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ABSTRACT
Soft Poly-Limb (SPL) is a pneumatically driven, wearable, soft continuum robotic arm
designed to aid humans with medical conditions, such as cerebral palsy, paraplegia,
cervical spondylotic myelopathy, perform activities of daily living. To support user's tasks,
the SPL acts as an additional limb extending from the human body which can be controlled
to perform safe and compliant mobile manipulation in three-dimensional space. The SPL
is inspired by invertebrate limbs, such as the elephant trunk and the arms of the octopus.
In this work, various geometrical and physical parameters of the SPL are identified, and
behavior of the actuators that comprise it are studied by varying their parameters through
novel quasi-static computational models. As a result, this study provides a set of
engineering design rules to create soft actuators for continuum soft robotic arms by
understanding how varying parameters affect the actuator's motion as a function of the
input pressure. A prototype of the SPL is fabricated to analyze the accuracy of these
computational models by performing linear expansion, bending and arbitrary pose tests.
Furthermore, combinations of the parameters based on the application of the SPL are
determined to affect the weight, payload capacity, and stiffness of the arm. Experimental
results demonstrate the accuracy of the proposed computational models and help in
understanding the behavior of soft compliant actuators. Finally, based on the set functional
requirements for the assistance of impaired users, results show the effectiveness of the SPL

in performing tasks for activities of daily living.
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CHAPTER 1
INTRODUCTION
Cervical Spondylotic Myelopathy is a degenerative condition affecting limb function
(Lubelski et al., 2016), Cerebral Palsy is a group of neurological disorders that permanently
affect body movement and muscle co-ordination (Kirby et al., 2011), Paraplegia is
paralysis of both legs and lower part of the body, resulting from injury to the spinal cord at
the level of lower back or level of the chest, Quadriplegia is paralysis of both arms and legs
resulting from injury involving the spinal cord at the level of neck. All these medical
conditions result in difficulties in performing activities of daily living (Ajiboye et al.,

2017), such as picking up a cup, grasping an object, and other similar tasks.

Figure 1: Conceptual soft robotic arm assisting an impaired user.

To aid this population to perform activities of daily living tasks, a soft wearable continuum

arm is designed. This thesis presents, a set of design rules for creating the soft robotic arm,
1



named Soft Poly-Limb (SPL). Fig.1 shows a conceptual soft robotic arm which assists the
user in lifting a cup to drink.

Soft robotic arms are fabricated using highly compliant soft materials, which makes it easy
to conform to the obstacles and carry fragile objects, unlike traditional hard hyper-
redundant robotic arms. Traditional rigid robotic arms have multiple joints connected by
stiff links. Each joint has one degree of freedom either in translational or rotational
direction. The workspace of these robotic arms is defined by the locus of points the tip
position of the arm can achieve. These arms are mostly kinematically redundant and are
used in performing repetitive tasks very accurately in a well-defined environment. Soft
robotic arms unlike traditional rigid robotic arms have distributed deformation. These arms
have an infinite number of degrees of freedom, leading to hyper-redundancy. These arms
can reach to every position in the three-dimensional workspace. The joint positions of a
rigid robotic arms can be processed by the forward kinematics to determine the position
and orientation of the end effector, similarly the joint angles can be determined by
performing inverse kinematics when the desired position is provided, but in case of soft
robotics arms as there are no pre-determined joints and links, and they have distributed
deformation, which makes these traditional methods inapplicable.

Traditional robotic manipulators are designed to be stiff so that vibration and deformation
of the structure, do not reduce the accuracy and movement (Trivedi, Rahn, Kier, & Walker,
2008). This type of design aspects makes the traditional robot heavy and unsafe to interact
with people without causing injuries. Whereas, the high compliant nature and their

lightweight makes the soft robotic arms ideal to interact with people.



The purpose of this thesis is to identify various geometrical and physical parameters
involved in fabricating actuators of the SPL and study their effect as a function of pressure.
To study the actuator’s motion and behavior at different pressures and loading conditions,
computational modeling methods are employed which aim at producing novel models that
allow rapid variation of their individual parameters. Computational modeling of such type
of non-linearly behaving actuators expedites the research process by optimizing their

performance without the cost of having to fabricate and characterize physical prototypes.

|

¥ L

(a) Soft

) (b) Three-Chambered (c) Ring-Reinforced
Poly-Limb

Actuator Actuator
Figure 2: Soft Poly-Limb and its components.

The main components of the SPL (figure 2(a)) are the three-chambered actuators and the
ring-reinforced actuators. Ring-Reinforced actuator (RRA) (figure 2(c)) is a novel
elastomeric actuator which consists of an inner elastomeric tube reinforced with rings.

Three-Chambered Actuator (3CA) is formed by bundling three RRAs together in a parallel

formation.



This thesis comprises of material characterization, a detailed computational study on RRA,
3CA and SPL, and a discussion on future work. In particular, chapter 2 describes the
biological inspiration for the development of soft robotics arm, prior work on soft robotic
actuators and soft robotic arms. Chapter 3 is focused on characterizing the hyperelastic
silicone rubbers with shore hardness 10A, 20A and 30 A. Uniaxial tensile strength test is
conducted on these materials as per ASTM D638-02a standards and the data obtained is
curve fitted with various hyperelastic models to obtain material coefficients for
computational modeling. Chapter 4 describes the various design requirements for the
development of the arm. Chapter 5 describes various geometrical and physical parameters
of the RRA. Computation modeling performed to understand the effect of variation of each
parameter and fabrication process of the RRA. To evaluate the accuracy of the
computational model linear expansion test is performed and to study the operational life of
these actuators fatigue test is performed. Chapter 6 describes the parameters of 3CA,
computational modeling performed by varying the parameters to understand the behavior
of the 3CA, Fabrication process of the 3CA, bending angle test performed to study the
accuracy of the computation model is also explained. Chapter 7 explains the accuracy of
the computational model of the arm by performing an arbitrary pose test. Chapter 8

summarizes the contributions of this thesis and discusses the future work.



CHAPTER 2

BACKGROUND

Biological Inspiration

M S

(a) Earthworm (b) Starfish (c) Jellyfish

(JOEL SARTORE, NATIONAL GEO- (NNICK HOBGOOD, {DAN, WIKIPEDIA COMMONS)
GRAPHIC PHOTO) WIKIPEDIA COMMONS)

Figure 3: Animals with fluid-filled, hydrostatic skeletons.

Invertebrates such as arthropod, mollusk, worms, etc., do not have a vertebral column.
Some of these animals like earthworms (figure 3(a)), starfish (figure 3(b)), jellyfish (figure
3(c)), etc., have fluid-filled, hydrostatic skeletons. Hydrostatic skeletons are long
cylindrical fluid-filled cavities surrounded by a muscular wall that is reinforced with
connective tissue fibers (Trivedi et al., 2008). Contractions of the circular muscles increase
the length of the organism’s body and contractions of the longitudinal muscles decrease
the size of the organism’s body. The fluid in these skeletons is often water, and it allows
these organisms to move around easily, but if they expand their body too much they would

collapse under their own weight.



(a) Trunk of an Elephant (b) Arms and Tentacles of a Squid

(GODUTCHBABY, FLICKR) (HANS HILLEWALRT, WIKIPEDIA COMMONS)

(c) Tongue of a Dog (d) Arm of an Octopus
(ELDADCARIN, GETTY IMAGES) (STAFE,WWW.LIVESCTENCE.COM)

Figure 4: Animals with muscular hydrostats.

Trunk of an Elephant (figure 4(a)), arms and tentacles of a squid (figure 4(c)), tongue of a
dog (figure 4(c)), arms of an octopus (figure 4(d)), are a type of invertebrate structures
which consists mainly muscles with no skeletal support. These structures are termed as
“muscular hydrostats” and assist the animals to manipulate items. Their compliant motion
is due to the arrangement of the muscles which generates force for the movement and also
acts as a skeleton to offer support. The biomechanics and the abilities demonstrated by
these muscular hydrostats (KIER & SMITH, 1985), such as elephant trunks, octopus arms

and squid tentacles have inspired research activity in soft continuum robots.



Soft Robotic Actuators

Robots require a mechanism for actuating the rigid links, usually an actuator that provides
the motion, torque, force, etc. However, in the case of soft robots, the actuators act as the
body of the robot. Different soft actuators are described by their principle of operation,
such as electroactive polymer (EAP) actuators (Bar-Cohen, 2000), shape-memory alloy
(SMA) actuators (Huang, 1998), pneumatic artificial muscles (Klute, Czerniecki, &
Hannaford, 1999), PneuNets Bending actuators (Polygerinos et al., 2013), reinforced
actuators (Polygerinos et al., 2015).

Electroactive Polymer Actuators

Electroactive polymers (EAP) are polymers that can change their shape or size in response
to the electrical stimulus (Samatham et al., 2007). EAPs are mainly classified as electronic

EAPs, ionic EAPs and non-ionic EAPs based on the actuation mechanism.

Polymer film
stretched on a Bottom
rigid frame
electrode

Top ~ /
electrode
y
Rigid L> X

frame Voltage off Voltage on

T
s |

| Voltage off _ Voltage on
Figure 5: Components of dielectric elastomeric actuators and its expansion when the

voltage is turned on (Pelrine, 2000).



