembly
as shown in Figure 66 and Figure 67 to ensure the fibers were being
concentrically wrapped to maintain a consistent fiber angle. The tailstock was
used to verify concentricity of the rotating assembly. Four fibers were first
wrapped simultaneously in the forward direction (+80 degrees), and then four
fibers were placed over them in the backward direction (-80 degrees). Super glue
was used to hold the fibers to the elastomer near each end after the fibers had
been wrapped to keep the fibers in tension during the application process. The
number of fibers was selected to prevent elastomer bursting in between the
fibers as outlined in section 2.1.7. Figure 66 shows the assembly after the first
four fibers were wrapped in the forward direction, and Figure 67 shows the
assembly after all the fibers have been applied to the external surface of the

elastomer.
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Figure 66: Four fibers wrapped in the forward direction
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Figure 67: Completed fiber wrapping (all eight fibers)

Once the fiber wrapping was completed, the entire assembly was
concentrically placed inside a larger polycarbonate tube and constrained once
again on the ends with 3D printed port blocks. To protect the fibers from moving

or being damaged by the environment, a second injection of polyurethane
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(Polytek74-55A) was used to sandwich the fibers between two elastomer layers.
The dual elastomer layers sandwiching the fibers in the injection assembly can
be seen in Figure 68 and Figure 69. Other methods of fiber protection methods
and fiber placement approaches were explored, and these findings can be found

in Appendix C.

Figure 68: Completed elastomer with fibers sandwiched between layers

Figure 69: Completed elastomer with fibers sandwiched between layers
101



The completed elastomer with fibers was then removed from the assembly
and slipped off the aluminum rod. Custom designed aluminum fittings with a
concentric inlet hole, external slots, and zip ties were used to secure the
elastomer to the fittings. Electrical tape was applied to the outside surface of the
elastomer to prevent abrasion damage to the elastomer when clamping with the
zip ties. A completed extending McKibben actuator is shown in Figure 70.
Images of all fabricated extending actuators used in this experiment can be found

in Appendix D.

Figure 70: Completed extending actuator
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Note that all the fiber crossings for each actuator were measured, and the
mean fiber angle was used for the analysis. An orthogonal photograph of each of
the actuators was taken, the Solidworks drawing tool was used to take each fiber
angle crossing measurement, and the mean value of each of the fiber angle
measurements was calculated for the analysis as shown for Actuator 1 in Figure
71 and Table 7. Images of all the actuators and complete data tables of the
measurements, including the standard deviation of the fiber angle

measurements, can be found in Appendix E.

Figure 71: Extending McKibben Actuator 1 fiber angle analysis
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Table 7: Extending McKibben Actuator 1 fiber angle results

Angle Measurement # Measured Angle (degrees)

1 79.20

2 80.87

3 82.80

4 80.87

5 81.72

6 80.54

7 82.80

8 81.10

9 78.83

10 81.18

11 80.99

12 79.75

13 79.02

14 81.70

15 80.18

16 81.40

Mean Angle 80.81

Std. Dev 1.158

2.3.1.2 Experimental Apparatus

A custom frame was fabricated to allow the actuators to be mounted

vertically for axial force testing to avoid side loading created by gravity in a

horizontal orientation. A cross bar with a 4500 N load cell (Manufacturer: Futek,
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PN: LCM300) was mounted to the frame in a way that it could be moved up and
down to accommodate testing of extending actuators of any length at any
displacement. This allows force testing of the actuators at free length, or at a
prescribed displacement (allowing actuator distal end to extend some amount
before becoming in contact with the load cell). A clear tube was mounted
concentrically around the actuator and a black 3D printed cover was mounted
above the actuator in case of burst failure during testing. A 20.7 MPa pressure
transducer (Manufacturer: Honeywell, PN: MLHO3KPS) was mounted at the
actuator inlet, and the load cell on the cross brace was used to collect the

experimental force data as shown in Figure 72 and Figure 73.

