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ABSTRACT

DESIGN OF A HIGHLY-EXTENSIBLE PNEUMATIC
ACTUATOR FOR SOFT ROBOTIC APPLICATIONS

Soft continuum robots have been an expanding research topic due to their in-
herent compliance and flexibility. However, most of the conventional continuum robots
still lack the ability to significantly change size and length. In this study, a novel
highly-extensible pneumatic actuator is developed that can help overcome the limited
extension capabilities of soft continuum robots. The main advantage of the actuator is
that extension is directly controlled by an external motor, independent from pressure.
First, models are given to calculate actuator force, speed and stiffness. A prototype of
the actuator is manufactured, and experiments are performed to validate the model.
Second, a soft robot is designed using the proposed actuator that can achieve controlled
extension and active steering of the tip. Two prototypes are developed; one that can
move on a plane and one that can move in 3D space. Finally, the robots are tested
to explore their mechanical characteristics and navigation capabilities in free space,
through obstacles and in enclosed environments. The results indicate that multiple
actuators can be used to successfully navigate a tip-extending soft continuum robot.
Speed test results show that controlling actuator speed independent from pressure is

possible with the proposed actuator.



OZET

YUMUSAK ROBOT UYGULAMALARI ICIN YUKSEK
MIKTARDA UZAYABILEN BIR PNOMATIK EYLEYICI
TASARIMI

Farkl ortamlara uyum saglayabilme 6zellikleri nedeniyle yumusak siirem robot-
larin kullanim gittikce yayginlagmaktadir. Ancak, bu avantajlarina ragmen gelistirilen
yumusak siirem robotlarin biiyiik bir cogunlugu yiiksek miktarda uzama ya da biiytime
kabiliyetine sahip degildir. Bu ¢aligmada, yumusak robotlarda kullanilabilecek uzaya-
bilen pnomatik bir eyleyici tasarimi sunulmustur. Tasarlanan eyleyicinin 6zgiin yonii,
eyleyici hizinin basingtan bagimsiz olarak, harici motorlar tarafindan kontrol edilme-
sidir. Oncelikle eyleyici kuvveti, hiz ve katihg hesaplamak icin modeller sunulmustur.
Eyleyici prototipi tiretilmis, iiretilen prototip iizerinde performans testleri yapilmis
ve sonuclar model ile karsilagtirilmistir. Daha sonra tasarlanan eyleyici kullanilarak
biri dizlemsel yiizey, digeri ise serbest uzayda hareket edebilen iki yumusak robot
geligtirilmistir. Son olarak, robotlar mekanik ozelliklerini belirlemek amaciyla belirli
testlere tabi tutulmustur. Ayni zamanda robotlar serbest uzayda, engeller arasinda
ve kapali alanlarda cegitli hareket testlerine tabi tutulmustur. Sonuglar tasarlanan
eyleyicinin uctan uzayan yumusak siirem bir robotta kullanilabilecegini gostermigtir.

Eyleyici hizinin basingtan bagimsiz olarak kontrol edilebildigi dogrulanmaigtir.
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pressure in mm
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on pressure in mm
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Velocity of the actuator tip in mm/s

Speed of the motor in rpm
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Axis on the pinch-roller mechanism passing through the roller
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Axis of fixed frame of the soft robot
Axis of fixed frame of the soft robot

Angle between the pinch point and the point at which slack

section leaves the roller surface
Deflection of the tubing in mm

Angle of the continuous arc formed at the intersection of the

roller and tubing surfaces

Friction coefficient between the tubing outer layer and roller

surface
Poisson’s ratio

Angle of rotation of inflated beam around the z-axis in rad

Tensile strength of the tubing material in MPa
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1. INTRODUCTION

This chapter provides background information for the research presented in this

thesis. In addition, the motivation behind this study and its main aims are explained.

1.1. Background

1.1.1. Soft Robots

Rigidity in robotics has long been associated with high precision and repeatability
which has contributed to the prevalence of stiff robots with discrete, rigid links in the
industry [1]. However, as the field of robotics continues to expand beyond industrial
automation and into the domains of healthcare, human assistance and field exploration,
robots must become increasingly less rigid and specialized, and instead approach the
versatility of materials and organisms found in nature [2]. This requirement for flexi-
bility; versatility and lighter weight has made soft robots a significant research interest

in recent years.

Although various definitions have been given to soft robots based on material,
geometry and method of locomotion, the one given by Cianchetti et al. is generally ac-
knowledged as the most inclusive by the research community. According to Cianchetti
et al. soft robots are robots that “can actively interact with the environment and
can undergo large deformations relying on inherent or structural compliance” [3]. In
contrast to conventional robots, soft robots contain little to no rigid material and are
characterized by their continuously deformable nature (see Figure 1.1) [4]. This means
they have desirable properties such as compliance to the environment ingrained in their

mechanical structures.
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Figure 1.1. Soft robots are composed primarily of materials that have an elastic

(Young’s) modulus of less than around 1 gigapascal (GPa). Reprinted from [2].

1.1.2. Continuum Robots

Another category of robots that closely intersects the realm of soft robots is
continuum robots. In its most basic definition, continuum robots are invertebrate actu-
atable structures whose constitutive material forms continuous tangent vectors. Con-
ceptually, continuum robots are hyper-redundant robots taken to the extreme, with
number of joints tending to infinity and their link lengths tending to zero [5]. They
consist of a backbone that can bend continuously along its length via elastic defor-
mation and produce motion by generating smooth curves [6]. Similar to soft robots,
continuum robots are usually inspired by biological structures such as the body of a

snake [7] or tentacles of an octopus (see Figure 1.2) [8].

Figure 1.2. (a) A simple rigid-bodied system (PUMA robot) and (b) soft continuum

system. Reprinted from [9].



Since by definition, the term continuum pertains to the shape of the robot while
soft pertains to its material, not all continuum robots can be categorized as soft robots
and vice versa. Hence, these two terms are not interchangeable. Numerous continuum
robot designs have been proposed where the main backbone comprises hard compo-
nents such as shells, springs and cables, including remotely tendon-driven robots [10],
concentric tube (or active cannula) robots [11] and certain pneumatically actuated
robots [5,7]. If a robot exhibits both continuum characteristics and is primarily made
of soft, flexible material, it can be categorized as a soft continuum robot. Some well-
known examples of soft continuum robots with pneumatic actuators are the OctArm [8],

the Bionic Handling Assistant [12] and the STIFF-FLOP manipulator [13].

1.1.3. Design Flow for Soft Robots

The design flow for soft robots differs greatly from that of rigid robots because soft
robots have elements that cross multiple domains and are often made using materials
capable of very large deformations. All soft robots convert stored energy into task-
oriented work using systems that integrate complex pneumatic, hydraulic, chemical,
mechanical or electrical actuators. This complexity makes it difficult to analyze the

overall system and identify main sources of energy loss.

Rigid-link robots are built using standardized and well-defined components. They
can be controlled through a predictive model, which is usually based on defining the
Jacobian of the system and applying well-established methodologies using inverse kine-
matics. For this reason, modeling and simulation is paramount for rigid-link robots,
whereas testing the physical robot is usually the last step in the design flow. In stark
contrast, soft robotic systems are often built using complex and multi-domain blocks
that are not completely characterized. Due to the complexity of simulating soft actu-
ators and their strong dependence on interaction with the environment, building and

testing remain as key iterations in the design loop for soft robots (see Figure 1.3).
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Figure 1.3. Typical design flow for (a) rigid robots and (b) soft robots. Reprinted
from [9].

The main elements for modeling of soft structural elements and actuators are (a)
characterizing soft robots in terms of energy transformation and calculating sources
of energy loss and (b) analyzing, modeling and simulating the whole-body mechanics
of large-scale deformations. These remain as the most challenging steps in the design

loop [9].

1.2. Motivation

Soft continuum robots are advantageous in the sense that they offer little resis-
tance to compressive forces, and hence can conform to obstacles in the environment
due to their deformable backbones [14]. Rigid robots do not have this advantage as
they must track their environment and change shape accordingly. This property has
made soft continuum robots an ideal candidate for exploratory operations in unstruc-
tured, substantially-long and narrow environments especially in the medical field as
well as for disaster-relief and pipe inspection [2]. However, a major issue with many
soft continuum robots is that they introduce a new body into the environment without
a substantial change in size or length which leads to challenges especially in control [14].
In particular, the lack of position and speed feedback due to the strains on the robot
body, and contact with the environment can drastically affect the robot’s motion and

dynamics [9].