Dielectric Elastomer Actuator as shown in fig. 5 is a type of electronic EAP, it is made
usually by coating dielectric elastomer on both sides, with a compliant electrode material
(Pelrine, 2000).When an electric field is applied across the two parallel plates of a
capacitor, the coulombic forces between the charges generate a stress called the Maxwell
stress, causing the electrodes to move closer which makes the elastomer to expand in the
lateral direction (Kofod, 2001). lonic polymer-metal composite (IPMC) soft actuator
consists of an ionic EAP layer sandwiched by two metal electrodes and when a voltage is
applied to the electrodes of the actuator, it bends towards the anode direction because the
hydrophilic positive ions move towards the cathode (Samaranayake, Preethichandra,
Alahakoon, & Kaneto, 2007).

Shape Memory Alloy Actuators

Shape Memory Alloy (SMA) actuator has the ability to memorize and recover its original
shape after it is deformed by heating over its transformation temperature (Huang, 1998).
This ability of the SMA is due to shape memory effect. There are two common shape
memory effects in SMA actuators they are, one-way shape memory effect, in which the
deformed shape memory alloy metal returns to its original position when heated above the
transition temperature and two-way memory effect, in which the material remembers two
shapes at two different temperatures usually one at low temperature and one at high
temperature. In two-way memory effect, the material is trained to remember both heating

and cooling states (Coral, Rossi, Colorado, Lemus, & Barrientos, 2012).



Pneumatic Artificial Muscle Actuators
The first pneumatic artificial muscle was developed based on a pneumatic device that was
developed in 1950’s as an orthotic appliance for polio patients by J.L.McKibben (Ching-

Ping Chou & Hannaford, 1996).

(a) Pressurized pneumatic artificial muscle

(b) Pneumatic artificial muscle in an unpressurized state

Figure 6: Pneumatic Artifical Muscle actuator (Doumit, Fahim, & Munro, 2009).

The McKibben muscle consists of rubber inner tube covered with a shell braided helical
mesh made of flexible yet inextensible threads and clamped on both ends as shown in fig.
6. When the internal bladder is pressurized, the high-pressure gas increases the volume of
the artificial muscle as it is inextensible because of the braided shell. As the volume

increases, the actuator shortens and produces tension if it is coupled to a mechanical load.



PneuNets Bending Actuators

pending actuator in an
unpressurized state

(b) PneuNets bending actuatorin a
pressurized state

Figure 7: PneuNets Bending Actuator (llievski, Mazzeo, Shepherd, Chen, & Whitesides,

2011).

PneuNets Bending Actuators consists of a series of parallel chambers embedded in
elastomers as repeating components as shown in fig.7(a) when pressurized the channels
expand in regions that have the lowest stiffness. As the PneuNets are pressurized, in each
of the single chamber the expansion in the regions having the lowest stiffness causes the
chamber to bend around the axis of the channel as shown in fig. 7(b). As PneuNets bending
actuator consists of a series of parallel chambers it causes an additive effect and the
actuator bends and using this phenomenon the actuator can generate complex shapes

(Mievski et al., 2011).
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Reinforced Actuators

Reinforced Actuators are soft actuators which are made by using a combination of an
elastomeric (hyperelastic silicones) inner tube and inextensible material (fabrics and
fibers) to reinforce the elastomeric chamber. Different variations in the wrapping of

inextensible materials lead to various kinds of motion of the reinforced actuators.

(a) cross section
(mm)

(c) finger cross section (d) longitudinal cut

(a) PneuFlex actuator (b) Fiber-Reinforced actuator

Figure 8: Reinforced Actuators (Deimel & Brock, 2013) (Galloway, Polygerinos, Walsh,

& Wood, 2013).

As shown in fig. 8(a) PneuFlex actuator consists of two layers, active layer and passive
layer. The active layer elongates more than the passive layer due to their physical and
material properties, which causes the actuator to bend (Deimel & Brock, 2013). Fiber
Reinforced Elastomeric Enclosures (FREES) (Bishop-Moser, Krishnan, Kim, & Kota,
2012) are an example of reinforced actuators, these actuators consist of an inner latex tube
which is reinforced using fibers made of cotton thread and based on the type of winding
of the fiber the actuator performs different motions like axial extension, bending, twisting,
rotating, etc.,. Fiber reinforced (FR)(Galloway et al., 2013) actuators consist of an inner

tube with a semicircular cross-section, to which reinforcements are added on the surface
11



as shown in fig.8(b). A fiberglass is glued to the flat surface to limit the strain which would

allow the actuator to bend when pressurized.

Continuum Robotic Manipulators

Continuum robotic manipulators can be viewed as “invertebrate” robots, as compared with
the “vertebrate” design of conventional rigid link robots (Walker, 2013). These robotic
manipulators can perform various motions like extension, contraction, twisting, and
bending. Continuum robotic manipulators are classified based on their actuation methods

as follows:

a) Tendon Driven Robotic Manipulators
b) Pneumatic Robotic Manipulators
c) Hybrid Manipulators

Tendon Driven Robotic Manipulators

Cable-driven soft arm.
The Artificial Muscular Hydrostat (M. Cianchetti et al., 2011) consists of four longitudinal
muscles and parallel transverse muscles whose number depends on the length of the arm.
The arm elongates when the transverse muscles are squeezed, and the longitudinal muscles
are relaxed. It contracts when all the longitudinal muscles contract and the transverse
muscles are relaxed. The arm also bends by contraction of any one of the longitudinal
muscles depending on the direction of required motion, and the contraction of the
transverse muscles by a little bit in order to produce correct bending by ensuring that the

diameter of the arm remains constant.

12



Figure 9: Soft Arm (Giorelli et al., 2015).

Using these concepts of artificial muscular hydrostat, a cable-driven soft arm (Giorelli et
al., 2015) has been developed by casting a silicone cone and embedding two inextensible
cables with a diameter of 0.1 mm as shown in fig. 9. The total length of this arm is around
280 mm, maximum radius is 14 mm, minimum radius is 7 mm, cable distance of 2 mm
and young modulus of 60 kPa.

Multi-backbone continuum arm.

+ Spacer Disks * End Disk
* NiTi Beams « NiTi Tubes
iBase Disk

Detachabl y
ctachable Distal segmentl B

Gripper IProximal segmelg\ T

Figure 10: Multi-Backbone Continuum Arm (Xu & Simaan, 2010).

The multi-backbone continuum arm is a two degree of freedom robot composed of a base
disk, end disk, several spacer disks and four super-elastic NiTi tubes (Simaan, Taylor, &

Flint, 2004) as shown in fig. 10. The tubes running through the disks are called the
13



backbones of this multi-backbone continuum arm. One tube is at the center and remaining
tubes are equidistant from the tube at the center. The tube at the center is attached to the
base disk, end disk and to spacer disks, while all other tubes are attached only to the end
disk and are free to slide or bend through holes in the base and spacer disks. Tube at the
center is called primary backbone and all other tubes are called secondary backbones. The
secondary backbones are used for actuating the multi-backbone continuum arm. This arm
is capable of bending in any direction, which provides highly precise and accurate motions.
The multi-backbone continuum arm is 4.2 mm in diameter, 28 mm in length and the NiTi
tubes are 0.66 mm in diameter. Two secondary backbones are manually actuated, and the
bending angle made by the arm is more than 70° sideways while applying forces larger
than 1 N at the tip. The main application of this arm is minimally invasive surgeries

(Simaan et al., 2009).
Pneumatically Driven Robotic Manipulators

OctArm.
The OctArm is a highly dexterous soft robotic manipulator which is designed and
constructed with the inspiration from the structure, mechanics, and movements of the
octopus arm (Walker et al., 2005). OctArm | consists of McKibben air muscles, which help
in the movement of the arm. It has a total of 18 McKibben air muscles which help the arm
to achieve different shapes and reach various positions based on the pressurization of
different muscles. The 18 muscles are distributed between four segments, where first two
segments have 6 actuators arrayed about the central axis and the last two segments have 3
actuators each. The actuators are arranged in this fashion so that the tapering angle of the

arm is identical to the tapering angle of an octopus arm. The outer covering and the muscles
14



connected to each other prevent the radial expansion and only allows longitudinal
expansion, and by pressurizing different muscles separately, bending in the arm can be
achieved. The OctArm | (figure 11(a)) manipulator has a length of 110 cm, weighs 18 N
and has an inflation pressure range of 2-9 bar. It can lift a maximum vertical load of 12 kg

and a transverse load of 0.5 kg

® ocTaRy
¢ :;;’;\ Bmmirxcs l/

<3OFT ROBOTIC MANIPULATOR £
.

(a) OctArm 1 (b) OctArm V

(c) OctArm IV

Figure 11: Different versions of OctArm (Walker et al., 2005) (McMahan et al., 2006)

(McMahan et al., 2006).

OctArm air muscle actuators have five design parameters namely, length, outer radius, tube
elastic modulus, mesh angle, wall thickness. The values for these design parameters are
selected based on various design requirements to provide higher extensibility with the

desired elastic modulus and these parameters are tabulated in Appendix A.
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OctArm IV (figure 11(c)) is divided into four sections and it has 12 degrees of freedom as
each section has 3 degrees of freedom. In OctArm IV six actuators are used in sections one
and two and three actuators are used in three and four. OctArm IV has a maximum pressure
of 4.13 bar. OctArm V (figure 11(b)) is divided into three sections and it has 9 degrees of
freedom as each section has 3 degrees of freedom. OctArm V has 6 actuators in section
one and 3 actuators in sections two and three. OctArm V has a maximum actuation pressure
of 8.27 bar. Two adjacent actuators in each section of these arms are considered as a
channel. Various tests were performed on these OctArms by pressurizing different
channels to get different values and the performance measurements are tabulated in

Appendix A (McMahan et al., 2006).