Clear Tube
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Figure 72: Custom frame with load cell on cross bar and pressure sensor at inlet

e

Figure 73: Side view of extending actuator, adjustable cross bar, and load cell

2.3.1.3 Experimental Procedure

The pressure sensor was calibrated using a dead weight tester, and the
load cell was calibrated using hanging weights and a cantilever beam. The data
acquisition board was used to collect axial force and pressure measurements for
data processing. Each actuator was first tested at its free length (zero-strain, i.e.,

U =wherg the distal end of the actuator was in contact with the load cell. Force
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data were collected with incrementally increasing input pressure until significant
elastomer bulging between the fibers was observed or the actuator began
leaking near the fittings. The input pressure to the actuator was supplied by a
high-pressure hydraulic power unit, and the pressure was tuned down to the
desired input pressure using two needle valves in a pressure-dividing circuit that
was manually tuned before each experiment. A diagram of the hydraulic circuit is

shown in Figure 74.

v Pressure
Transducer
McEibben Actuator
Needle Valve
l_J \N\ Needle Valve
Reservoir

AT

Figure 74: Hydraulic pressure reducing circuit

Once the zero-strain force tests were completed for each actuator,
additional tests were conducted at different positions of the crossbar to
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understand force capabilities as a function of strain. In these experiments, the
crossbar with the load cell was incrementally moved further from the distal tip of
the actuator so that the actuator would be allowed to extend a prescribed
distance before interfacing with the load cell and beginning to collect force data
(see Figure 73 above). The input pressure for all the extending actuator
experiments was constant (+/- ~6%) for each actuator and selected to be the
approximate pressure that caused bulging of the elastomer between the fibers in
the zero-strain experiments. The results from both the zero-strain and extending
experiments for all actuators were then compared to the expected results

predicted by the force models described in section 2.1.

2.3.2 Results and Discussion

The experiments were conducted using the experimental apparatus, and
the comparison between the McKibben force models and the experimental
results are presented in this section. First, an uncertainty analysis is presented.
Next, the results for the zero-strain experiments are shown followed by the
extending McKibben results. An assessment of actuator failure modes, model
agreement, model sensitivity to fiber angle measurements, and elastomer
bulging are presented and discussed in this section. The section concludes with

an analysis of elastomer bulging.

Force data for all five actuators in both sets of experiments was collected,

but Actuators 1, 2, and 5 failed in their final experiment of the extending
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McKibben study. These final data were omitted from the analysis. All actuator
failures were due to insufficient zip tie clamping strength resulting in slipping
between the aluminum segment connectors and elastomer. These failures
occurred in the extended condition experiments exclusively which allowed good
data to be collected first in the zero-strain experiments. These actuator failures

can be observed in Figure 75, Figure 76, and Figure 77. Note that Actuator 3 and

Actuator 4 did not fail at any point in the experiments.

-
3
=
T
£

Figure 75: Actuator 1 failure
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Figure 76: Actuator 2 failure

e
v

Figure 77: Actuator 5 failure
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2.3.2.1 Uncertainty Analysis

An uncertainty analysis was performed to assess the error bounds of the
models from measurement error in the experiments. The uncertainty values used
in the analysis are shown in Table 8. These values were selected based on user
measurement repeatability samples, manufacturer tolerances, and sensor
precision. This uncertainty analysis was used to prepare the results shown in the

following sections.

Table 8: Uncertainty table for extension force analysis

Variable Description Nominal Value | +/- Uncertainty
Disibers applied fiber diameter 73.03 mm 0.25 mm
Lo initial actuator length 74.61 mm * 0.25 mm
ik initial wall thickness 3.18 mm 0.25 mm
F extension. extension force 669.01 N * 7.56 N
P pressure 0.1694 MPa * 0.0062 MPa
6o fiber angle 80.8 deg * 1.1 deg”
E Young’s modulus 2.2001 MPa 0.1034 MPa
£ contraction ratio 0.245 mm/mm * 0.02 mm/mm

* indicates the value is dependent on the individual actuator/experiment

2.3.2.2 Zero-Strain Test Results and Discussion

The zero-strain experiments were conducted for the actuators, and the
experimental results were collected. Using the Laws of Propagation of
Uncertainties and the values shown in Table 8, uncertainties of the F(Ut) and
F(d,t) models were calculated to be compared to the experimental results for the
actuators in the zero-strain experiments. Note that when the actuators are tested
at free length and do not change axial length, three of the models yield the same
results: FUt) = F(O =F(d). The Gent

mo d e | val ue of
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used for the force analysis, and no losses are captured by any of the models.
The extension force results for the free length (zero-strain) tests of the actuators
are shown in Figure 78 - Figure 82. The model uncertainty at each data point
was calculated, and the mean uncertainty of all the points for each model is
stated in the captions for each actuator. Note that the uncertainty of all data
points for a given model for a given actuator were all within 0.5% justifying
presenting only the mean uncertainties in the results. The error bars on the

experimental force data points were calculated using the load cell sensitivity.