Most soft continuum robots in literature are limited in extension by axial strain
capability of the backbone material. In addition, since both radial and axial strain of
the backbone are dependent on the actuation pressure, it remains a challenge to limit
radial forces while retaining high axial elastic strains. This is especially crucial for
medical applications such as minimally invasive surgery, where contact forces with the
environment must be minimized. The typical axial elastic strains attained in the liter-
ature for soft pneumatic actuators (SPAs) are in the order of 40%, 200%, 300% and up
to 450% [13,15-17]. However, axial strains surpassing 1000% may be necessary in cases
where the robot must navigate through substantially long and narrow environments,

which remains an open challenge for locally actuated soft continuum robots.

Without the ability to extend continuously from the tip, the workspace of a
soft robot remains constrained by its elastic structure (see Figure 1.4). Therefore,
developing an actuation mechanism that can be used to extend the robot backbone
from the tip with increased stability during motion and diminished effects of friction

would be exceptionally useful for navigation in such environments.

Figure 1.4. A highly dexterous soft continuum robot for laparoscopic surgery.
Although the robot provides significant improvement in terms of maneuverability
over the rigid endoscope, it still has to be inserted manually to the target site due to

a lack of extension capability. Reprinted from [18].



1.3. Aims of the Study

In this study, a highly extensible pneumatic actuator is proposed that can help
overcome the limited extension capabilities of soft continuum robots. Multiple actu-
ators are then incorporated in a soft robot that can achieve controlled extension and
active steering of the tip in free space and through closed, cluttered environments. To
this end, the study can be considered to have two main aims and is therefore divided

into two main sections to ease presentation.

Aim 1: Design, modeling and development of a highly-extensible actuator for
proof of concept. The developed prototype is used to evaluate mechanical characteris-

tics of the actuator and verify the model.

Aim 2: Design, development and testing of a working soft continuum robot using
the proposed actuator. Two prototypes are developed, a preliminary prototype with
two actuators in parallel that can achieve planar motion, and a final prototype with

three actuators that can achieve motion in three-dimensional (3D) space.

1.4. The Pinch-Roller Drive

The proposed actuator uses a simple drive principle called the “pinch-roller drive”
shown in Figure 1.5. The basic pinch-roller drive consists of two frictionless rollers
anchored on a moving base. A thin-walled inflatable tubing is squeezed between the
rollers, and the uninflated part, called the slack section, is connected to a motor from
the other end. When the tubing is pressurized, the buildup of pressure energy leads
to a cumulative axial force applied on the roller surface in x-direction. Extension is
achieved by releasing the slack section using the motor. Conversely, contraction is
achieved by retracting the slack section using the motor while releasing the air in the

tubing through an exhaust valve.



Conceptually, the mechanism extends by adding more tubing material at the
tip with minimal axial and radial strain, depending on the chosen tubing material.
This makes it possible to reach extension ratios much higher than the ones given in
Section 1.2. Although there are some actuators similar to the pinch-roller drive (see
Section 2.3), the main advantage of this design is the decoupling of tubing pressure and
actuation. While tubing pressure gives stiffness to the actuator and provides the driving
force, the motor is used to control the speed of extension or contraction. Another
advantage is that the extension ratio can be modified depending on the application
simply by changing tubing length. Since tubing material is stored on the spool and
not on the actuator itself, increasing tubing length does not affect the size or weight

of the actuator.

contraction €«—— > extension

rollers
inlet / base
exhaust

g tubing I X
C - spool  Slack
(motor)

Figure 1.5. Diagram of the proposed actuator using the pinch-roller drive. The main

advantage of this design is the decoupling of tubing pressure and

extension/contraction speed.



2. LITERATURE REVIEW

In this chapter, actuation methods commonly used in soft continuum robots
are explained with examples from literature. Then, different soft pneumatic actuator
designs in literature are presented. Finally, actuators with high extension capabilities

similar to the pinch-roller drive are listed, and compared to the proposed actuator.

2.1. Actuation Methods in Continuum Robots

Actuators in continuum robots are categorized as either intrinsic or extrinsic de-
pending on where the actuation occurs. The actuator is labeled intrinsic if actuation
occurs within the moving manipulator structure, whereas it is labeled eztrinsic if ac-
tuation occurs outside of the main structure with forces transmitted to the structure

through some mechanical transmission [19].

To date, various types of actuators have been demonstrated for use in continuum
robots. Transmission mechanisms for extrinsic actuation include tendon/cable driven
mechanisms and multi-backbone structures such as concentric-tube transmissions that
are driven by axial rotations and translations of the tube bases. Intrinsic actuation
strategies include hydraulic chambers, soft pneumatic actuators (SPAs), shape memory
polymers, shape memory alloy (SMA) actuators, fluidic fiber-reinforced elastomers,
embedded micro-motors and chemical reaction based actuators [19]. Robotic catheters
actuated by magnetic fields generated through magnetic resonance imaging (MRI)
machine [20] have also been developed. These actuators can be considered intrinsic as
power conversion occurs within the embedded magnets on the manipulator. There have
also been cases where intrinsic pneumatic actuation was combined with extrinsically
actuated structures to induce active stiffening of the robot backbone through particle

jamming [21].



Although material selection in these actuators is not critical for conventional
continuum robots, it is very important for soft continuum robots. Actuators used in
soft continuum robots are mainly made of compliant materials such as silicones, soft
polymers and hydrogels [22-24]. Among the actuation methods listed above, pneu-
matic actuators are encountered more frequently in soft robots due to their inherent

compliance, ease of manufacturing, high fabrication efficiency, low cost and weight [4].

2.2. Soft Pneumatic Actuators

SPAs are a category of intrinsically compliant and readily manufacturable actua-
tors that are widely used in soft robotics. Although the precise construction of SPAs can
vary, they are commonly found in the form of slender, thin-walled and hollow structures
externally constrained by inextensible fibers. The actuators are activated by applying
positive relative pressure to the hollow internal cavity, and can be designed to produce
linear, bending, torsion forces and even combinations thereof through modifying the

approach angles of the constraining fibers relative to the direction of motion [25].

The most common type of SPAs are Pneumatic Artificial Muscles (PAMs), which
follow the same actuation principles mentioned above. The McKibben muscle, one of
the oldest variants of PAMs has been widely adopted in robotics and automation due
to its high force to weight ratio, high speeds and compliance. It features an inflatable
elastomer core surrounded by braided fiber outer sheath which expands radially and
contracts axially when activated (see Figure 2.1). Despite their widespread use, PAMs

are only effective in tension, and are limited to less than 100% axial strain * [26].

AL
! Axial strain is defined as the change in length compared to the initial length ( 7

o

> expressed

in percent form (i.e. € =1 = 100%).
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Figure 2.1. Working principle of a traditional McKibben muscle. Reprinted from [26].

The Inverse Pneumatic Artificial Muscle (IPAM) has recently been proposed as an
alternative to PAMs. The defining feature of the IPAM is that it extends with positive
pressure gradient instead of contracting. The IPAM claims a 300% axial strain while
maintaining advantages of the conventional PAM [16]. Nevertheless, like the PAM, it

is effective in tension and does not offer significant improvements in extension ratio 2 .

Another novel variant of the traditional PAM design is the Series Pneumatic
Artificial Muscle (sPAM), which consists of multiple PAMs attached in series [27]. It
is made entirely of thin-walled, low-density tubing and can be fabricated from thin
sheets of polyethylene requiring no casting or molding. A large portion of the sPAM
inflates through unwrinkling and unfolding of its membrane rather than stretching,
resulting in zero axial stress during inflation. By operating PAMs in series, the design
can technically achieve extension ratios higher than the IPAM. However, due to its light
weight and low stiffness, it has low load bearing capabilities. The reported maximum

weight that the robot can lift successfully is in the range of 200 grams.

Despite their advantages, providing accurate position and speed control with
SPAs is challenging due to the coupling of chamber pressure and actuator motion.
Another major issue with many SPAs is that their extension ratio is limited by axial
strain capability of the material used which also leads to low repeatability due to

fatigue. They are usually limited to less than 450% axial strain [17].

2Extension ratio is defined as the ratio between the final length and the initial length for a system
that may extend through deformation or by other means. It is given in the form of L : L, where L is
the final length and L, is the initial length.
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2.3. Highly Extensible Actuators

Several highly extensible actuators can be encountered in literature that can
surpass the limited extension capabilities of SPAs. Most of these actuators extend by

different mechanisms that either push the actuator body forward or extend from the

tip.

Reaching very high extension ratios while keeping the actuator housing compact
is a challenge even for commercial linear actuators. Although not compliant, there
are several highly extensible linear actuators in literature. One such example is the
Spiralift, which is used as a compact lifting system for heavy platforms [28]. It consists
of a rotary mechanism that guides a spiral band along a helical path with interlocking
teeth and is reportedly capable of reaching extension ratios of 12.5:1. A conceptually
similar actuator is the Spiral Zipper, which builds a circular column from a single sheet
of plastic using a single motor and planetary gear [29]. Nevertheless, none of these

mechanisms can be used in a continuum or soft robot due to their rigidity.