Spatial fluidic elastomer manipulator.

Figure 12: Spatial Fluidic Elastomer Manipulator (Marchese & Rus, 2015).

16



The soft spatial manipulator (figure 12) is made entirely from silicone rubbers, it comprises
of serially concatenated modular segments. Each modular segment has two degrees of
freedom and can move in three spatial dimensions. It is 50 c¢m long and has a mass of 0.6
kg. Many experiments are performed on the arm to show the compliance, durability,

temperature resistance characteristics of the arm (Marchese & Rus, 2015).

Bionic Handling Assistant.
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Figure 13: Bionic Handling Assistant (Mahl, Hildebrandt, & Sawodny, 2014).

Bionic Handling Assistant(BHA) as shown in figure 13, is a biomimic continuum robot
completely made of polyamide (Mahl et al., 2014). Each section of BHA consists of three
components for spatial movement, they are base, actuator and a head region. The base and
head regions are rigid plates that provide section’s connectivity and actuator region is
located in between these plates. Each section consists of three independently controlled
pneumatic actuators arranged parallelly. These pneumatic actuators have a tapering angle
of 4.5°, which gives the conical shape to the arm. The actuation of these actuators displaces
the gripper by an angle of up to 30° andthe arm can extend from 70 cmto 1.10 m (Grzesiak,

Becker, & Verl, 2011).
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Hybrid Robotic Manipulators

KSI tentacle.

Figure 14: KSI tentacle (Immega, Antonelli, & Ko, 1995).

The KSI Tentacle developed by Kinetic Sciences Inc. is a robotic manipulator based on the
tentacles found in nature. The tentacle consists of a pneumatic/hydraulic bellows actuator,
six tendons, a motor deck housing six tendon servo winches and optionally a gripper and a
rotating wrist that can be attached at the distal end. The shape of the bladder segments has
been computer-optimized to exhibit negligible shear stress in the membrane (Immega et
al., 1995). Bellows of the KSI tentacle are manufactured using non-stretchable and flexible
materials, which demonstrate the tentacle’s overall stiffness and its extension. KSI can
extend/contract using pneumatic\hydraulic bellows, contract and bend with the help of
tendons.

The KSI tentacle can extend more than five times its contracted length. It can raise a load
of 20 /b. vertically and maneuver 10 /b. load anywhere in its workspace. It can hold an
object as small as 3.5 inches in diameter. The KSI tentacle can curve more than 90° in any

direction and it has a payload capacity of 30 /b., 20 /b., 10 /b. at a horizontal extension of
18



8 inches, 20 inches, 40 inches respectively. Applications of KSI tentacle are nuclear
decontamination of a hot cell (Immega et al., 1995), general material handling, agricultural

harvesting, robotic refueling, etc.,

STIFF-FLOP manipulator.

Trocar

3 connected
STIFF-FLOP
modules

Figure 15: CAD model of a STIFF-FLOP manipulator (Matteo Cianchetti et al., 2013).

The STIFF-FLOP manipulator is designed to present elongation, squeezing, bending and
to show stiffness changing capability (Matteo Cianchetti et al., 2013). The STIFF-FLOP
robotic manipulator has three identical modules, each module of the manipulator consists
of an elastomeric cylinder with three equally spaced chambers embedded in a radial
arrangement and one central hollow cavity for granular jamming, placed in a braided
bellow-like structure. The bellow-like structure is created from a braided sheath which is
heated after creating folds to fix them. This sheath limits the radial expansion maximizing
the longitudinal expansion. For stiffness variation capability, granular jamming principle
is applied by using coffee powder as granular material and latex as containing membrane.
Stiffness tuning is done by changing the level of vacuum in the cavity for granular

jamming.
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Computational Modeling of Soft Robotic Actuators and Manipulators

E, Max. Principal

ax. Principal

+4.327¢-01
+3,947¢-01
+3.568¢-01
% +3.189¢-01

+2.809¢-01
+2.430e-01
+2,050¢-01

UE 2 o e G R W I WA
T T T

Figure 16: Bending response for the FEM actuator(top), Interaction of FEM actuator

with a contact(bottom) (Polygerinos et al., 2013).

Previously, different geometric parameters of pneumatic networks (PneuNets) such as the
height of PneuNet, length, wall thickness, number of PneuNets are validated by running a
number of simulations using a finite element method (FEM) based approach (Polygerinos
et al., 2013). The performance of final actuator’s design is studied using FEM. In all these
FEM simulations the elastomeric components are categorized as uniform solid elements
and inextensible paper layer as a shell element. Gravitational force is taken into account
and pressure is acting at all the internal faces of the PneuNets. Bending ability of these
actuators are assessed as shown in the fig. 16 and then experiments are conducted to

demonstrate the accuracy of the computational model.
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Figure 17: FEM modeled fiber-reinforced bending actuator(top), Bending response of a

FEM actuator(bottom) (Polygerinos et al., 2015).

Geometrical parameters and design variables that can affect the behavior of Fiber-
Reinforced actuators are identified. An analytical model that captures the relationship
between bending angle, input pressure and output force is developed. The response of the
actuator when pressurized was studied using the insights provided by the analytical model
(Polygerinos et al., 2015). A FEM model is constructed by modeling the elastomeric
components of the actuator as solid tetrahedral quadratic hybrid elements and the fiber
windings are modeled as quadratic beam elements. Bending response of the FEM actuator
was studied by applying pressure at all the inner faces of the cavity as shown in fig. 17. To

validate the analytic model and FEM models, experiments were performed.
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Figure 18: FEM simulations comparing the performance of the FEM model for two

different materials (Elsayed et al., 2014).

Computational modeling was performed to analyze the effect of the shape of the cross-
section of the chambers in a pneumatic actuator module with three pneumatic chambers
arranged in a triangular configuration (Elsayed et al., 2014). Comparisons were made
between two different materials, by running various simulations and determining the
bending angle of the tip of the module at different pressures as shown in fig. 18. The
accuracy of the FEM model was evaluated against the data from an experiment of one-

degree bending by actuating a single chamber.
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Figure 19: Parameters of a linear actuator, FEM and experimental results of linear and

bending actuator (Moseley et al., 2016).

An open-source simulation and design tool for soft pneumatic actuators using finite
element method are made to available to the robotics research community (Moseley et al.,
2016). This tool allows to create user-defined geometry and automates the process of
creating geometry, meshing and applying boundary conditions. Computational modeling
is performed on quarter-symmetry for linear actuator and half-symmetry for bending
actuator to expedite the process and reduce the cost of computation. In this model, gravity
is neglected due to the low mass of the actuators, and pressure is applied on the faces of
the inner surface. The accuracy of the FEM model is investigated for both linear and
bending actuator by comparing data obtained from experiments performed on linear and
bending actuators. An optimization code is used to determine the optimal values of
parameters based on the inputted performance characteristics of different geometric

parameters.
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Figure 20: Evaluation of deformation of units of HPN, load-bearing capacity, bending

trajectories and boundaries of HPN (Jiang et al., 2016).

HPN manipulator consists of a compressed honeycomb structure and pneumatic networks
(Jiang et al., 2016). Various variables affecting the performance are identified and their
impact is analyzed by using a computational model. Load bearing capacity of the HPN
manipulator is determined by performing simulations for 42 groups of wall thickness and
groove depth. Similarly, flexibility is determined by performing simulations using various
combinations of the wall thickness and groove depth. Experiments were conducted to find
out the deviation between the data obtained from simulations and experiment data for

flexibility and load-bearing capacity.
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CHAPTER 3
MATERIAL CHARACTERIZATION

In this thesis, hyperelastic silicone rubbers of shore hardness 10A (Dragon Skin 10,
Smooth-On Inc., PA), 20A (Dragon Skin 20, Smooth-On Inc., PA), 30A (Dragon Skin 30,
Smooth-On Inc., PA) are used to model the inner elastomeric tube of the ring-reinforced
actuator and sheath of the three-chambered actuator. Computational models are used to
study the effect of these materials on the axial elongation of the RRA and bending angle at
the distal end tip of 3CA. Digital ABS plastic material of shore hardness 85-87D is used to
model the ring reinforcements to study the effect of material properties of the ring
reinforcements on the axial elongation of RRA.

The properties of these hyperelastic materials are determined by performing either tension
or compression test in uniaxial, biaxial and planar directions. As the ring-reinforced
actuators are not subjected compression, a tensile test of the materials is only considered.
As biaxial testing requires specialized equipment, the uniaxial tensile test is considered.
Uniaxial tensile testing is performed using a dumbbell-shaped test specimen, fabricated

according to the ASTM D638-02a standards.
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Figure 21: Fabrication process of a dumbbell-shaped test specimen.

Fabrication of dumbbell-shaped test specimen is a single step process and it requires a mold
(figure 21(a)) with an impression of the dumbbell-shaped test specimen with specified
tolerances as per the ASTM standards (Appendix B). Two parts of silicone rubber are
mixed together at a 50:50 mass ratio, degassed and poured into a mold with the cavity
(figure 21(b)). Then the setup is allowed to cure at room temperature. After curing the

dumbbell-shaped test specimen is removed from the mold (figure 21(c)).