Actuator 1 Results at 0% Strain
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Figure 78: Actuator 1 zero-strainresults (F ( d , t ) u n c-&8.8tNaR(t)t y
uncertainty = +/- 69.6 N)

112

+/



Actuator 2 Results at 0% Strain
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Figure 79: Actuator 2 zero-strainresults (F ( d , t ) u n52.8 #/tNaRGt)t y =
uncertainty = 68.4 +/- N)
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Figure 80: Actuator 3 zero-strainresults (F ( d , t ) unc-&F0NaR)t y = +/
uncertainty = 68.2 +/- N)
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Actuator 4 Results at 0% Strain
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Figure 81: Actuator 4 zero-strain results (F ( dundeftainty = 51.7 +/- N, F(Ut)
uncertainty = 68.0 +/- N)

Actuator 5 Results at 0% Strain
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Figure 82: Actuator 5 zero-strainresults (F ( d , t ) u n c-&3.8tNaR(Gt)t y
uncertainty = 64.8 +/- N)
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As can be observed from the plots above, both models do a fairly good job
of tracking the zero-strain experimental force results with the contraction-based
model overestimating and the angle-based model underestimating the
experimental force generation. The experimental results tend to track the lower
bound of the F ( Uvery ¢losely. Given that no losses or other factors that could
impact the observed force are considered in the model, it makes sense that the
F ( Umadal overpredicts the force generation of the actuators. These results
suggest that all these models could be used for McKibben design purposes in

zero-strain conditions.

2.3.2.3 Extension Test Results and Discussion

The extending McKibben experiments were conducted, and the
experimental force results are compared to other McKibben models and
discussed in this sub-section. First, the experimental results are compared to the
F ( dmadel and the F ( dnpdel, followed by a comparison of the experimental

results to the F ( Uand the F ( fmodel.

First, the F ( dmadél is compared to the F ( anpdel for the results from
all actuator experiments. The model uncertainty bars were calculated using the
uncertainty values in Table 8 and the Laws of Propagation of Uncertainties, and
the experimental force error bars are calculated based on the load cell sensitivity.
Unlike the zero-strain experiments, the predicted model results for the extending

experiments are non-linear due to the changing length of the actuators.
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Therefore, the model uncertainty and force measurement uncertainty error bars
are all shown in the results in this sub-section to better illustrate how the results
fall within the model uncertainty ranges. The comparison of the experimental
results to the F ( dand B ( dhddels for the Actuators 1-5 is shown in Figure 83 -
Figure 87. The Gent model val ue of t htarouyhou
extension force analysis. Since the measured pressure varied slightly in the
extending experiments, the operating pressure of the data point is printed

beneath for reference (MPa).

Actuator 1 Results at Varying Strain and Pressure {MPa) Combinations

800

mu_j Elongation Uncertainty (max) = +/- 0.84 %
¢ Pressure Uncertainty = +/- 17.2 kPa

600T %

500 T

g

300 T %
200 -E + i
AT018
7

757 -
wor B fsazg BiTo14

Extension Force (M)

-

BFreas T -
T Actuator 1 Results B iesos B Tyess
or = Fi#) Model T
Fra.t) Model
-100 : : : : : : : :
) 5 10 15 20 25 30 35 40 45 50

% Elongation

Figure 83: Actuator 1 extension results
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Figure 84: Actuator 2 extension results
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Figure 85: Actuator 3 extension results
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Figure 86: Actuator 4 extension results

Actuator 5 Results at Varying Strain and Pressure {MPa)} Combinations
600 T T T r