Some compliant mechanisms similar to the proposed pinch-roller drive can be
encountered in literature. A rudimentary example is the party-blower (see Figure 2.2),
which is a common party item comprised of a paper tube rolled into a coil that quickly
unrolls when air is blown into it. It can reach very high extension speeds while retaining

stiffness of the main body.

Figure 2.2. A party-blower, also called a party-horn.
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Hollow Shaft

Moving Pai ]

Figure 2.3. (a) A-Drive [30] and (b) the Hollow Shaft Actuator [31]

The Hollow Shaft Actuator (HSA) and the A-Drive utilize actuation mechanisms
comparable to the pinch-roller drive [30,31]. However, these actuators are not suitable
for motion with two or more degrees-of-freedom (DoF) since both can only move on a
pre-defined shaft (see Figure 2.3). These mechanisms were designed mainly for search

and rescue applications.

The Pneumatic Reel Actuator (PRA) is a recent design that consists of a roller
with a pair of ball bearings and spiral torsion springs (see Figure 2.4) [32]. When the
actuator is unpressurized, the torsion springs inside the reel retract the tubing freely.
When pressure is applied to the opposite end of the tubing, the flexible membrane forms
a thin-walled cylindrical beam with increased stiffness and pulls more of the tubing out
of the reel, lengthening the actuator and storing energy in the torsion springs. This
actuator can reportedly reach an extension ratio of 16.8:1. However, to reach higher
extension ratios the reel diameter must be increased which is undesirable in applications
where size and weight of the end-effector must be minimal. Also, in its current form,

the PRA has one DoF and is too stiff to be used in a soft continuum robot.

f 606mm |

Figure 2.4. The Pneumatic Reel Actuator (PRA). Reprinted from [32]
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b

Duralumin plate(3mm) ™ Flexible tube

Figure 2.5. (a) The rod-less type flexible pneumatic actuator and (b) its application

to a continuum robot arm. Reprinted from [33].

A similar drive mechanism with a rod-less type flexible pneumatic cylinder and
an inner steel ball as a cylinder head has been developed (see Figure 2.5) and used in
a continuum robot arm to realize controlled motion in 3D space [33]. The mechanism
uses pressurized thick tubings that extend from the base to actuate the robot arm and
the amount of extension is controlled by changing tubing pressure. A major drawback
of this design is that it requires an air inlet at the tip and the tubings are fed from the
base of the robot as opposed to extending from the tip. The design is also not suitable

for a soft robotic application due to the high rigidity of the thick tubings.

2.4. Growth Based Extension in Soft Continuum Robots

Growth is a pioneering paradigm that has very recently been introduced in the
literature as an alternative method to achieve very high extension ratios in continuum
robots. According to a study aiming to define types of growing robots, growth based
extension has two key properties: (1) the body evolves by addition of material at the
tip (tip-based extension) and (2) locomotion is performed by growing the body and not
by an external component [34]. Using actuators that extend from the tip instead of
pushing the whole body forward leads to higher dexterity, more stable actuation and
increased resistance to environmental disturbances due to forward drive of the robot

body [35,36].
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In 2017, Dehghani et al. developed an extensible self-steering robot with ex-
pandable balloons for colonoscopy application [37]. This soft continuum robot moves
through a combination of axial strain and tip-based extension. Yarbasi and Samur also
developed a similar system with added steering ability in 2-DoF [38] which can reach
an extension ratio of 20:1 at peak length (Figure 2.6a).

A promising example of tip-based extension is the vine robot [36] which has
been developed very recently (Figure 2.6b). This robot, designed by Hawkes et al.
has a main backbone made of a thin polyethylene membrane that is pinched at the
end with a cone-shaped fastener. It achieves lengthening at the tip through eversion
of the membrane driven by internal pressure and its extension ratio is only limited
by the amount of membrane material stored at the base. The robot can move on a

predetermined path, but it lacks the ability to actively steer its tip during extension.

e —

i‘*

Figure 2.6. (a) The soft continuum robot developed by Yarbasi and Samur [38] and

§

4

(b) the vine robot developed by Hawkes et al. [36]
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2.5. Originality of the Proposed Actuator

Although these actuation methods using tip based extension can surpass the
extension ratios achieved by traditional SPAs, actuator motion is still dependent on
chamber pressure in all of these designs. Providing accurate control of tip position and
extension speed is challenging due to the nonlinear relationship between pressure and
extension speed. A closed-loop control system with position sensors and sophisticated
pressure regulators with fast response time is required in these systems to control the
robot with sufficient accuracy. A major advantage of the proposed actuator, besides the
ability to provide active steering by using multiple actuators, is the decoupling of pres-
sure and extension/contraction. This allows us to control extension speed independent

from pressure without the need for external sensors.

Despite its advantages, the proposed actuator also has certain shortcomings. For
instance, due to the movement of the slack section the actuator body does not have
zero relative motion with respect to the environment which is a prominent feature
of growth-based extension. This leads to sliding friction which can be undesirable
in certain applications. Moreover, although extension is actuated intrinsically at the
tip, contraction is actuated extrinsically by applying a tension force through the slack
section. For this reason, controlled contraction is possible at short strokes or when
curvature of the actuator body is low, but it can be problematic at long strokes due to
the changing direction of the tension force. A detailed comparison of the pinch-roller

drive with the aforementioned actuators is given in Table 2.1.
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3. DESIGN OF THE ACTUATOR

As explained in Section 1.3, this study is divided into two main parts. This is the
first part that explains the design and development of the proposed highly extensible
actuator. First, the working principle of the actuator is explained. Then, a physical
model is proposed that can be used to characterize the effect of design parameters
on applied force, speed, durability and stiffness. Second, mechanical design of the
prototype and the experimental setup prepared to test the actuator are explained in
detail. Finally, experimental results are given to verify the model and finalize the

design parameters.

3.1. Working Principle

The working principle of the actuator was described in Section 1.4. To reit-
erate, the actuator uses a drive mechanism called the “pinch-roller drive” which is
demonstrated in Figure 3.1a. In its simplest form, the pinch-roller drive consists of
two frictionless rollers anchored on a base. A thin-walled inflatable tubing is squeezed
between the rollers, and is connected onto a spool that is attached to a motor from
the other end. Inflation of the thin-walled tubing leads to a buildup of pressure on the
roller surface, which is translated into rolling kinetic energy of the rollers (plus friction
and heat losses) when the slack portion is released by the motor. This causes the slack
to be pulled through the rollers, adding more material to the inflated tubing at the tip.
Subsequent inflation of the slack section propels the base forward (see Figure 3.1b).
Contraction is achieved through controlled reduction of tubing pressure using an ex-
haust valve while the motor pulls back the slack section (see Figure 3.1c). Controlling
the tubing pressure during contraction is crucial as it allows the tubing to remain stiff

and prevents local buckling.
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Figure 3.1. (a) Single pinch-roller drive. (b) Extension by releasing more tubing

material at the tip while keeping tubing pressure constant and (c) contraction by

retracting the tubing while reducing tubing pressure through the exhaust valve.

2. Modeling and Simulation

The pinch-roller drive has a working principle that is different from that of con-
ventional SPAs. In this section, the relationship between tubing pressure and actuator
force is determined using a force balance at the roller surface for a single pinch-roller
drive. Also, several equations are given that can be used to estimate burst pressure,

critical bending and buckling forces for any tubing.
3.2.1. Force

The pinch-roller can be modeled as a quasi-static force equilibrium both at rest
state and during controlled motion assuming the slack section is released slowly at
constant speed. Taking a cut along the xy-plane of the tubing as shown in Figure
3.2a, we can calculate the external forces F), and F, acting on the roller in x and
y directions respectively using a free body diagram very similar to the one used by
Wakana et al. [31]. To simplify the model, we assume that the tubing outer layer forms

a continuous arc defined by an angle s at the roller surface as shown in Figure 3.2b.
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Figure 3.2. (a) Cross section of the pinch-roller along the xy-plane. (b) Forces applied
on the roller at static equilibrium when the slack section is free (rest state), and (c)

when the slack section is pulled by the motor (controlled state) [39].

We consider two states of static equilibrium, one is the rest state when the pinch-
roller base is fixed and slack section of the tubing is free (Figure 3.2b) and the other
one is the controlled state when the slack section is connected to the motor, and the

pinch-roller is either at rest or is moving at a constant speed (Figure 3.2c).