The uniaxial tensile test is performed using commercially available tensile testing
equipment (Instron 5944, Instron, Canton, MA). Five dumbbell-shaped test specimens of
each material are tested to determine the mechanical properties. Each specimen is extended
using the ASTM standards for Type IV specimens at a constant extension rate to rupture.
Experimental data obtained is used to calculate stress and strain of the material. The least
squares method is used to curve fit the experimental data with various hyperelastic models,
such as Yeoh (Yeoh, 1993), Ogden (Ogden, 1997), or Neo-Hookean models (Ogden,

1997), to obtain material property coefficients for computational modeling.
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U= 3% G (h=3)'+ 25 Ua— D (1)

The strain energy function shown in the equation 1 is called reduced polynomial model
(Ali, 2010) for elastomeric materials, where C;, D; are material constants, I; is the first
invariant of deviatoric strain, J,; is the elastic volume ratio and N is the number of terms
in the strain energy function.

The Yeoh model for elastomeric materials is obtained by limiting the number of terms in
the strain energy function to 3 and the equation for strain energy function of Yeoh model

is as given in equation 2.

U= %G Ui =3 + Tg U — DX 2)

where C;, D; are material constants and J,; is the elastic volume ratio.
The strain energy potential of Ogden model for elastomeric materials is given as shown in

equation 3, it is obtained by assuming that product of the three principal stretches is 1 for

incompressible materials (Ali, 2010).
R R R Y AT (AL V)

where D; is material constant, ., is the elastic volume ratio, y; is the initial shear modulus,
«a; is the fitting parameter , N is the number of terms in strain energy function and A, 1, A5
are three principal stretches.

Neo-Hookean Model is obtained as given in equation 4, by limiting the number of terms
in strain energy function to 1 and the fitting parameter «; is set to a value 2 in the Ogden

model (Ali, 2010).
U= (A" + 2" + 245" - 3) (4)

where y; is the initial shear modulus and A, 1,, 15 are three principal stretches.
27



Uniaxial Data p S/
= = Uniaxial Fit
08 e = Biaxial Fit /A S/
=» = Planar Fit , P

0.6- , ey

0.4- ,

Nominal Stress (*/_ -)
N,

/

0.0+ /
0

Engineering Strain

Figure 22: Stress-Strain curves for silicone of shore hardness 10A.

Curve fitting the experimental data obtained for the material with shore hardness 10A with
the above mentioned hyperelastic models, Ogden 3rd model demonstrate the most suitable
fit using an R? coefficient. Fig. 22 shows the stress-strain curves for the silicone with shore
hardness 10A. The material coefficients obtained after testing silicone with shore hardness

10A are: u1 = 0.1802, al = -0.1997, u2 = -0.5538, a2 = 1.4793, u3 = 0.4099, a3 =

1.8837, D1 =2.2373, D2 =0, D3 =0.
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Figure 23: Stress-Strain curves for silicone of shore hardness 20A

Experimental data obtained for the material with shore hardness 20A is curve fitted with
hyperelastic models and Ogden 3rd model demonstrates the most suitable fit using an R?
coefficient. Fig. 23 shows the stress-strain curves for the silicone with shore hardness 20A.
The material coefficients obtained after testing silicone with shore hardenss 20A are: 1 =

1.3077, al = 1.1087, u2 = -2.3497, a2 =-0.0317, u3 = 1.2075, a3 = -1.6291, D1 =

04900, D2 = 0, D3 = 0.
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Figure 24: Stress-Strain curves for silicone of shore hardness 30A

Experimental Data obtained for silicone with shore hardness 30A is curve fitted with

hyperelastic models and Ogden 3rd model is the best fit based on R? coefficient value. Fig.

24 shows the stress-strain curves for silicone with shore hardness 30A. The material

coefficients obtained from curve fitting are: y1 = 1.1806, a1 = 1.0698, u2 = 0.8743, a2

=-1.2370, u3 =-1.9396, a3 = 0.1347, D1 = 0.7029, D2 = 0, D3 = 0.
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CHAPTER 4
DESIGN REQUIREMENTS OF THE SOFT POLY-LIMB

The Soft Robotic Arm, SPL, was developed to cater the needs of people with medical
conditions such as cerebral palsy, cervical spondylotic myelopathy (CSM), etc., which
affects the functioning of limb and lead to difficulties in performing activities of daily
living.

Prior research studies have shown that central nervous system of humans is capable of
accepting and learning to control additional limbs (Guterstam, Petkova, & Ehrsson, 2011)
(Tsakiris & Carpenter, 2010). In recent studies, focus groups are assembled to understand
the user’s expectations and concerns regarding the usage of soft robotic limbs (Sada,
Khamis, & Kato, 2017). The participants of these studies reported that soft robotic limbs
should be comfortable to don and doff, be light in weight. For this reason, the maximum
limit for the weight of the arm is set as 2 kg

Anthropometry of humans shows that the length of an average male arm (Plagenhoef,
Gaynor Evans, & Abdelnour, 1983) from the shoulder to the center of the wrist is 590 mm.
The SPL is designed to approximately match the length of the arm. So, the desired length
of SPL is 600 mm. The actuators of SPL should be pneumatically driven to reduce the
number of mechanical components required.

Activities of daily living include feeding ourselves, drinking water, homemaking. To
perform these activities, the minimum payload capacity at the tip of the arm is desired to
be 0.5 kg The SPL is segmented and attached together using modular connector pieces to
achieve more degrees of freedom, and the desired number of segments is 3. Arms of the

octopus, trunk of the elephant are tapered and similar to this, tapering is desired for SPL.

31



Table 1: Design requirements of the Soft Poly-Limb.

S. No Requirement Requirement Type Desired Value
1 Weight Physical < 2.0 kg
2 Length Physical 0.60 m
3 Actuation Method Physical Pneumatic
4 Tapering of SPL Physical Yes
5 Payload Capacity Functional > 0.5 kg
6 Wearable Functional Yes
7 Durability of RRA Functional > 1 million cycles
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CHAPTER 5

RING-REINFORCED ACTUATOR

Modeling of RRA

Ring-Reinforced Actuator (RRA) consists of an inner elastomeric tube and reinforcement
rings. The inner elastomeric tube when pressurized by air, the reinforcement rings restrict

the radial expansion and the actuator elongates in the axial direction.

: @ Length
\“‘\ @ Top Radius
| ' (3) Bottom Radius
\ @ Ring Thickness
@ Wall Thickness

End Cap Thickness

@ RRA Material
Figure 25: Design parameters of a Ring-Reinforced Actuator.

The list of geometric parameters and design variables involved in designing the ring-
reinforced actuators are Length, Top radius, Bottom radius, Ring material, Ring count,
RRA material, Ring thickness, Ring inner radius, Wall thickness, End cap thickness, as
shown in fig. 25.

To analyze the effect of each design parameter on the axial elongation of RRA, FEM model
is constructed, and simulations are performed with a commercially available software suite
named, ABAQUS/CAE 6.14-4 (Simulia, Dassault Systemes). The inner elastomeric tube

and reinforcement rings of the RRA, connected by tie constraints, are modeled using solid
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tetrahedral quadratic hybrid elements (ABAQUS element type C3D10H). Due to the low
mass of the RRA, gravitational force is not considered in the FEM model. The dynamics
of air flowing into the inner elastomeric chamber is disregarded, an inlet for the air into the
tube is not taken into account and air pressure is applied to all the faces of the chamber in
the RRA. Air pressure applied to the walls of the chamber is ramped up linearly in small
steps of time. The criterion for determining the optimal value of the design parameters is
explained below.
Length
The length of the RRA is termed Length and is denoted by ‘I’. The desired length of SPL
is 600 mm and the desired number of segments is 3. So, the Length is set as 160 mm
providing appreciable space for attaching segment connectors to each segment.
Bottom radius
Cross-sectional radius of the bottom of RRA is termed Bottom radius and is denoted by
'r,". Bottom radius of last segment RRA is set to 9 mm due to the manufacturing limitations
of fabricating ring-reinforced actuators. Bottom radius of the other segment RRAS is
calculated using the formula given in equation 5.

("p)n = (Tn+1 ®)
where, n = number of the segment (n =1 to 3, 1 implies first segment and 3 implies the last

segment of the arm).
. = Top radius (section 5.1.3).

r, = Bottom radius.
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Top radius
Cross-sectional radius of the top of RRA is termed Top radius and is denoted by 'r,’. Top

radius of RRA of each segment is calculated using equations 6 and 7.

(r), = L2 6)

tr
(T)n = ()3 + (5% (@)1 — (b)) (7)
where, t,. = Ratio of the Bottom radius of the last segment RRA to the Top radius
of the first segment RRA (section 6.1.2),
n = number of the segment (n = 1 to 3, 1 implies first segment and 3 implies last
segment of the arm),
r; = Top radius,
1, = Bottom radius.
Ring material
Existing Kevlar reinforced actuators are prone to large stress concentrations at the
reinforcement contact points on the elastomeric inner tube leading to the reduced
operational lifecycle. To increase the operational lifecycle, investigations on the
performance of the reinforced actuators with helical, double helical reinforcements made
out of stiffer polyurethane rubber (PMC 790, Smooth-On Inc.,) were conducted, but due to
laborious and arduous manufacturing process involved in making these reinforcements,
ring-based reinforcements made of digital ABS plastic material (Young’s modulus, E =
2,620 MPa; Poisson’s ratio, v = 0.35) are chosen instead of helical reinforcements. Digital

ABS ring reinforcements reduce the problems involved in fabricating reinforcements and
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increase the contact surface area between the reinforcements and the surface of the inner

elastomeric tube.