Elongation Uncertainty (max) = +/~ 0.48 %
500 . ]
Pressure Uncertainty = +/- 17.2 kPa
L
400°F E S .
Q
=
300 | 1 1
L
200 e, ]
L § 7320 P= I %
foor © 013445 P p=
: 013996 p= p= Zlp=
0.13376 013652 7 | b Tanss
ot T Actuator 5 Results J
= F(i) Maodel
Fio.t) Madel
400 : : . :
1] 5 10 15 20 25

% Elongation

Figure 87: Actuator 5 extension results
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As can be observed from the results shown above, there does not seem to
be a clear trend on which of the two models better predict the extension force
generation of the actuators. However, it does appear that the F ( dmodel
generally overpredicts the force, while the F ( d madél underpredicts the force.
The results for all five actuators track the upper bound of the F( d modgl very
well, and the experimental results fall within the error bounds of one or both

models for all the extending actuator experiments.

Similar to the previous results, Figure 88 - Figure 92 show a comparison
of the F ( Uand the F ( thddel for the extension experiments with both model
and force data error bars shown. The pressure listed below each data point is in

units of MPa.
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Figure 88: Actuator 1 extension results

119



Extension Force (M)

Extension Force (M)

Actuator 2 Resul

ts at Varying Strain and Pressure (MPa) Combinations

700
Elongation Uncertainty (max) = +/- 0.78 %
600 r 1
Pressure Uncertainty = +/- 17.2 kPa
500% 1
400 4 1
m —-_
300 T Actuator 2 Results b ]
= Fle) Model T
Fi«,t) Model %
200 & 1
T =
p= &
| 013721 pe
100 0.13996 i
014824 6 pl=
. | . : . ﬁ.14|?55 = gltanoa
0 5 10 15 20 25

Actuator 3 Results

% Elongation

Figure 89: Actuator 2 extension results

at Varying Strain and Pressure {(MPa) Combinations

700 T
Elongation Uncertainty (max) = +/-0.61 %
600 - iy
& Pressure Uncertainty = +/- 17.2 kPa
500 - ]
i & +
400 | Z % ]
300 T T I T ]
T Actuator 3 Results | T
*  Fle) Model 4 T
200 f F(e.t) Model T 1 _ + 1
IRy T
P= = b
p=
100 04379 PIo. oo ot + il i\
014134 o = - = i
: Biases b7 P= - .
15306 0151 515444 5’1_
D - E
100 : : : : s : :
0 5 10 15 20 25 30 35 40

% Elongation

Figure 90: Actuator 3 extension results
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While there appears to be some small trends to observe, it is difficult to
draw conclusions about which model is best suited for modeling for this set of
extending actuators. The F ( Umotle) predicts slightly higher forces than the F ( U)
model with an increase in prevalence at larger strains. This phenomenon is
expected because the wall thickness non-linearly varies as the actuator extends
which is accounted for with the F ( Umotleling approach only. The divergence
between the two contraction-ratio-based models would be expected to be more
pronounced as the wall thickness to diameter ratio of the actuator increases.
Nearly all the experimental data points fell within the error bounds of at least one

of the two models.

All four of the McKibben force models do a reasonable job at predicting
the extension force generation for predictive design purposes. To analyze the
agreement between the four models and the experimental results more
guantitively, each data point for each actuator was analyzed and the absolute
value of the magnitude of the error for that point was calculated for each model.
The mean value of the magnitude of error of all data points for all models and all
actuators was then calculated to generate a quantitative error table to observe
and analyze. These error results can be found in Table 9. Percent error was not
used because it tends to skew the error results when the predicted force is near
zero. Note that comprehensive plots, including error bands and uncertainty, of
the model error for each model for each actuator as a function of percent

elongation can be found in Appendix F.
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Table 9: Average of absolute error magnitude (N) of each experiment w/ elastic term for

extension experiments

Average of Absolute Value of Error Magnitude (N) of Each
Experiment w/ Elastic Term

Number of Tests F(d) F(U E(d,|F(U

Actuator 1 7 27.18 28.13 | 103.30 | 27.18
Actuator 2 5 62.06 5759 | 78.27 | 62.02
Actuator 3 9 64.03 56.53 | 35.48 | 64.00
Actuator 4 8 102.26 93.17 | 77.80 | 102.18