In both states, forces acting on the rollers by the inflated tubing are the same.
Resultant force [, due to tubing pressure at the roller surface is applied at a point
between A and B. At point B, a tension force F; acts on the rollers in tangential
direction due to axial stress on the inflated tubing. In the rest state, a tension force
F due to friction acts at the pinch point A to counteract F;. This force is replaced
by the tension force F;, in the controlled state which acts at point C. This is the point

where the slack section leaves the roller surface.

If we assume friction is large enough that no slipping occurs at the contact surface,
forces Fy and F), will be equal to F; due to moment balance about the z-axis at point
O. We call this the “no slip (NS) condition”. The other extreme is the “full slip (FS)
condition” which can happen if the roller does not rotate freely and the tubing slides
on the roller surface as a result. If full slip occurs (i.e. the tubing slides on the roller),
these forces can instead be calculated using the belt friction equation. In this case, the
friction coefficient (1) between the outer layer and the roller surface must be known.

The equilibrium equations for both states can be seen below.
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Rest state: Controlled state:

x: Fycosk —F,y —Fy+F, =0 x: F, cosk — F,, — F,, cosa +F, =0 (3.1)

y: Iy sink+ F,,+F,=0 y: F, sink+ F,, + F,, sina+F,=0 (3.2)
F F (NS)

v Fp=4 2 Fp=4 (3.3)
Fy e=r F; e~nlatr) (FS)

Using Equations 3.1, 3.2 and 3.3, we can obtain expressions for the reaction forces on

the roller (F, and F,) for both conditions.

Rest state: Controlled state:
(
F, (1 - cosm) + Fpy F, (cosa — cos&) + Fp (NS)
F, = F, =
F, (e"“’” - cos%a) + Fy \Ft (cosa e~ klatr) _ COS/i) + F,. (FS)
(3.4)
( (
—(F} sink + Fy) F, (sina + sink) + Fy, (NS)
Fy = Fy =
k_<Ft sink + F,y) \Ft (sinac e %) + sink) + F,, (FS)
(3.5)
The angle k can be expressed as:
k= cos ! —" (3.6)

R—FT}

where r, is the minimum distance from point O to the tubing neutral axis expressed
as ry = r—+t+t,. We can assume that the tubing does not deform axially (e, = 0) as
it is fixed from both ends at rest. In this case, the tension force will be the same at all
points on the tubing. Taking a point sufficiently far from point B, we can approximate
the tubing as a cylindrical pressure vessel. Force F; can be found by applying a force

balance on a cut along the tubing cross section (see Figure 3.3a):

F=n(R+t+t,)’—R*) o, = PrR’ (3.7)
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(a) (b)

Figure 3.3. (a) Forces acting on the tubing cross section at a point sufficiently far

from point B (b) Cross section of the tubing between points A and B at angle 6 [39].

In order to find F},, we must calculate the total contact area between the rollers
and the tubing. At any angle defined by 6 between points A and B, we estimate
the tubing cross-section as a shape with the width of 2Ry while maintaining the cir-
cumference of the fully inflated section with inner radius R as shown in Figure 3.3b.

Calculating Ry and h results in:

Ry = r(1 — cos(0)) (3.8)
h= (R — Ry) (3.9)

At angle #, tubing pressure P works on the infinitesimal contact area dA which can

now be expressed as:

dA = hr,df (3.10)

Neglecting inward force due to shrinkage of the rubber layer, x and y components of

F,, can be calculated as an integral over dA:

Fow = P/ sinf - (R — Rg) re df (3.11)
0

F,, = P/ cos - (R— Rg)re db (3.12)
0



22

Although radius of the outer nylon layer R, remains constant, radius R and
thickness t of the inner rubber layer changes with tubing pressure. In this study,
strains on the rubber layer do not exceed %60 (R4 < 5 mm). For simplicity, it is
assumed that the rubber layer has a roughly linear stress-strain relationship at small
strains. However, for larger strains, an hyperelastic material model can be used. We
assume that the tubing is fixed at both ends, so no deformation occurs in axial direction
and radial strain is negligible (e, = 0,¢. = 0). For a thin-walled cylindrical pressure

vessel 0, ~ 0 and:
g — —— (313)
Using Equation 3.13 and considering the Hooke’s law for triaxial stress state [40] we

can obtain an expression for €. We can also calculate the deformed thickness ¢ of the

rubber knowing that the total volume stays constant (v = 0.5).

€p = = (o] (3.14)

t= 21, (3.15)

Combining Equations 3.13, 3.14 and 3.15, we can express R in terms of tubing pressure
P. This equation is only valid when the tubing is inflated and has a radius lower than
Rynaz which is the maximum radius the tubing can reach before being constrained by
the outer layer. The final expression for tubing inner radius R can be found using

Equation 3.16.

(

R, R<R,
A= VA2 —4PR\
R = R>R, and R < Ryu. (3.16)
oP
Rmagj R Z Rmaaz

\

Et,
where \ = and Ryuz = B, — t
1— 02
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The model contains the following parameters: £ and v are the Young’s modulus
and Poisson’s ratio for the rubber tubing respectively; R, and t, are natural inner
radius and wall thickness respectively; P is tubing pressure, r is roller radius; R,, and
t,, are fixed inner radius and wall thickness of the outer layer respectively. Variables R
and t denote the current inner radius and wall thickness of the rubber tubing and are

dependent on pressure (P).

This model was developed for a composite tubing with two layers. It is assumed
that the softer inner layer has an inner diameter that changes with pressure whereas
the stiff outer layer has a fixed diameter. However the model can also be applied
to different types of tubings by changing the model parameters, namely mechanical
properties of the inner layer (£ and v) and the natural inner radius and wall thickness
(R, and t,). For instance, the inner layer can be neglected by setting R, = R4, and

t, = 0.
3.2.2. Speed

When controlled by a motor, the speed of the actuator is directly related to motor
speed assuming enough force is generated to initiate motion. When slack portion is
attached to the motor, the pinch-roller drive essentially forms a single movable pulley
as shown in Figure 3.2.2. In this case, tip velocity (vy;,) is simply half of the tangential
velocity of the spool on which the tubing is wrapped (in the given equation r, represents
spool radius and w represents motor speed in rad/s):

iy = % (3.17)

The pinch-roller will reach maximum speed only when the rollers can move freely on
the pressurized tubing. This is called unconstrained speed as the slack section is not
constrained by a motor. For unconstrained speed, tubing pressure and friction losses

in the pinch-roller are the limiting factors.
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Figure 3.4. When controlled by a motor, the actuator can be modeled as a loaded

movable pulley where force F) is applied by the inflated tubing at the tip.

3.2.3. Stiffness
In addition to calculating actuator force and speed, understanding the stiffness

of the inflated tubing is also important for the design of the actuator. This includes

static failure due to internal pressure and also failure due to buckling and bending.

3.2.3.1. Burst Pressure. Calculating the burst pressure of the tubing is necessary to

determine the operating range for pressure and characterize the actuator’s durability.
For a thin-walled pressure vessel, stresses on the membrane can be calculated using

Equations 3.18, 3.19 and 3.20.

PR
00 = — (3.18)
PR
— -t 1
o= (3.19)
o~ 0 (3.20)

The burst pressure P, of the tubing can be estimated conservatively using the Tresca

criterion for a thin-walled pressure vessel made of ductile material [40]:

(3.21)

where o, is the tensile strength.
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It should be noted that Equation 3.21 does not take into account the effect of
hydrostatic pressure which can significantly affect the yield strength of polymers. For
most glassy polymers, the modified Tresca criterion gives a satisfactory description of

the yield process for samples under tensile hydrostatic stress [41]:

27, t

Py=———
’ R(1—|—,MT)

(3.22)

where 7, is the shear strength at zero hydrostatic pressure and pr denotes the pressure

sensitivity of the material.

3.2.3.2. Buckling Failure. Another important design criterion is buckling. Thin-walled

pressure vessels have higher bending and buckling stiffness compared to regular thin-
walled beams due to the addition of internal pressure which increases load carrying
ability. Therefore, the classical beam theory cannot be used to accurately describe
buckling in pressure vessels. As a load is applied to an inflated cylindrical beam,
wrinkles begin to form on the membrane. The propagation of these wrinkles leads to

buckling failure (see Figure 3.5a).

Le Van and Wielgosz successfully obtained linearized equations for critical buck-

ling force of a cantilevered inflated beam under compressive force illustrated in Figure

3.5b [42].

027
F2 = + QLB + p/Ao)(p + kGA) — FQI(E + p/Ao) ...
0 (3.23)

+(p+ kGAg) (1 + Q*I/Ap)] =0

Solving for the smaller root of Equation 3.23, critical buckling force (F.) is obtained

as:

(B + Aﬁ)fm

Fc,LeVan = 2 (Eﬁ)[ (324)
I A

TR o LI o N P

e T TRGA,
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where

(3.25)

For thin-walled cylindrical beams the correction shear coefficient k can be taken as
0.5 [43]. In Equations 3.24 and 3.25, F is the elastic modulus, G is the shear modulus,
p is axial force due to pressure (p = F,), I is the second moment of area, A, is cross-
sectional area of the tube before inflation and L, is natural length of the beam before

inflation.