Ring count

Number of reinforcing rings on RRA is termed Ring count and denoted by 'n,’. To
investigate the Ring count required to maximize axial elongation, the material properties
of the inner elastomeric tube in the FEM model are varied with properties of silicone of
shore hardness 10A, 20A and 30A. Material properties of digital ABS plastic are used for
reinforcement rings in the FEM model. All other design parameters are set with arbitrary
values as shown in table 2.

Table 2: Number of nodes and elements of FEM models used to study the effect of ring
count.

Length  Normalized RRA Number Element Number
(mm) Ring Count Material of Type of
Nodes Elements
160 0.125 Shore 10A Silicone 175566 C3D10H 113528
160 0.250 Shore 10A Silicone 203219 C3D10H 126919
160 0.375 Shore 10A Silicone 231021 C3D10H 140423
160 0.500 Shore 10A Silicone 259067 C3D10H 154135
160 0.625 Shore 10A Silicone 286595 C3D10H 167375
160 0.125 Shore 20A Silicone 175566 C3D10H 113528
160 0.250 Shore 20A Silicone 203219 C3D10H 126919
160 0.375 Shore 20A Silicone 231021 C3D10H 140423
160 0.500 Shore 20A Silicone 259067 C3D10H 154135
160 0.625 Shore 20A Silicone 286595 C3D10H 167375
160 0.125 Shore 30A Silicone 175566 C3D10H 113528
160 0.250 Shore 30A Silicone 203219 C3D10H 126919
160 0.375 Shore 30A Silicone 231021 C3D10H 140423
160 0.500 Shore 30A Silicone 259067 C3D10H 154135
160 0.625 Shore 30A Silicone 286595 C3D10H 167375
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Number of reinforcement rings on the RRA in the FEM model is varied using the equation

8.
n, = — Xr (8)

where, [ = length of the actuator,

d,- = diameter of the ring,

r =normalized ring count.
For example, if the length of the actuator = 160 mm, diameter of the ring is 2 mm and
normalized ring count is 0.25 then the number of rings calculated using equation 8 is 20.
Normalized ring count is the ratio of number of rings with set diameter to the maximum
number of rings with set diameter possible without intersection. Simulations are performed
using FEM model with Ring count calculated using normalized ring count of 0.125, 0.250,
0.375, 0.500, 0.625. The scale for the magnitude of the displacement for every model and
the FEM simulation results are shown in figure 27 and 28, for silicone with shore hardness

10A, 20A and 30A.
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(b) Shore 10A Silicone RRA with normalized ring count 0.250

(c) Shore 10A Silicone RRA with normalized ring count 0.375

(d) Shore 10A Silicone RRA with normalized ring count 0.500

(e) Shore 10A Silicone RRA with normalized ring count 0.625
Figure 27: Displacement contours of shore 10A silicone RRA FEM model for different

normalized ring counts.
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(a) Shore 20A Silicone RRA with normalized ring count 0.12 (a) Shore 30A Silicone RRA with normalized ring count 0.125

i
i

(b) Shore 20A Silicone RRA with normalized ring count 0.250 (b) Shore 30A Silicone RRA with normalized ring count 0.250

(c) Shore 20A Silicone RRA with normalized ring count 0.375 (c) Shore 30A Silicone RRA with normalized ring count 0.375

(d) Shore 20A Silicone RRA with normalized ring count 0.500 (d) Shore 30A Silicone RRA with normalized ring count 0.500

(e) Shore 20A Silicone RRA with normalized ring count 0.625 (e) Shore 30A Silicone RRA with normalized ring count 0.625
Figure 28: Displacement contours of shore 20A silicone and shore 30A silicone RRA
FEM models for different normalized ring counts.

The axial elongation of the RRA for each simulation is calculated from the results obtained
by simulating FEM models (figure 28) of the actuator reinforced with different normalized
ring counts. These calculated values of axial elongation are normalized and plotted against
normalized ring count as shown in figure 26. From data, it can be observed that there is a
gradual increase in axial elongation from normalized ring count 0.125 to 0.500 and
decrease in elongation from normalized ring count 0.5 to 0.625, but the increase in
elongation from normalized ring count 0.375 to 0.5 is 0.43 % for shore 10A silicone, 0.95
% for shore 20A silicone, 0.1 % for shore 30A silicone. Therefore, the normalized ring
count 0.375 is chosen to calculate the number of reinforcement rings required as it reduces
the number of rings on each actuator and the overall weight of the arm compared to the
normalized ring count 0.5.

RRA Material

The material of the inner elastomeric tube termed RRA Material is varied in the FEM

model to study its effect on the axial elongation of the RRA. Values of parameters such as
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Length, Ring count, Ring material in the FEM model are set as discussed in previous

sections (table 3) and all other parameters are set arbitrarily.

Table 3: Number of nodes and elements of FEM models used to study the effect of RRA
material.

Length Normallzed RRA Ring Number  Element NI
(mm) Ring Material Material  of Nodes Type ol
Count Elements
160 0.375 Shore10A  \gg 231021 C3D10H 140423
Silicone
160 0.375 Shore20A  Apg 231021 C3D10H 140423
Silicone
160 0.375 Shore 30A  \gg 231021 C3D10H 140423
Silicone

The results obtained from simulations of these FEM models are used to calculate the axial
elongation of RRA and normalized extension values are plotted against normalized
pressure as shown in figure 29. The graph shows that FEM model with shore 10A silicone
material has a higher axial extension at a normalized pressure of 0.25 when compared to
the plots of other silicone FEM models. FEM model with shore 10A silicone RRA has
higher normalized extension followed by shore 30A silicone and shore 20A silicone as
shown in figure 30. The extension of RRA FEM model with shore 30A silicone is higher
than the FEM model with shore 20A silicone as the tensile strength of shore 20A silicone

is higher.
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Figure 29: Normalized extension vs. normalized pressure plot for RRA with silicone of
shore hardness 30A, 20A and 10A.
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(c) Shore 10A Silicone at Normalized Pressure = 0.25
Figure 30: Displacement contours of RRA with silicone of shore hardness 10A, 20A and
30A FEM model for different normalized pressures.

The tensile strength of materials investigated for the inner elastomeric tube 475 psi, 550
psi, 500 psi, for shore 10A silicone, shore 20A silicone, and shore 30A silicone
respectively. The results from simulations show that materials with lowest tensile strength

have highest axial elongation. To increase the robustness of the RRA, shore 30A silicone
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is chosen as the material for the inner elastomeric tube as it delivers the best compromise

between tensile strength, axial elongation and actuation pressure.

Ring Thickness

The thickness of the ring is termed Ring Thickness and is denoted by ‘d,’. The Ring
Thickness is varied in the FEM model for studying its effect on the axial elongation of
RRA. In the FEM model, digital ABS plastic material’s properties are assigned to ring
reinforcements and shore 30A silicone material’s properties are assigned to the inner
elastomeric tube. Normalized ring count is set as 0.375 and arbitrary values are set for all
other design parameters as shown in table 4.

Table 4: Number of nodes and elements of FEM models used to study the effect of
thickness of the ring.

Lenath Normalized Rin Number Element Number
( g) Ring RRA Material Mater%al Type of
1 Count Nodes yp Elements
160 0375  Slliconewithshore  \po 531051 c3p10H 140423
hardness 30A
160 0375  Slliconewithshore  \po 531307 c3p10H 142193
hardness 30A
160 0375  Slliconewithshore  \po ooo678  c3p10H 155424
hardness 30A

Simulations are performed, and the data obtained is used to plot normalized extension
against normalized ring thickness as shown in fig. 31. X-axis describes the normalized ring
thickness, where 1 describes the maximum thickness of the rings that can be placed on the
RRA without intersection. Y-axis describes the normalized extension, where 1 on the y-
axis describes the maximum extension achieved. The normalized thickness range of 0.1 to
0.4 is eliminated from the study due to the difficulties in manufacturing rings with smaller

thickness.
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Figure 31: Normalized extension vs. normalized ring thickness plot for RRA with silicone
of shore hardness 30A.
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(c) Normalized Ring Thickness of 0.8
Figure 32: Displacement contours of RRA with silicone of shore hardness 30A FEM
model for different normalized ring thicknesses.

The results from the simulations of finite element model (figure 32) show that as the

normalized ring thickness increases, the axial elongation of drops. So, the normalized ring
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thickness of 0.4 is chosen as the best value for to calculate the design variable Ring

Thickness.

Inner radius of the ring
The inner radius of the rings becomes incrementally smaller as they are designed to fit the
tapering size of the actuator. The inner radius of the ring varies as per the formula in the

equation below:

Xy = 27y + TETE ©

nr
where, x,. y = Inner radius of the 1, ring,
n, = number of rings,

1, = ring number (1 to 30 from the bottom of RRA to the top of RRA).

Wall thickness of RRA

The thickness of the walls of RRA is termed Wall thickness of RRA. It is varied in the
FEM model to study its effect on the axial elongation of RRA. All other design variables
and geometric parameters are set in the FEM models as shown in table 5.

Table 5: Number of nodes and elements of FEM models used to study the effect of Wall
thickness of RRA.