Actuator 5 7 37.19 33.91 | 5544 | 37.17

Overall Average Error (N) 58.54 53.87 | 70.06 | 58.51

The overall average errorofthe F ( d ) , F (dnd F ( Umoti#)s for)al)
the extended actuator experiments were 58.54 N, 53.87 N, 70.06 N, and 58.51 N
respectively. Losses are not accounted for in any of the modeling approaches,
and there are several places where losses could have impacted these results.
Both bulging and bending losses are not considered in the analysis, and these
factors could impact the observed axial force. Furthermore, additional error could
have been incurred from inconsistent fiber wrap angles along an actuator,
imprecise fiber angle measurements, error in the elastic modulus from the Gent
model, manufacturing imperfections, sensor resolution, and other geometry

measurements.

Due to the uncertainty and the fact that the overall average error from of
all the models is within a few Newtons, it is challenging to come to a clear
conclusion about which model is best suited for modeling this set of extending

McKibben actuators. However, it is clear to see that these experiments have
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demonstrated that there are no obvious differences in modeling approaches for
contracting and extending McKibben actuators. The F ( Umotle) was the second
most accurate of the four models analyzed in the extending experiments, and it is
expected to perform even better with thicker-walled McKibben actuators that may
be well suited for high-force applications in rugged environments, such as those

found in underground burrowing.

23.24 Analysis of Elastomer Bulging Between the Fibers

Bulging of the elastomer between the fibers is an observable phenomenon
which may skew the expected force results for McKibben actuators. When
pressurized fluid is introduced into a McKibben actuator, the pressure can cause
the elastomer to bulge between the fibers causing some of the input energy to be
diverted from generating axial force. It is theorized that this bulging could cause a
reduction in the axial force observed, and most importantly, bulging can
eventually lead to actuator burst failure if the pressure is high enough i which
certainly reduces the force capabilities of an actuator. This section analyzes the
burst failure model presented in section 2.1.7 for all five of the extending
McKibben actuators. Figure 93 shows an example of one of the actuators

exhibiting bulging behavior of the elastomer between the fibers.
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Figure 93: Bulging observed in Actuator 5 of the extending McKibben experiments

The three experiments with the highest operating pressure for each
actuator were analyzed. Video footage of the experiments was used to study
bulging between the fibers. The time of the highest pressure was identified, and a
screenshot of the actuator at that instant in time was imported into Solidworks to
measure the maximum fiber spacing, u, the bulge radius, rouige at the specific fiber
span (where the most bulging is occurring), and the bulge angle, 2 at the specific

fiber span. These measurements are shown in Figure 94 for reference.
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Figure 94: Relevant geometry for McKibben elastomer burst mechanics

The Gent model value for the Youngds mo
Once these measurements were taken, equation (2.33) from section 2.1.7 was
used to solve for the expected pressure to cause the observed bulge. This
estimated pressure was then compared to the peak measured pressure to
assess model agreement. The results of the assessment are presented in Table

10.
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Table 10: Bulge analysis results

Measured Calculated
Max
Peak Fiber Bulge Bulge Expected Percent
Pressure | Spacing Radius Angle Pressure Magnitude Error
Actuator (MPa) (mm) (mm) (deg) (MPa) Error (MPa) (%)
0.2501 13.21 14.99 26.39 0.2225 0.0276 11.04
1 0.2634 12.45 11.18 33.43 0.2975 -0.0340 -12.91
0.2859 13.46 11.94 34.35 0.2740 0.0119 4.16
0.2679 14.48 23.88 17.60 0.2165 0.0515 19.21
2 0.3423 14.99 19.05 23.20 0.2668 0.0754 22.04
0.3762 16.00 30.48 15.17 0.1703 0.2058 54.72
0.1900 11.94 15.24 46.24 -0.0139 0.2039 107.30
3 0.2120 12.95 10.92 36.11 0.2996 -0.0876 -41.32
0.2499 12.70 10.16 39.07 0.3124 -0.0624 -24.98
0.2224 15.49 30.23 14.90 0.1707 0.0516 23.21
4 0.2734 14.73 12.95 35.26 0.3710 -0.0977 -35.73
0.3367 15.75 17.27 27.18 0.2909 0.0458 13.61
0.0823 14.99 16.00 26.56 0.2204 -0.1381 -167.71
5 0.1209 13.46 14.99 26.68 0.2244 -0.1035 -85.58
0.1580 14.99 14.22 31.85 0.2319 -0.0739 -46.75
0.2068 12.95 11.68 33.31 0.2843 -0.0774 -37.43
MEAN -0.0001 -12.32