Fichter also achieved linearized equations for an inflated tubing under compressive
axial force [44]. Considering a simplified 2D case on the xy-plane, he shows that the

following ordinary differential equation can be obtained for rotation around the z-axis

)

(W:a

2
W' + fw = BF—C (3.26)

[

where

F, p+ Grrt
2 c
= 3.27
& Enr3t (p+G7rrt+Fc) (3:27)
For a cantilevered beam, the boundary conditions are:
u(0) = w(0) =w' (L) =w (L) =0 (3.28)

Applying the boundary conditions above to Equation 3.26 and solving for a nontrivial

solution, we obtain:

AL = (3.29)

| X
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Finally, substituting Equation 3.27 into Equation 3.29 and solving for F,, the following

expression is obtained:

7'('2
EI p+ Gnrt)

5

2

Fc,FichteT = jLT% (330)
E]m -+ P + Grmrt

where I = 7r3t for a thin-walled cylinder and, r, ¢, L are radius, wall thickness and

length of the beam respectively.

3.2.3.3. Bending Failure. If instead a transverse load is applied at the tip, bending

will occur as illustrated in Figure 3.5b. It has been shown that critical bending load
can simply be estimated using Equation 3.31 [45].
Tprs

F=—= (3.31)

These equations have been verified experimentally and were shown to provide a good
estimation for thin-walled tubings similar to the ones used in the proposed actuator [32].
They can be used as general guidelines to estimate the critical bending and buckling

forces for the inflated tubing.

-

Fy

(b)
Figure 3.5. (a) Transverse section of an inflated beam under wrinkling (6,, denotes
the wrinkling angle) [46]. (b) Cantilevered inflated beam under compressive and

transverse force.
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3.3. Prototype

3.3.1. Design Iterations

Multiple design iterations were made for the pinch-roller drive (Figure 3.6). The
initial design (Figure 3.6a) consisted of two rollers housing small 8 mm bearings
mounted on a fixed base. The distance between rollers was adjusted by hand and
fixed with a set screw. After initial testing, main issues with the design were found
to be: air leak between the rollers, shafts bending at high pressures and the tubing
sliding out of alignment due to poor retention. These problems were rectified in the
final iteration (Figure 3.6¢). The adjustment mechanism was improved by adding a
single tightening screw in the middle with two guide shafts on each side. Steel roller

shafts and longer rollers were added to fix shaft bending and poor tubing retention.

3.3.2. Inflatable Tubing

Initial tests of the actuator were done using a 0.035 mm thick Polyamide 12
(PA12) tubing with 5 mm OD provided by Simeks Medical. These tests revealed the
importance of achieving a tight seal between the rollers for smooth, continuous motion.
The PA12 sample has high hardness and low surface roughness which made sealing dif-

ficult; even a small misalignment between roller shafts lead to air leaks.

Figure 3.6. Design iterations of the pinch-roller drive where (a) is the first, (b) is the
second and (c) is the final prototype.
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Figure 3.7. The actuator extending at constant speed while the slack section is

released by the motor. Composite PA12/L tubing with 5 mm OD is used.

For this reason, a soft latex tubing was placed inside the PA12 outer layer to mini-
mize leakage. The composite PA12/L tubings with 5 mm OD can be seen in Figure
3.7. Detailed discussion about characterization of different tubing materials and their
comparison can be seen in Section 3.5.1. Technical specifications of all tested tubings

are given in Table 3.1.

3.4. Experimental Methods

Tubing characterization experiments were performed to assess force capability of
the actuator using different tubings and determine the effects of design parameters
such as tubing diameter and material on design requirements such as output force,
sealing and flexibility. Results of the tubing characterization experiments were used to
select the most suitable tubing sample for use in the soft continuum robot described in
Chapter 4. The selected tubing was also used in maximum speed and model validation

experiments.

3.4.1. Experimental Setup

A 1-DoF test setup was designed and manufactured to test the highly extensible
actuator. The test setup was used to assess feasibility of the pinch-roller drive concept,
make improvements to the design, test different tubing materials and check validity
of the models. The test setup consists of a pinch-roller drive attached onto a linear

carriage and mounted on a linear rail (DMN-09) to minimize friction and restrict motion
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to one degree of freedom (see Figure 3.8). A single pressure transmitter (Keller PA
21-Y) was used to record pressure data and solenoid valves (FG Line C01) were used
to control the air flow. Pneumatic line was connected to a pressure tank (Proter 24L)
which was used as the main pressure source. Dynamixel AX-12A smart serial servo

motor was used to control extension and contraction.

The test-setup was used in two main configurations: (1) with the tubing in
straight configuration and fixed from both sides (see Figure 3.8b) and (2) tubing con-
nected to the servo motor (see Figure 3.8¢). First configuration was used to measure
maximum actuator speed and force. Second configuration was used to test controlled

motion of the actuator.

(a)

~ Parker H022C-011
- Compressor

Pinch-Roller
Connector

s

——
| Calibration
weight

(b) (c)
Figure 3.8. (a) CAD model of the 1-DoF test setup. (b) First configuration used for

experiments and (c) second configuration used to test actuator motion. Note that the

miniature pump was replaced with a pressure tank in the final design (Figure 3.11).
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3.4.2. Tubing Characterization

Four design criteria were chosen to assess the suitability of the tested tubing

samples. These criteria are listed below in order of importance:

(i) Flexibility and softness
(ii) Force output

(iii) Sealing

(iv) Durability

Flexibility is the most important criteria since the actuator is designed for soft
robotic applications. Force output is also crucial since the tubing has to generate
enough force to actuate the pinch-roller drive even at low pressures. Achieving a
good seal is important for continuous operation as any air leakage can cause the slack
(uninflated) section to inflate, leading to intermittent motion and even locking of the
actuator if pressure at the slack section balances the inlet pressure. Finally, durability
is also considered since the tubing has to operate inside the desired pressure range

without failure.

Tested samples are shown in Figure 3.9 and their specifications are given in Table
3.1. Discarded samples that did not actuate the pinch-roller are not shown in this figure.
These samples were either too thick or stiff. Samples (4)-(7) are double-layered tubings
manufactured in-house. These samples have a thin, durable outer layer made of a hard
polymer (e.g. PA12) to increase yield strength and a soft inner layer made of natural
rubber latex to provide sealing and increase flexibility. The tubings for both layers
were obtained separately as stock samples from different manufacturers and assembled

by hand. Natural rubber latex tubings were obtained from Qualatex.
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Table 3.1. Specifications of the tested tubing samples. The ones with no

manufacturer information were manufactured in-house.

N
> "L | mm——
“_}g A .\.I . -

# Code Material Manufacturer OD | Thickness Shore
(mm) | (mm)

1 PA12(5) Polyamide 12 Simeks 5 0.035 75D

2 PA12(10) | Polyamide 12 Simeks 10 0.035 75D

3 PEL Pellethane Lubrizol 4.572 0.254 80A

4 HDPE/L | HDPE+Latex - 16 0.400 68D+35A
5 LDPE/L. | LDPE+Latex - 10 0.390 55D+35A
6 | PA12/L(10) | PA12+Latex - 10 0.335 75D+35A
7 || PA12/L(5) | PAl2+Latex - 5 0.335 75D+35A
8 PB72 Pebax Vention 5.613 0.127 72D

9 PB55 Pebax Vention 5.613 0.127 55D

10 PTFE PTFE Zeus 7.823 0.127 60D

(1)
(2)
(3) —

Figure 3.9. Tested tubing samples. Tubing specifications are given in Table 3.1.
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Main design parameters considered were tubing material, outer diameter (OD),
wall thickness and Shore Hardness as a measure of softness. Friction coefficient (u)
between roller and tubing outer layer is also a design parameter that affects force output
(see Section 3.2.1). However, it was not considered during the selection process since as
long as the rollers are rotating properly (i.e. model follows the NS assumption) friction
coefficient does not have a major impact on actuator performance. OD, which is the
main parameter for actuator force as shown in Section 3.2.1, is not the same for every
sample since only stock samples and samples produced in-house could be tested due
to manufacturing limitations. For this reason, force data for each sample was divided

by the cross-sectional inside area of the tubing (mR?) to normalize the results.