Length Norm_allzed Normalized RRA Number Element Number
(mm) R UEELL Material o Type 9
Count Thickness Nodes Elements
160 0.375 0.2 Shore 30A 191948 C3D10H 109673
Silicone
160 0.375 0333  SNOre30A  ,0s041 C3DIOH 121627
Silicone
160 0.375 0466  SNOre30A 01001 C3DI10H 140423
Silicone
160 0.375 0.6 Shore 30A ) hecg  C3D10H 148557
Silicone
160 0.375 0733  Snore30A . co89  C3D10H 152649
Silicone
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Figure 33: Normalized extension vs. normalized wall thickness plot for RRA with silicone
of shore hardness 30A.

(a) Normalized Wall Thickness of 0.200

(b) Normalized Wall Thickness of 0.333

(c) Normalized Wall Thickness of 0.466

(d) Normalized Wall Thickness of 0.600

(e) Normalized Wall Thickness of 0.733

Figure 34: Displacement contours of RRA with silicone of shore hardness 30A FEM
model for different normalized wall thicknesses.

U, Magnitude

+1.700e+02
+1.558e+02
+1.417e+02
+1.275e+02
+1.133e+02
+9.917e+01
+8 500e+01
+7.083e+01
+5.667e+01
+4.250e+01
+2.833e+01
+1.417e+01
- +0.000e+00

45



In fig.33, normalized wall thickness is plotted on the x-axis and normalized extension is
plotted on the y-axis and the curve is a decreasing exponential curve. From the graph, the
axial elongation of RRA decreases as the Wall thickness of RRA increases at the same
actuation pressure. So, to achieve the best compromise between maximum actuation
pressure and maximum elongation of the actuator a normalized wall thickness of 0.466 is

chosen.

End cap thickness of RRA

The thickness of the caps at both ends is termed as End cap thickness of RRA and it is
varied to study the effect of thickness of the cap on the axial elongation of the RRA. In the
FEM model, digital ABS material’s properties are assigned to the ring reinforcements,
shore 30A silicone material’s properties are assigned to the inner elastomeric tube,
normalized ring count of 0.375 is used to calculate the Ring count, normalized wall
thickness is chosen to be 0.47 and all other design variables are set arbitrarily. The results
from the computational models are plotted as a graph as shown in figure 36.

Table 6: Number of nodes and elements of FEM models used to study the effect of End
cap thicknesses of RRA.

Length Normalized _ Number Element Number
(mm) Eqd Cap RRA Material of Type of
Thickness Nodes Elements
160 0.125 Shore 30A Silicone 225280 C3D10H 135593
160 0.25 Shore 30A Silicone 231021 C3D10H 140423
160 0.5 Shore 30A Silicone 222503 C3D10H 135219
160 0.75 Shore 30A Silicone 223824 C3D10H 137123
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Figure 35: Normalized extension vs. normalized end cap thickness plot for RRA with
silicone of shore hardness 30A.
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(d) Normalized End Cap Thickness of 0.750

Figure 36: Displacement contours of RRA with silicone of shore hardness 30A FEM
models for different normalized end cap thicknesses.

The graph (figure 35) shows a linear decrease in the axial extension as the end cap thickness
of RRA increases. So, the normalized end cap thickness of 0.25 is chosen as the RRA with
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normalized end cap thickness less than 0.25 has a ballooning effect at the ends and higher

end cap thickness reduces the extension of the actuator.

Summary of modeling of RRA

After performing various simulations to study the effect of each individual parameter on
the behavior of RRA, optimal values for the parameters are selected as per the design
requirements and are tabled in table 7. Length of the actuator is set to 160 mm to make the
SPL approximately to the length of a human arm. Silicone Material of shore hardness 30
A is set as the material for the inner elastomeric tube of the RRA to achieve higher axial
elongation and to retain the robustness of the RRA. Digital ABS plastic is used to fabricate
the rings to reduce the difficulties in the manufacturing of rings and to achieve higher
elongation with lower stress concentration at the contact surface. Normalized ring count of
0.375 is used to calculate the number of rings as it provides comparably higher elongation
with lesser number of rings leading to lesser weight of the RRA. Normalized ring thickness
of 0.400 is chosen as it provides the maximum axial elongation. Normalized wall thickness
of 0.466 is chosen to increase the robustness of the RRA by withholding higher actuation
pressure. Normalized end cap thickness of 0.250 is chosen to reduce the ballooning effect
at the end of the RRA and to achieve higher axial elongation.

Table 7: Optimal values for various design parameters.

S. No | Parameter Optimal Value/Material
1 Length 160 mm

2 RRA Material Shore 30A Silicone

3 Normalized Ring Count 0.375

4 Ring Material Digital ABS plastic

5 Normalized Ring Thickness 0.400

6 Normalized Wall Thickness 0.466

7 Normalized End Cap Thickness 0.250
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Fabrication of RRA

RRA Mold Cap Core 3CA Molds
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Figure 37: Fabrication process of SPL and its components.

To fabricate the Ring-Reinforced actuators, molds are modeled using a CAD software
(SolidWorks, Dassault Systemes, FRA) and fabricated using high spatial resolution 3D
printers (Objet350, Stratasys, MN and Fortus450, Stratasys, MN). The mold for fabricating
the inner elastomeric tube consists of four parts: a two-part shell, a frustum-shaped core,
and a cap, as shown in figure 37(a). The two-part shell is designed with extruded features
to create evenly spaced, incrementally smaller, semi-circular impressions on the inner
elastomeric tube of RRA for placement of the reinforcement rings. The frustum-shaped
core is designed to create a uniformly tapered chamber in the inner elastomeric tube and a
dowel pin is attached to the center of the bottom of the core to achieve the desired
concentricity within the mold. The top cap is designed to hold the two-part shell and the

core in place to create a uniform RRA during the curing process.
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Two parts namely Part A and Part B of the silicone of shore hardness 30 A are mixed as
per the ratio mentioned by the manufacturers, degassed to remove any air bubbles and then
poured into the cavity of the two-part shell, which are secured together firmly. Then the
frustum-shaped core is placed to create a cavity and the top cap is used to close the mold
and align the core to the center of the mold. The final setup is placed in an oven at 60 °C
to expedite the silicone mixture curing process.

The reinforcement rings are modeled using a CAD modeling software and 3D printed with
a digital ABS material (RGD531, Stratasys, MN) using an objet350 3D printer (Stratasys,
MN). The rings are made to fit the tapering of the inner elastomeric tube, thus becoming
incrementally smaller at each passing rung.

The 3D printed reinforcement rings are made to sit in the semi-circular impressions on the
cured inner elastomeric tube as shown in figure 37(b), then the core is removed from the

actuator and ends are capped to required thickness to complete the fabrication of the RRA.
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Evaluation of RRA

Linear Expansion Test
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Figure 38: Extension vs Pressure plot from FEM and experimental data of RRA.

To compare the results obtained from the simulations of quasi-static computational models
with the experimental data of the RRA, a linear extension test is performed. To perform
the linear extension test, an RRA is fabricated as explained in the previous section and a
small plastic attachment is 3D printed to limit the extension of the RRA to one direction.

The small plastic attachment is attached to the bottom of the RRA and it is mounted on a

fixture to hold the RRA with the top facing upwards and the bottom part fixed. Passive
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reflective markers are attached to the top and base of the RRA to obtain position data of
the RRA in real time with the aid of motion capture cameras. The actuator is pneumatically
pressurized in small increments up to a pressure of 206.8 kPa and data is collected for five
trails. Data obtained from the experiment is averaged and compared to the data obtained
from the simulations of FEM and data demonstrates a maximum displacement error of
0.54% at the bottom end of the actuator when fully extended, an RMS error of 5.1 mm on

the entire extension data.

Fatigue Test

To compare the operational life of Fiber-Reinforced actuators and the Ring-Reinforced
actuators, both the actuators are cyclically pressurized from 0 to 206.8 £Pa in an identical
test setup. Two actuators having identical geometrical parameters, identical material
properties for the inner elastomeric tube are cyclically pressurized and depressurized until
a dramatic increase or drop in the pressure, which indicates the failure of the actuators. The
results obtained from the experiment indicate that the Fiber-Reinforced actuators have an
average operational lifecycle of 130,000 cycles and the Ring-Reinforced actuators have an
average operational lifecycle of 1,100,000 cycles. These results indicate that RRAs have a
higher operational life than Fiber-Reinforced actuators. One of the reasons for this reduced
operational lifecycle of Fiber-Reinforced actuators is, the ring reinforcements in RRA’s
have larger contact surface area compared to the Fiber-Reinforced actuators which reduce
the stress concentrations at the intersections of the inner elastomeric tube and the

reinforcements.
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CHAPTER 6

THREE-CHAMBERED ACTUATOR

Modeling of 3CA

The three-chambered actuator consists of three RRA’s, an outer elastomeric sheath and an
elastomeric core. The three RRA’s are arranged in an equilateral triangular fashion with
uniform spacing between RRA’s and are enclosed by the elastomeric sheath, bonded by
the elastomeric core as shown in the fig. 39. 3CA has three degrees of freedom, one
translational and two rotational, which allows for better maneuverability of the soft robotic
arm. Pressurizing three actuators simultaneously leads to translational motion and
pressurizing any one actuator or two actuators simultaneously bends the 3CA towards the
remaining actuators as other actuators act as strain limiting agent limiting the elongation

of the actuator.

@ Actuator Spacing
@ Sheath Material

\@ @ Top Radius

@ Center hole diameter

Q,

Figure 39: Design parameters of 3CA.