The comparison of the measured pressure and expected pressure yielded
some inconsistencies throughout the analysis. However, the average magnitude
error of all the data comes out to almost zero mean error, which indicates that
some of the inconsistencies may be stochastic measurement error. This provides
some confidence that the bulging model may be used as a baseline for designing
McKibben actuators to prevent burst failure. It was challenging to get accurate
measurements of the fiber spacing, bulge radius, and bulge angle using
Solidworks due to the low-quality of the footage and varying camera views during
the experiments. Furthermore, the fibers were sandwiched between the

elastomer layers which made it even more challenging to identify where the fiber
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crossings were for the analysis. This model also does not consider that variations
in fiber-spacing and fiber wrap angle exist, which leads to different sized bulges
to occur throughout a pressurized actuator (i.e. it is possible the bulges that were
measured were not a representative sample of all the bulges on the elastomer at
the point of peak pressure). Overall, the ~zero mean magnitude error and -12.32
% error indicate that this model works well to estimate the relationship between
input pressure, McKibben actuator geometry, and fiber spacing for design
applications. With a more robust and consistent camera set up, better agreement

is expected between the model and experiments.

2.4  Conclusion and Summary

McKibben actuators are soft and compliant actuators that have
advantages over many conventional actuators in terms of force and power
density. Many modeling approaches exist to predict the force generation of
McKibben actuators, but all the existing models either neglect the wall thickness
of the elastomer, are inconvenient for design because knowledge of the fiber
wrap angle or other changing geometry must be known, or neglect the generated
elastic force from straining the actuator. While including the wall thickness is less
critical in pneumatic McKibben modeling, it becomes much more important for
hydraulic McKibben actuators that require thicker walls to withstand hydraulic
pressures. This chapter presents an overview of the efficacy of three existing
McKibben force models (F ( d ) , an& E (0d,,the Xothera elastic force model,

and a new model (F ( U deve)oped by the author. The new model considers the
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change in actuator wall thickness due to axial strain and only requires geometric
values from the initial actuator geometry. These models were validated for both
contracting and extending McKibben actuators. The following two sub-sections
provide a summary and conclusion for the contracting and extending McKibben

actuator experiments respectively.

2.4.1 Contracting McKibben Conclusion

Twelve contracting McKibben actuators were fabricated and tested. The
Gent model was validated as an appropriat
modulus of an elastomer directly from Shore A durometer. It was determined that
there was limited impact to force generation from layering fiber sleeves. Four
McKibben axial force models and the Kothera elastic force model were
experimentally validated and discussed. Input pressure and contraction force
were measured and compared to expected results for the models presented in

this chapter.

Contracting Actuators B and C were fabricated with one and two fiber
sleeves respectively. It was found that no significant impact is made on the total
axial force generation by adding an additional fiber sleeve. This finding is
important because increasing the number of supporting fibers increases the
strength of the actuator and decreases the likelihood of burst failure through the
fiber sleeve. One experiment conducted by the author showed that a McKibben

actuator with two fiber sleeves could be pressurized to over 13.79 MPa without
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failure. However, more experiments are needed to conclusively determine the
impact, if any, of additional fiber sleeves on the total axial force generation and

hysteresis of McKibben actuators.

Including an elastic force term in the axial force models is needed for
thick-walled McKibben actuators when they are extended, because significant
elastic forces are generated. It was found that using the Gent model to
approxi mate the Young6és modulus from the n
wel | . Experiments to predict the Youngos r
conducted, and it was found that the percent error from the Gent model value for
60A neoprene, 70A natural rubber, and 80A neoprene were 17.3%, -13.6%, and
0.4% respectively. The Gent model value of
modeling the elastic force of the three rubber materials used in these
experiments. The elastic force was collected at each contraction ratio for each
actuator before input pressure was applied, and it was observed that all twelve
actuators had excellent agreement with the results predicted by the Kothera
elastic force model. This observation is important because it validates the
Kot hera elastic force model s wuse in the 't
the approach to using the Gent model to a

modulus as a predictive design tool.