An ATI Nano 17 force/torque sensor was used to record force data. The sensor
was mounted on a fixed frame (see Figure 3.11b) and connected to the NI-PCI 6220
data acquisition card. Analog data was converted to force measurements (N) using the
LabView ATI DAQ library. Tests were done by keeping the tubing length constant
at 100 mm and recording the maximum force output at different tubing pressures to
characterize the force/pressure relationship for each sample. The tested range was

between 40-160 kPa which is considered to be the operating range.

3.4.3. Maximum Speed

A push-button was mounted onto the fixed frame used for force experiments
and the pinch-roller was positioned at a pre-determined starting position before each
trial as shown in Figure 3.10. Tubing pressure and time elapsed for the base to move
a displacement of 80 mm was recorded using NI CompactRIO Real-Time Operating
System (RTOS). The average speed was calculated using the measured elapsed times.

Tubing pressure (gauge) was increased from 0-400 kPa at roughly 25 kPa intervals.
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g
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Pressure
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Figure 3.10. The experimental setup used for maximum speed tests. A push button is
mounted inside the sensor housing and the linear carriage is manually pulled back to

the starting position before each trial.

3.4.4. Model Validation

Model validation experiments were performed to verify the models given in Sec-

tion 3.2 for output force, critical buckling and bending loads.

3.4.4.1. Force. Force data was taken using the same procedure mentioned in Section

3.4.2. The sensor was recalibrated before each trial. Tubing pressure (gauge) was
increased from 0-300 kPa at roughly 25 kPa intervals and experimental results were
compared to the force model. The experiment was performed on two PA12/L tubings

with the same specifications to evaluate repeatability.

The following model parameters were used: F =~ 2 MPa, v = 0.5, u = 0.4,
R, = 3.3 mm, t, = 0.375 mm, t, = 0.03 mm, R, = 4.97 mm and r = 7.5 mm. R,,
to, tn, R, and r were measured using electronic calipers, v was taken from literature
data for natural latex rubber and E was obtained as an approximate value from the

manufacturer’s technical data sheet (Qualatex).

3.4.4.2. Buckling Failure. The effect of tubing length on critical buckling force (F.)

was investigated at a constant tubing pressure of 100 kPa.
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Tubing length was decreased from 200-50 mm at 25 mm intervals. The ATI Nano 17
force/torque sensor was attached to the actuator as shown in Figure 3.11. At each
length, the adjustment screw was tightened to prevent the pinch-roller from moving
and the compressive force applied on the sensor was increased slowly until the inflated
beam buckled. The maximum force was recorded just before buckling failure . Three
trials were done at each length and the results were compared to the F,. calculated

using the models given in Section 3.2.3.2.

3.4.4.3. Bending Failure. Critical bending force (F},) was also measured at different

lengths by keeping pressure constant at 100 kPa and decreasing tubing length from
200-25 mm at 25 mm intervals. Similar to the buckling experiments, the ATT Nano 17
force/torque sensor was attached to the side of the actuator. A transverse force was
applied at the tip until bending failure occurred and the maximum force was recorded.
Three trials were done at each length and the results were compared to the Fj, calculated

using the model given in Section 3.2.3.3.

A single layer, LDPE tubing with 10 mm OD was used for both buckling and
bending tests since the model assumes homogeneous, elastic material. The specifica-
tions are the same as the LDPE/L tubing shown in Table 3.2 without the inner layer.
The following model parameters were used: £ ~ 300 MPa, G =~ 105 MPa, R = 5 mm
and ¢ = 0.090 mm.

(a) (b)

Figure 3.11. Experimental setup used for (a) measuring actuator force and (b) for

buckling experiments.



36

3.5. Results and Discussion

3.5.1. Tubing Characterization

Normalized force profiles of the tested tubings are given in Figure 3.12a. Burst
pressure estimates are also shown for each tubing next to the respective force profile.
Note that the values labeled with (x) were determined experimentally and the others
were obtained from the manufacturer. The rankings for all four selection criteria are
given in Figure 3.12b. We based the force ranking on normalized force results and the
durability ranking on burst pressure ratings. Rankings for flexibility and sealing were

determined empirically through observation.

PTFE sample was not tested due to significant air leak between the rollers. Sam-
ple with code name HDPE/L was also not tested due to very low durability (burst
pressure < 100 kPa). This sample was manufactured in-house by covering a rubber
latex tubing with a thin (0.1 mm) HDPE sheet using an impulse heat sealer. However,
we were not able obtain a strong seal which significantly lowered durability. Samples

with 10 mm OD were used for PA12 and PA12/L.

e O eparz | | | e > # | Flexibility ~Force  Sealing Durability
£ 0.08 | ALDPEL & syl

< ¢ Eg;? - oy A ,;' o | 1 | ALDPE/L ®PA12 ¢PA12IL | ePA12
g 0.06epB72 s ’:: - {}{"‘ v~ g 2 PEL ALDPE/L = ALDPELL = #PA12L
u°_004 PEL ,,//f/";/" .- * 3 | ePA12L ePAf2L PEL ®PB72
3 r‘é“? g '&égf :0,&; g -8 4 | ePA12 PB55  ®PA12 PBS55
'(—NU 0.02p7 .-%~ 2 > 100, A 5 PB55 e PB72 PB55 ALDPE/L
= (et e . . . 6 | ePB72 PEL *PB72 PEL

§ O40 60 80 100 120 140 160

Pressure (kPa)
(a) (b)

Figure 3.12. (a) Normalized force (force output/effective area) for tested tubing
samples between 40-160 kPa. Burst pressure estimate (kPa) for each tubing is also
shown next to the respective force profile. (b) Ranking of the tested samples for all

selection criteria from highest to lowest rank (1-6).
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Results indicate that PA12 sample had the highest force output, reaching a nor-
malized force close to 0.1 at 150 kPa. LDPE/L and PA12/L samples also produced

significant force, reaching a normalized force of 0.08 at 150 kPa.

Although the PA12 sample had the highest force output and durability, it had low
flexibility and had problems with sealing. In general, hard polymers (PA12 and PB55)
produced enough force to actuate the pinch-roller but did not provide enough sealing
between the rollers. Conversely, soft polymers such as Polyurethane (PEL) provided
enough sealing but produced low force and underwent radial deformation which was
undesirable. For this reason, LDPE/L and PA12/L, the two double-layer tubings with
rubber latex inner layer were chosen as the most suitable candidates in terms of both
force output, sealing and flexibility. The inner layer provides adequate sealing between
the rollers while the outer layer restricts radial expansion of the rubber and increases
durability without compromising flexibility of the tubing. Between these two samples,
PA12/L had higher durability (burst pressure ~ 800 kPa) than LDPE/L (burst pressure
~ 160 kPa). However, we were not able to obtain PA12 samples longer than 120 mm
from the manufacturer. For this reason PA12/L tubings were used for maximum speed
and model verification tests to reach pressures higher than 160 kPa whereas the longer
LDPE/L tubings were used in the soft continuum robot (see Chapter 4). Technical

specifications of these tubings are given in Table 3.2.

Table 3.2. Detailed technical specifications of the PA12/L and LDPE/L tubings

shown in Figure 3.1.

PA12/L
Layer | Material OD | Wall Thickness | Elastic Modulus Shore Length
(mm) (mm) (MPa) (mm)
Inner Latex 6.5 0.3 2 35A 120
Outer PA 12 10 0.035 1100 75D 120
LDPE/L
Inner Latex 6.5 0.3 5 35A 300
Outer LDPE 10 0.090 300 55D 300
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3.5.2. Maximum Speed
Maximum (unconstrained) speed data and the corresponding curve fit are given
in Fig. 3.13a. Tip speed was recorded as zero under 25 kPa since force generated was

not enough to actuate the pinch-roller. A square-root relationship was observed. The

actuator was able to reach speeds in excess of 1 m/s at pressures above 200 kPa.

3.5.3. Model Validation

3.5.3.1. Force. The experimentally obtained force data from the two tubings and the

model results are given in Figure 3.13b. The force-pressure relationship was highly
similar for both tubings which indicates repeatability. The solid Fiyg line is the model
prediction assuming no-slip condition at the roller surface. The dashed Frg line is the
model prediction with full slip. For full-slip condition, we determined an average static

friction coefficient of © = 0.4 at the nylon-aluminum interface from the literature [47].

The model lines have a curved region at pressures between 0-150 kPa which
occurs as the inner rubber layer is not fully expanded in this pressure range. As tubing
pressure is increased, the inner rubber layer expands, which leads to an increase in the
inner radius (R) and consequently the force output (F,) as shown in Equation 3.16.
When R reaches its maximum value (R,,4:), it can no longer increase due to the inner
layer being constrained by the rigid outer layer. This manifests as a kink around 150
kPa on the model line. After this point, the pressure-force relationship stays linear as

expected.