The design variables and geometrical parameters involved in designing the three-
chambered actuators are Actuator Spacing, Taper Ratio, Sheath Material, Thickness of the

Sheath and Center Hole Diameter are shown in figure 39.
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A quasi-static FEM model of 3CA is constructed to analyze the effect of various design
parameters on the bending angle of 3CA using a software suite named, ABAQUS/CAE
6.14-4 (Simulia, Dassault Systemes). Bending angle is the angle made by the bottom face
of the 3CA with the top face of the 3CA. Normalized bending angle is the ratio of bending
angle of the actuator at certain air pressure over the maximum bending angle required (90°
in the case of SPL). The inner elastomeric tube and reinforcement rings of each RRA are
constrained with tie constraints, the sheath of the 3CA and RRAs are constrained using
another set of tie constraints. An ENCASTRE boundary condition is applied to the top face
of the 3CA, i.e., the top face of the RRA’s and the top face of the sheath. 3CA is meshed
using solid tetrahedral quadratic hybrid (C3D10H) elements. Pressure is applied to all the
faces of the chamber of two RRAs to bend the 3CA model and ramped up linearly in small
steps of time. Gravitational force is applied on to the whole model in the opposite direction
of bending. The dynamics of airflow and inlet for the air are not taken into account in these
FEM models. The thickness of the sheath is set to 2 mm, as the main purpose of the outer
sheath is to hold the RRAs in place and as prior investigations show that having higher
thickness effects the bending angle 3CA. The values for the design parameters are
determined based on the results from various simulation results of these finite element
models and criteria for selection of the values for the variables is explained in the following
sections.

Actuator Spacing

In a three-chambered actuator, three RRA’s are bonded together by an elastomeric sheath
and an elastomeric core. There is a uniform spacing between each actuator, this spacing is

termed Actuator Spacing and is denoted by 's’. To study the effect of spacing between the
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actuators on the bending angle of the three-chambered actuator, computational modeling
is performed using the FEM model discussed above. Initially, Shore 30A silicone
material’s properties are set to the sheath, a taper ratio (section 6.1.2) of 0.5 is used, optimal
values for design parameters of RRA are used as discussed in the previous chapter, and all
other parameters are set arbitrarily in these FEM models (table 8). The spacing of actuators

is varied from 3 - s mmto 9 - s mm, where an arbitrary value is chosen for s’

Table 8: Number of nodes and elements of FEM models used to study the effect of
actuator spacing.

Actuator Sheath Number of Element Tvoe Number of
Spacing (mm) Material Nodes yp Elements

3.5 Shore 30A 348390 C3D10H 197156
Silicone

6-s Shore 30A 376189 C3D10H 216092
Silicone

9-5 Shore 30A 415347 C3D10H 237455
Silicone

1 _
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Figure 40: Normalized bending angle vs. normalized pressure plot for actuator spacing
of 3-s mm, 6-s mm, 9-s mm.
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Figure 41: Displacement contours of 3CA FEM model for different values of actuator
spacing.

The results obtained from these models are used to plot normalized bending angle vs
normalized pressure as shown in figure 40. In fig.40, The red curve shows the normalized
bending angle vs. normalized pressure for the 3CA with 9- s mm spacing between actuators.
The blue curve shows the normalized bending angle vs. normalized pressure for the 3CA
with 6-s mm spacing between actuators. The black curve shows the normalized bending
angle vs normalized pressure for the 3CA with 3-s mm spacing between actuators. In fig.
40, 3CA with 9-s mm actuator spacing has more extension at same pressure when
compared to 3CA with 3-s mm actuator spacing and 6-s mm actuator spacing. The
difference in extension between 3CA with 6-s mm actuator spacing and 3CA with 3-s mm
actuator spacing is 9.426 %. The calculated mass of the 3CA with 9-s mm actuator spacing
is 7% higher than 3CA with 3-s mm actuator spacing and calculated mass of the 3CA with
6-s mm actuator spacing is 3.5% higher than 3CA with 3mm actuator spacing. One of the
important design requirement is to keep the weight of the arm below 2 &g, hence 3CA with
3-s mm actuator spacing over 3CA with 9-s mm actuator spacing and 3CA with 6-s mm

actuator spacing.
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Taper ratio

Taper ratio is the ratio of the bottom radius of the RRA of the last segment to the top radius
of the RRA of the first segment. It is denoted by ‘t,.”. To study the effect of taper ratio on
the bending angle of 3CA, the sheath is assigned shore 30A silicone material’s properties,
actuator spacing is set to 3-s mm, and the RRAs are assigned optimal parameter values as
discussed in chapter 5, and all other parameters are varied in the FEM model as shown in

table 9.

Table 9: Number of nodes and elements of the FEM models used to study the effect of
taper ratio.

Taper éctua}tor Sheath Nurr}ber Element Nun}ber
Ratio °Pacind Material 0 Type 0
(mm) Nodes Elements
025 3.5  Shore30A o000 c3p10H 380093
Silicone
0375 3.5  SNOre30A - cono0i c3D10H 304347
Silicone
05 3.5  Shore30A - ogrse c3D10H 445565
Silicone
0625 3.5  SNOre30A  gecoie C3DIOH 197765
Silicone
075 3.5  Shore30A  po0i11 C3D10H 334728
Silicone
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Figure 42: Normalized bending angle vs. taper ratio plot of 3CA with silicone sheath of
shore hardness 30A.

(a) Taper ratio of 0.250 (b) Taper ratio of 0.375 (c) Taper ratio of 0.500
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Figure 43: Displacement contours of 3CA FEM model for different taper ratios.

The data from simulation results are used to plot normalized blending angle vs taper ratio,
as shown in figure 42. The values of taper ratio are taken on x-axis and values of normalized
bending angle are taken on the y-axis. As the taper ratio increases from 0.25 to 0.5, the
normalized bending angle increases and normalized bending angle drops as the taper ratio

is increased from 0.5 to 1. Therefore, taper ratio of 0.5 is chosen as it gives the maximum
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bending angle. Figure 43 shows the displacement contours for various taper ratios obtained

from the results of FEM Model simulations.

Sheath Material

To study the effect of material properties of the sheath on the 3CA, FEM model discussed
previously is used. Properties of the materials of the sheath are varied in the FEM models
using shore 10A silicone, shore 20A silicone, and shore 30A silicone. Taper ratio of the
3CA is set as 0.5, Actuator spacing of the 3CA is set as 3-s mm, and all the parameters of
individual RRAs are set as mentioned in chapter 5. The number of nodes and elements used
to mesh the 3CA in the FEM models are given in table 10.

Table 10: Number of nodes and elements of FEM models used to study the effect of the
sheath material.

Agtuator Sheath Material Number of Element Number of
Spacing (mm) Nodes Type Elements
3:s Shore 30A Silicone 739565 C3D10H 445565
3:s Shore 20A Silicone 739565 C3D10H 445565
3-s Shore 10A Silicone 739565 C3D10H 445565
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Figure 44: Normalized bending vs. normalized pressure plot to study the effect of
material properties of 3CA Sheath.
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Figure 45: Displacement contours of 3CA FEM model for different sheath materials.

The results obtained from simulating various models are used to plot normalized bending
angle against normalized pressure as shown in figure 44. Figure 45 shows the displacement
contours of the FEM models with different sheath materials and the scale shows the
magnitude of the displacement in mm. The graph in fig. 44 shows that the calculated
bending angle is higher for 3CA with shore 10A silicone sheath compared to 3CA with
shore 30A silicone sheath and 3CA with shore 20A silicone sheath. The bending angle

achieved by 3CA with shore 10A silicone sheath is 42% higher than 3CA with shore 20A
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silicone sheath, 25% higher than 3CA with shore 30A silicone sheath. The bending angle
achieved by 3CA with shore 30A silicone sheath is 13% higher than 3CA with shore 20A
silicone sheath. The tensile strength of shore 10A silicone, shore 20A silicone, shore 30A
silicone are 475 psi, 550 psi, 500 psi respectively. Further investigations on the FEM
model showed that the maximum actuation pressure that the 3CA can hold without failing,
with shore 10A silicone sheath is 517.107 kPa, shore 20A silicone sheath is 689.47 kPa,
and shore 30A silicone sheath is 689.47 kPa. From design requirements and the results, the
best compromise is made between the maximum actuation pressure of 3CA, bending angle
of 3CA, the tensile strength of the sheath and shore 30A silicone is chosen as the material

for the sheath of 3CA of SPL.

Summary of modeling of 3CA

After performing simulations to study the effect of the actuator spacing, taper ratio and
material of the sheath on the bending angle of the 3CA using computational modeling,
optimal values for the parameters are selected and tabled in table 11. Actuator spacing of
3-s mm is chosen to reduce the overall weight of the 3CA compromising on the bending
ability at lower pressures. Taper ratio of 0.5 is chosen as this ratio provides the highest
bending angle at same pressure when compared to other ratios. Shore 30A silicone is
chosen as the material of the sheath as it has the best combination of the tensile strength
and bending angle of 3CA.

Table 11: Optimal values for the parameters of 3CA.