The total axial force was measured for the twelve actuators and the error

for each of the four modeling approaches was calculated for each actuator. All
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four of the modeling approaches include the Kothera elastic force term and
neglect losses. It was found that the overall average error forthe F ( o ) , andf ( U) ,
F ( d models were 9.9%, 10.5%, and 10.0% respectively, and the overall
average error for the new model, F ( U prdsénted by the author was 9.1%. While
the improvement of the new model over the other models is small, it is expected
that the new model will be more accurate than existing models for hydraulic
McKibben actuators with very thick walls, but more experiments are needed for
clear model validation. A finding of this study is that models that track the
contraction ratio instead of the fiber angle are more useful design tools because
they do not require the continuous knowledge of the fiber wrap angle which is

hard to measure.

2.4.2 Extending McKibben Conclusion

Five extending McKibben actuators were designed, built, and tested to
determine if there are any fundamental differences between contracting and
extending McKibben actuators in terms of predicting the axial force as a function
of the pressure. The five actuators were all designed with 76.2 mm outside
diameters to examine actuator diameters greater than those studied in the
contracting McKibben experiments outlined in section 2.2. The five actuators
were first tested at their free length with a ramped pressure input. Then the
actuators were allowed to extend over a range of distances before force data
was collected to understand how extension affects model accuracy for extending

McKibben actuators. Experimental force results were compared to the four
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McKibben force models presented in this chapter for the zero-strain and
extending McKibben experiments. A preliminary study on the efficacy of the

elastomer bulge model was also presented.

An approach to injecting custom geometry elastomers and using a custom
fiber wrapping lathe was employed to fabricate the five extending McKibben
actuators. Nearly all the force data points from the zero-strain extending
McKibben experiments fell within the upper and lower error bounds of all four of
the McKibben force models. While it was unclear which model was the best, the
results show that there are no clear differences in modeling extending and
contracting McKibben actuators at their free length. All the actuators survived the
zero-strain experiments without issue, and three of the five actuators failed in
their final extension experiments due to insufficient zip tie clamping forces
between the elastomer and segment connectors. Two of the five actuators did
not fail, and none of the actuators experienced buckling failure due to the low

slenderness ratios of the actuators in the experiments.

The overall average errorofthe F ( d ) , F (dnd F ( Umnott)s for)al)
the extending actuator experiments was 58.54 N, 53.87 N, 70.06 N, and 58.51 N
respectively. While non-ideal behaviors not considered by the models, such as
bulging, leaking, bending, and bending, could be responsible for some of this
error, user measurement related errors could have also contributed to the results.

The new F ( Umote) developed by the author was the second most accurate of
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the four models assessed, and it is expected that it would continue to improve its
efficacy over the other models as the wall thickness of the McKibben actuator
increases. The results from these experiments provide the justification to use
these modeling approaches, particularly the F ( Umotle), for predictive design as
well as demonstrate there are no clear differences between modeling contracting

or extending McKibben actuators.

A study of the relationship between input pressure and the elastomer
bulging between the fibers was presented, and an assessment of the model
presented by the author was discussed. Video footage of the actuators was used
to measure fiber spacing, bulge radius, and bulge angles for fifteen different
experiments where bulging between the fibers was observed (three experiments
for each of the five actuators), and the author® elastomer burst model was used
to estimate the pressure required to cause such a bulge. This estimated pressure
was compared to the experimentally measured pressure to determine if the
model accurately predicts the relationship between pressure and elastomer
bulging (and eventually bursting if the input pressure is sufficient). The error that
was present appeared to be stochastic as almost zero mean magnitude error
was found with a -12.32 percent mean error between the results and the
experiments. Challenges in accurately measuring the fiber spacing, bulge radius,
and bulge angle using video footage likely led to some of these inconsistencies,
but the results show that this modeling approach provides a good estimate of

elastomer bulging and bursting between fibers. It is expected that higher quality
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images would have resulted in better agreement between the experiments and

the model.