It can be seen in Figure 3.13b that the experimental results deviate from the
no-slip prediction and rather lie between the NS and FS lines, especially at pressures
higher than 100 kPa. This may be due to the relatively low friction coefficient of the
tubing outer surface (PA12). A material pairing with higher friction coefficient can be

used to prevent slippage and obtain higher forces.
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Figure 3.13. (a) Maximum extension speed and pressure relationship. (b) Force and
pressure relationship. Solid and dashed lines represent the theoretical models. Data

1, 2 and 3 represent the measurements taken from three separate tubings.

In addition to friction losses, differences in the roller-tubing interface geometry, material
deformation and manufacturing imperfections (e.g. roller shafts not being perfectly
aligned, air leak between the rollers at high pressures) may have also contributed to
the drop in force output. In order to take these losses into account, a mixed-slip (MS)
condition is also added to the figure which is the average of the NS and F'S lines. The

dashed gray Fjs line fits the data well both at low and high pressures.

3.5.3.2. Buckling Failure. The experimental results for the buckling experiments and

the model estimation using both Le Van’s and Fichter’'s models are given in Figure
3.14a. Both models produced similar results although Fichter’s model lies slightly
below Le Van’s at lower tubing lengths, possibly due to the increased effect of the
shear modulus. Overall, the experimental results fit the model estimation at high
lengths and follow a similar trend. The failure load is inversely proportional to tubing
length as the models suggest. However, measured data deviates from model estimation
at tubing lengths lower than 100 mm. This could be due to the formation of local
buckling regions on the tubing surface due to wear. The experiment was performed
on a single sample and measurements were taken with descending length, which could

have compounded this effect at lower lengths.
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Figure 3.14. Results of the buckling and bending experiments. (a) Measured critical
buckling force (F.) compared to the two models. (b) Measured critical bending force
(F},) compared to the model. Data 4 and 5 indicate that measurements were taken

from separate tubings. Shaded areas show the standard deviation.

3.5.3.3. Bending Failure. Figure 3.14b shows the experimental data for bending failure

under transverse load and the model estimation calculated using Equation 3.31. The

model matches the data very well at both high and low tubing lengths.

3.5.3.4. Roller Diameter. As shown in Section 3.2.1, design parameters that affect

force output are tubing outer layer diameter (R, ), tubing inner layer dimensions and
material (R,,t,,F,v), friction coefficient (1) and roller radius (7). Roller radius is the
easiest parameter to control since tubings could not be manufactured with custom

specifications and instead were chosen from readily available samples. Therefore, the

_r

Rn) on output force is investigated in

effect of roller diameter to tubing diameter ratio (
Figure 3.15. For all three cases, decreasing the roller diameter leads to higher output
force. However, this effect is more noticeable in the NS model since tension force (Fy,)
which increases with decreasing roller diameter is more significant. In the FS case,

pressure force Fj, is more significant than Fj,. Since [}, decreases with decreasing

roller diameter instead, the effect of roller diameter on output force is reduced.
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Results from Section 3.5.3.1 indicate that the MS model gives the closest results
to experimental data. It can be seen that although a roller/tubing diameter ratio of
0.25 gives the highest force, increasing the roller diameter fourfold only leads to a 7%
reduction in force (0.41 N) at 100 kPa with the MS model (see Figure 3.15a). This
reduction is slightly more prominent at higher pressures, reaching 9% (0.81 N) at 200
kPa (see Figure 3.15b). It can be said that optimizing roller diameter is more important
at high pressure ranges (> 200 kPa). Nevertheless for the expected operating range
between 40-140 kPa, roller/tubing diameter ratio does not have significant effect on

force, especially if the tubing diameter is necessarily large.

This simulation also demonstrates the importance of using rollers in the actuator
as opposed to fixed shafts. Even with the relatively low friction coefficient between
nylon and aluminum, the actuator produces 45% less force with the F'S condition at
100 kPa (RLn = 0.25) where the tubing slides between the rollers, as opposed to the NS

condition where the rollers are rotating freely.
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Figure 3.15. Simulating the effect of roller diameter to tubing diameter ratio (3-) on

output force (a) at 100 kPa and (b) at 200 kPa tubing pressure. R,, was taken as 10

mm for all simulations.
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4. DESIGN OF THE SOFT CONTINUUM ROBOT

A major advantage of the proposed actuator is that multiple actuators can be
used in parallel to provide active steering to a soft robot. This is due to the inherent
flexibility and softness of the inflated tubings. By combining multiple actuators in a
soft body and extending them at different speeds (i.e. asymmetrical extension), it is
possible to change the direction of motion. In this chapter, application scenarios of
the proposed highly extensible actuator to the field of soft robotics are discussed. To
this end, two soft continuum robot prototypes have been developed using the proposed
actuator. In Section 4.1, design, development and testing of a preliminary prototype
with two actuators is discussed. In Section 4.2, design, development and testing of a
more sophisticated prototype that can move in 3D space is discussed. The actuators
in the preliminary (2D) prototype can be considered to have 2-DoF with bending and
extension in one direction while the actuators in the final protoype have 3-DoF with

bending in two directions and extension in one direction (see Figure 4.1).

— e
Q) 19 | @%
©
(c)

(a) (b)

Figure 4.1. It is possible to deploy multiple actuators in parallel to form a soft

continuum robot that can extend and steer in different directions from the tip. (a)
Schematic of a single actuator with 1-DoF, (b) of a robot using two actuators that
can navigate on a planar surface, and (c) of a robot using three actuators that can

move in 3D free space.



43

4.1. Preliminary (Planar) Prototype

This section describes the mechanical design, manufacturing and testing of the

soft continuum robot using two actuators that can extend and steer on a single plane.
4.1.1. Working Principle

Conceptually, the preliminary prototype consists of two pinch-roller drives mount-
ed side by side on a base (i.e. end effector) which can move freely on a planar surface
(Figure 4.2a). Two flexible tubings form the main body, and the base at the tip together
with the rollers forms the end effector. The end effector can translate in the x-axis and
rotate around the z-axis. Extending or contracting both tubings at the same speed
leads to translation whereas asymmetrical extension or contraction leads to rotation.
For instance, to rotate the end effector left while going forward, the right tubing (tubing
2) will be released faster than the left one as shown in Figure 4.2b. By extending and
rotating the tip, the end effector can cover a planar workspace constrained by length

of the main body.

@ spool 1 A end-effector

|
tubing 1 } O w rotation

|
'O
main body g" translation
O J
]
T

tubing 2

@ spool 2 B

(a) (b)

Figure 4.2. (a) Proposed soft continuum robot using two actuators. The end effector
can translate in the x-axis, and rotate around the z-axis by extending or contracting
the tubings at different rates. (b) The end-effector turns left by releasing tubing 2
faster than tubing 1. Note the location of point B. As tubing 2 is released faster than
tubing 1, point B moves farther than point A [39].
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4.1.2. Components and Assembly

The robot is composed of three main sections, namely the end effector at the tip,
the main body that includes two thin-walled inflatable tubings used as actuators, and
the control hub that includes all mechanical and electronic components used to control

the robot (see Figure 4.3). In the following subsections, these parts are explained.

Air Control Unit Feed Unit
End I 1 1

Control Hub Main Body effector Pressure transmitters
I 11 1 ] PCB and | Stepper motors

Motor driver

I Exhaust valves

Inlet —p gt
(from

compressor) = (to main body)

S
Inlet valves Rotary fitings

(a) (b)
Figure 4.3. (a) Side view of the robot showing the three main sections. (b) 3D model
of the control hub with the feed unit (FU) that controls tubing extensions and the air
control unit (ACU) that regulates tubing pressures [39].

4.1.2.1. End Effector. The end effector consists of four main components: rollers, fixed

base, moving base and outer shell (Figure 4.4a). Majority of the parts were fabricated
by a 3D printer for easy prototyping. All components except the roller shafts were
printed with Polyamide (EOS PA 2200) which is a polymer with relatively low density
and high tensile strength. The roller shafts were manufactured on a lathe using Silver

Steel (115CrV3) since there are threaded holes at both ends of the shafts.

The outer shell is used to protect the pinch-roller from external forces and prevent
debris from entering the rollers. It also acts as a housing to attach a force sensor at
the tip for experiments (Figure 4.4b). The end effector contains four rollers in total,
one on each moving base and two on the fixed base. The outer rollers are positioned
on the roller shafts using a double bearing arrangement. The fixed base is stationed

at the center and can be mounted onto the outer shell using guiding channels on top
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and bottom (Figure 4.4a). Two M4 brass plastic inserts are fitted onto the sides of the
fixed base to act as female thread for the tightening screws. The moving base is used
to adjust the tightness for each roller pair with the help of a tightening screw (Figure
4.4c).