S. No Parameter Optimal Value/Material
1 Actuator Spacing 3-smm
2 Taper Ratio 0.5
3 Sheath Material shore 30A silicone
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Fabrication of 3CA

Three-Chambered Actuator (3CA) is fabricated using a two-part mold designed using a
CAD software (SolidWorks, Dassault Systemes, FRA) and high spatial resolution 3D
printers (Objet350, Stratasys, MN and Fortus450, Stratasys, MN) as shown in figure 37(c).
The two-part mold consists of two molds with dowel pin holes and no impressions,
designed to bond three RRAs together. The two pieces of the mold are secured together
and three uncapped RRAs with the cores are placed in the mold with the help of dowel pins
and cores. The silicone mixture of shore 30A silicone is poured into the mold setup and the
three RRAs are centered using a cap. The complete setup is now placed in the oven to
expedite the curing process. Once cured, the three-chambered actuator is removed from the
mold and cores are removed from RRAs. A seal tape is used to cover the outer surface of
the 3CA apart from the top and bottom faces. Two parts of silicone namely Part A and Part
B are mixed in a ratio mentioned by the manufacturers and the mixture is poured into a
shallow container. The bottom face of the 3CA is dipped into the shallow container and
allowed it to cure so that the bottom face of the 3CA is capped. The above process is

repeated to cap the top face of the 3CA.
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Evaluation of 3CA

Bending Angle Test
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Figure 46: Displacement contours of 3CA FEM model when two actuators are pressurized
from 0 to 344.7 kPa (top), graph showing the displacement of the bottom face in Y and Z
direction and the displacement of 3CA prototype. (bottom)

To validate the computational models used to study the behavior of three-chambered
actuator a bending angle test is performed. In this test, two adjacent RRAS are pressurized
quasi-statically from 0 to 344.7 kPa. Co-ordinates of the center of the bottom face of 3CA
are obtained by using a set of passive reflective markers placed in the center of the bottom

face of 3CA and on the circumference of the top face of 3CA to create a ground plane.
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Motion capture technology is used to record the coordinates of these reflective markers.
The coordinates obtained from the motion capture technology are used to plot coordinates
in Y direction against coordinates in the Z direction as shown in figure 46. The position
obtained by the bottom end of the actuator in the FEM model reached the desired bending
angle (90° in case of SPL) at an actuation pressure of 327.5 kPa, whereas the 3CA in the
experiment required an actuation pressure of 344.7 kPa. The maximum pressure error for
FEM vs. experimental data is 4.98%. The RMS error of the data for FEM and experimental
IS 2.7 mm. These results show that the computational model of the 3CA which is described
in previous sections can be used to accurately understand the behavior of the 3CA

prototype.
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CHAPTER 7

SOFT POLY-LIMB

Modeling and Fabrication of SPL

Figure 47: Meshed FEM model of SPL.

A FEM model is constructed, as shown in figure 47, to investigate the ability of a
computational model to predict the non-linear behavior of SPL, when actuators of different
segments are pressurized to generate a complex pose. Shore 30A silicone material’s
properties are assigned to the sheath material and the inner tube material of all the segments
and properties of digital ABS plastic are assigned to the reinforcement rings in the FEM
models. Tie constraints are used to constrain the rings to the outer surface of RRAsS, to
constrain the sheath to the outer surface of RRA, and to constrain the bottom face of 3CA
to top face of next segment 3CA. RRAs, 3CAs of the SPL are meshed using solid
tetrahedral quadratic hybrid elements (C3D10H). The number of nodes and elements used
to mesh the FEM model are shown in table 12.

Table 12: Number of nodes and elements of the FEM model of SPL.

Number Element Number
RRA Material Sheath Material of Tyne of
Nodes yp Elements

Dragon Skin 30 | Dragon Skin 30 | 885987 | C3D10H | 497086
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SPL is made of modular 3CA segments as shown in figure 37(e), each of these 3CAs is
tapered as per the taper ratio selected. The RRAs are fabricated as discussed in section 5.2,
3CA s are fabricated using the RRASs as discussed in section 6.2. A set of connector pieces
are designed, and 3D printed from a digital ABS material, these connector pieces are
attached to the top face and bottom face of the 3CA using a silicone adhesive (Sil-Poxy,
Smooth-On Inc., PA). The design of these connector pieces allows easy attachment and
detachment of the 3CA segments using nuts and bolts. The connector pieces have a small

opening in the side through which the fluidic tubing line fitted to the RRAs is routed.

Evaluation of SPL

Arbitrary Pose Test

To investigate the ability of the FEM model to predict the motion of SPL, an arbitrary pose
test is performed, where the actuators of FEM model are pressurized to achieve a complex
pose and the same pressures are used to actuate the SPL prototype. The SPL prototype is
mounted on to a mannequin by attaching it to a backpack. Three passive reflective markers
are placed along the circumference of the connector piece of each 3CA segment. A total of
12 markers are used to create rigid bodies at each intersection of two 3CA segments using
motion capture technology. Chamber 2 and 3 of the first segment (figure 48) is pressurized
to 345 kPa, Chamber 5 and 6 of the second segment are pressurized to 86 kPaand 345 kPa
respectively, Chamber 9 is pressured to 59 kPa to achieve an arbitrary complex pose as

shown in figure 49.
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Figure 48: Exploded view of SPL, showing different segments and chambers.
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Figure 49: Arbitrary complex pose achieved by SPL prototype and FEM model (left),

graph to compare the data from FEM and SPL prototype (right).

Motion capture technology is used to extract the coordinates of the SPL from the
experiment. The coordinates obtained from FEM and the experiment are used to plot a
graph as shown in figure 49. The circle red dots indicate the intersection of segments in
FEM and green arrows indicate the rigid bodies in the motion capture experiment. The
graph demonstrates that the FEM and experimental results follow a very similar pattern
and the Euclidean displacement error is found to be 63.3 mm, and a maximum

displacement error of 11.45 % is seen when the data is compared.
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CHAPTER 8
CONCLUSION AND FUTURE WORK

This thesis identifies different geometrical and physical parameters that can affect the
performance of the RRA, 3CA and SPL. The behavior of the RRA, 3CA and SPL when
the values of these parameters are varied are studied using a quasi-static computational
model. The selected optimal parameters resulted from the analysis of the behavior of RRA
are used to fabricate RRA, 3CA and SPL. RRA, Experimental results from Linear
Expansion Test of RRA, Bending Angle Test of 3CA and Arbitrary Pose Test of SPL
demonstrate the performance of these actuators. FEM models are validated using the
experimental results demonstrating that the proposed models can be used to accurately
understand the behavior of RRA, 3CA and SPL. The maximum displacement error between
the experimental RRA data and RRA FEM model is only 0.54%, the maximum pressure
error between the experimental 3CA data and 3CA FEM data is 4.98 % and the maximum
displacement error between the experimental SPL data and SPL FEM data is 11.45%.
These statistics show that the FEM models very accurately predict the non-linear behavior
of these actuators.

Table 13: Design requirements and their achieved values of the SPL.

S. No Requirement RegUiirEmsn Desired Values AETIEvER
Type Values
1 Weight Physical <2.0Kkg 1.6 kg
2 Length Physical 0.60 m 0.60 m
3 Actuation Method Physical Pneumatic Pneumatic
4 Tapering of SPL Physical Yes Yes
5 Payload Capacity Functional > 0.5 kg 0.3 kg
6 Wearable Functional Yes Yes
1,100,000
7 Durability of RRA Functional > 1 million cycles cycles
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After performing various experiments, the achieved values of the design requirements of
SPL are compared with the desired values in table 13.

In future, the dynamic behavior of the RRA, 3CA and SPL will be studied. The fabrication
process will be improvised to speed up the process of fabricating RRA, 3CA and SPL. The
behavior of SPL made out of 3CAs with different sheath material will be investigated in
future using FEM models and will be validated by performing experiments. The current
prototypes prepared may not be perfect they might be having impurities, comparing
experimental results from such prototypes with the results obtained from the computational
models may not give accurate results and it might be one of the reasons for errors, which
should be investigated. Usage of advanced manufacturing methods such as injection
molding will be considered for fabricating the actuators to eliminate the impurities. A tool
will be developed to assist the robotic community in which the desired design parameter

values are inputted and optimal parameters for the SPL will be given as output.
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APPENDIX A

GEOMETRICAL PARAMETERS AND PERFORMANCE METRICS OF OCTARM
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Table 14: Design parameters and values of OctArm IV and OctArm V (McMahan et al.,
2006).

OCTARM

OCTARM

Table 15: Performance Measurements of OctArm IV and OctArm V (McMahan et al.,
2006).

OCTARM IV OCTARM V

300 | 140 890 | N/A
60 60 16 16 120 | 100 | 70
85 85 20 20 250 | 130 | 80
100 | 100 | 280 | 365 90 180 | 360
90 | 100 | 270 | 380 90 180 | 360
100 | 110 | 140 | 200 | 141 | 144 | 218
50 50 55 66 59 60 75

065|068 | 061 | 031 | 14 25 | 1.6

* t0 60 psi *t0 120 psi
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APPENDIX B

ASTM STANDARDS FOR DUMBBELL-SHAPED TEST SPECIMEN
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Figure 50: Dumbbell-shaped test specimen.

T, Thickness, shall be 3.2+ 0.4 mm for all types of molded specimens.
W, Width of narrow section, shall be 3.18+0.5 mm

L, Length of narrow section, shall be 9.53+0.5 mm

WO, Width overall, shall be 9.53+3.18 mm

LO, Length overall, shall be 63.5 mm

G, Gage length, shall be 7.62+0.25 mm

D, Distance between grips, shall be 25.4+5 mm

R, Radius of filet, shall be 12.7+1 mm

The dimensions of the cavity in the mold to prepare the dumbbell-shaped test specimen
should be as follows:

W, Width of narrow section, shall be 3.18+0.03 mm

L, Length of narrow section, shall be 9.53+0.08 mm

G, Gage length, shall be 7.62+0.02 mm

R, Radius of filet, shall be 12.7+0.08 mm
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