2.5

Specific Contributions of the Chapter

Development of a new McKibben axial force model (F ( J that addresses
variations in actuator wall thickness as an actuator is displaced and

experimental validation against existing McKibben force models

Experimental validation of the Kothera elastic force model and
demonstration of the importance to include this elastic term in force

modeling thicker-walled McKibben actuators

Experimental validation of using the empirical Gent model to convert shore

A durometer to elastic modulus for McKibben force modeling

Experimental validation that layering multiple off-the-shelf fiber sleeves on
a McKibben actuator to increase the resistance to a burst failure has
minimal impact on the axial force generated (input pressure of ~13.9 MPa

achieved)

Confirmation that the axial force generated by contracting and extending
McKibben actuators can be predicted with the same models with similar

accuracy at free and displaced conditions
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1 Development of a novel manufacturing approach of McKibben actuators
including how to manufacture custom-sized elastomers with embedded

fibers at specific fiber-wrap angles

1 Development and experimental validation of new elastomer bulge model
to understand the relationship between input pressure, fiber spacing, and

elastomer bulging/safety factor from bursting.
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Chapter 3: Hydraulic McKibben Actuator Buckling Study

The purpose of this chapter is to analyze buckling behavior in extending
McKibben actuators loaded in compression. McKibben actuators offer unique
advantages with flexibility and customization over many conventional actuators,
but McKibben actuator buckling behavior has never been extensively studied at
high forces. To utilize high force extending McKibben actuators for burrowing or
for similar applications, it must be determined whether McKibben actuators
loaded in compression follow traditional Euler column buckling behavior i or if
some other form of buckling behavior is observed due to the pressurized fluid,
elastomer, and fiber wrap combination. Furthermore, buckling behavior inside of
a constrained environment like a burrow will be investigated to determine if
additional extension forces can be generated due to the constrained
environment. Developing an understanding of how both an unconstrained and a
constrained environment impacts the buckling behavior, and therefore axial force
capabilities, of an extending McKibben actuator may be useful for burrowing
applications. The proposed multi-segment robot in this thesis utilizes an
extending McKibben actuator to move the robot along the burrow (and eventually
into a substrate), and it may be possible to utilize the burrow wall to reduce

buckling failure tendencies and generate larger penetration forces.

There is limited prior literature that studies the buckling behavior of

McKibben actuators. Luo et al. have studied how cylindrical elastomer buckling
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can be utilized to create kink valves that enables unique deformed geometry of

the actuator as shown in Figure 95 [137].

Figure 95: Buckling failure of soft actuator utilizing kink valves [137]

Jensen et al. have studied the buckling behavior of carbon nanotubes to
determine if they follow traditional column buckling theory. Models to predict the
compressive forces to induce buckling (bending) and kinking (a more extreme
form of local buckling where wall collapse occurs) were presented and
experimentally validated to show that carbon nanotubes follow traditional
buckling theory and kinking forces can be predicted [138]. Figure 96 shows

images of the carbon nanotubes buckling and kinking in these experiments.
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Figure 96: Carbon nanotube failure modes: a) no load, b) buckling failure, c) kinking

failure [138]

Kim et al. have studied the buckling and kinking behavior of independently
actuated contracting McKibben actuators connected on the ends by a connector
plate by implementnga Oresi stive forced actamg | at €
treating the entire actuator as an equivalent spring system as shown in Figure 97
[139]. However, no literature to date studies the force generation capabilities of a
single extending McKibben actuator in a cylindrically constrained environment

like a burrow.
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Figure 97: Resistive force modeling approach of combined contracting McKibben

actuators [139]

This chapter aims to provide more clarity on the buckling behavior of
extending McKibben actuators to determine if they follow Euler-Johnson buckling
theory. First, a general introduction to modeling of buckling behavior is
presented. Next, an overview of the actuator design, experimental apparatus,
and experimental procedure for testing the actuators is provided. Finally, the
results from the buckling experiments are presented followed by a discussion of

the results.

Six new extending McKibben actuators were fabricated with varying
lengths, inside diameters, and wall thicknesses and experiments were conducted
to determine their buckling limitations. The actuators were designed to test a
wide range of slenderness ratios. The extending actuators were first tested with

pressurized hydraulic fluid in a static fixed-fixed loading condition to determine
139


























































































































































































































































































































































































































































































































































































































































