Major issues encountered during design of the pinch-roller drive (see Section 3.3)
were roller shaft alignment, retention of the tubings between the rollers and guide shaft
alignment. Several improvements have been made to the design to fix these issues in

the preliminary soft robot:

(i) Roller shaft alignment: The roller shafts are attached onto the base using coun-
tersunk flat head screws to center the shaft and keep it in correct alignment
(Figure 4.4c). The screws on top have a smaller diameter (M3) than the screws
at the bottom (M4). This was purposely done to simplify assembly and minimize
friction by keeping the roller suspended and prevent contact between the roller
surface and the base.

(ii) Tubing retention: The moving base and the fixed base were designed such that
they interlace after assembly which prevents the tubing from sliding along the
roller axis during motion.

(iii) Guide shaft alignment: The roller pairs can be adjusted separately using the
respective tightening screw. Two induction hardened chrome plated rods referred
to as guide shafts were used to restrict motion and align the moving bases with
the fixed base. Each moving base slides on the guide shaft with the help of two
LM4UU linear bearings (Figure 4.4c). 3D printed plastic bushings were used to
position the guide shafts on the outer shell (Figure 4.4b).

4.1.2.2. Main Body. Two thin-walled tubings (left and right tubings) comprise the
main body (Figure 4.4d). Again, as mentioned in Section 3.5, 120 mm long PA /L
tubings were used for force and maximum speed tests and 300 mm long LDPE/L
tubings were used for navigation (see Table 3.2 for technical specifications). The main

body is connected to the end effector as shown in Figure 4.4d.
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Figure 4.4. (a) Back view of the end effector showing the four main components:
roller, fixed base, moving base and outer shell. (b) Side view of the end effector. (c)

Exploded view without the outer shell (CAD) showing interior components. (d) Top
view of end effector after the tubings are attached [39].

4.1.2.3. Control Hub. The control hub houses all electronic and mechanical compo-

nents used to regulate tubing pressure and extension speed of the two actuators. Tech-
nical specifications of these components can be found in Table 4.1. These components

can be further categorized into two: the air control unit (ACU) and the feed unit (FU).

The ACU consists of two pneumatic lines in parallel, one for each tubing. Each
pneumatic line contains solenoid valves for inlet and exhaust, a pressure transmitter
and a barbed-hose end pneumatic fitting with a rotary joint (Pisco RC6-01) (see Figure
4.3b). Both pneumatic lines are connected at the inlet to a silent air compressor with

a 24 It pressure tank that acts as the main pressure source.
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The FU is used to control extension and contraction speeds of both tubings. It
includes two stepper motors (one for each tubing), a spool attached onto each motor
shaft, and a flanged ball bearing for alignment (see Figure 4.3b). Slack portions of the
tubings are coiled around the spools which can be released or wound by the motors.
Stepper motors were chosen instead of the servo motor used in the 1-DoF experimental

setup for their quick response and precise control of angular position and velocity.

Table 4.1. Technical specifications of the components used in the control hub

Component Model Name Technical Specifications
Pressure Transmitter Keller PA-21Y 0-10 bar, 4-20 mA
Inlet / Exhaust Solenoid Valves || FG Line C01 0-10 bar, 12-24V, 1 1t /min
Silent Air Compressor Proter 24 1t 0-8 bar, 750 W
Stepper Motor Nema 11 - 200 Step | 4.5V, 670 mA, 950 g-cm

4.1.3. Experimental Methods

Force and speed tests were conducted using a semi-circular barrier with a 120
mm radius of curvature (see Figure 4.5). The center of curvature coincided with the
center position between the tubing inlets as shown in the figure. For all experiments,

a 10 mm thick smooth PVC plate was used as the test surface (see Figure 4.3a).

B LT

Figure 4.5. Experimental setup used for force and speed experiments. The force

sensor is not attached [39].
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4.1.3.1. Force Output. Force tests were done to measure the robot’s force output

during steering at angles between +30°. The force barrier was 3D printed with labels
at each 5° rotation interval. The ATI Nano-17 force/torque sensor was mounted onto

the end-effector shell using a 3D printed housing.

The tests were performed by manually positioning the end-effector at the desired
rotation angle, setting the desired pressure and releasing both tubings at a very low
speed (5 rpm) to eliminate effects due to impact. Force values were recorded in radial
direction after the sensor touched the barrier and the maximum compressive force
applied by the robot was calculated. Measurements were repeated three times at each
rotation angle, and the sensor was recalibrated after each trial. A single trial is shown
in Figure 4.6 as an example. Note that the force sensor is not attached as the pictures

were taken for demonstration purposes.

4.1.3.2. Controlled Speed. Robot speed for straight extension and contraction (0°)

was calculated by mounting two push buttons, one at the start position and one at the
end position on the barrier. The distance traveled by the end effector between the two
points was 32 mm [39]. The measured speed was compared to the input speed which

was calculated using the actuator model (see Section 3.2.2).

Each trial was performed by resetting the end effector position (i.e. moving it
until it reaches the start or end position) and then releasing the end effector at a
constant motor speed. The average speed was calculated by recording the time elapsed
for the end effector to reach the end position (see Figure 4.5). Three trials were done
at each motor speed and the mean value was taken into consideration. Both extension
and contraction speed tests were repeated at 100 kPa and 200 kPa. For contraction
speed tests, duty cycle of the exhaust valves was set at 20% for 100 kPa and 30% for
200 kPa to achieve the same main body stiffness [39]. A single trial with both extension

and contraction is shown in Figure 4.7.



49

t =085 t = 1.5s t= 22:.35

— _IH_L ""i' _IH__L ['I - : (‘ S &

Figure 4.6. The end effector steering at an angle of +20° in clockwise direction,

applying force on the barrier and moving back to the starting position. The force

sensor is not attached in these pictures.
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Figure 4.7. The end effector moving forward and backward by extending and

contracting the actuator at a constant speed of 28.5 mm/s (90 rpm motor speed).

4.1.3.3. Navigation. 300 mm long LDPE/L tubings were used for navigation experi-

ments (see Table 3.2). Navigation experiments were performed both in open-field, with
obstacles and also in closed environments. Extension speed of the actuators were con-
trolled using an user interface (UI) that includes button controls to move the system
and to open and close the valves, and numerical controls for adjusting the movement

speed and PWM parameters for exhaust valves [39].
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4.1.4. Results

4.1.4.1. Force Output. Force and pressure relationship at different rotation angles is

given in Figure 4.8a. The force values on the graph are the mean values of the repeated
tests in the same angle, including clockwise (4) and counter-clockwise (—) rotation.
The solid gray line is the experimental limit, which is simply the regression line obtained
from actuator force experiments in Section 3.5.3.1 multiplied by two since two actuators
are used in parallel (see Figure 3.13b). Maximum force output is obtained at straight
extension (0°). Tip force drops with increasing rotation angle as seen in Figure 4.8b.
This is caused by a decrease in backbone stiffness due to formation of local buckling

regions on the tubing membrane as the backbone diverges from its linear axis.
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Figure 4.8. (a) Effect of tubing pressure on compressive force and (b) the relationship

between compressive force and tip rotation angle in degrees [39].

Maximum measured force is observed to be 1 N below the experimental limit. The
frictional force between the end-effector and the test surface was measured using an
ATI Nano 17 force/torque sensor. The average static frictional force between the end
effector and the surface was measured as 0.35+0.02 N from a total of 10 datasets [39].
The added frictional losses from the rollers combined with the friction between the
end-effector and test surface (PVC) could be the reason for the 1 N difference between

the maximum measured actuator force and the experimental limit.
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Similar values were obtained at £10° and 420° with an additional 1 N drop in
the measured force (see Figure 4.8a). Measured force drops drastically above 150 kPa
pressure at £30° due to decrease in backbone stiffness. Full buckling was observed
during some trials at —30° and 250 kPa causing a drastic reduction in measured force.

As a result, data taken at this rotation angle has high standard deviation.

Force and rotation angle relationship and the polynomial regression lines for each
data set are given in Figure 4.8b. Although a similar reduction in force is observed
for both clockwise and counter-clockwise rotation, the force profiles are not completely
symmetric. This can be attributed to manufacturing imperfections and the uneven
wear on the tubings which caused one tubing to buckle more than the other. The force
reduction was more prominent at higher pressures. Forces close to 20 N were obtained
at 250 kPa. However, increasing tubing pressure also increases the probability of full

buckling when the tip is rotated, which can be seen at —30°.

4.1.4.2. Controlled Speed. Controlled speed test results are given in Figure 4.9. The

model line formed by converting input motor speed to tip speed using Equation 3.17
is also shown for reference. A linear relationship is observed between motor and tip

speeds as expected.

The mean absolute error (MAE) between model estimation and measurement at
each motor speed is given in Figure 4.10. Measured speed is very close to the model
estimation with an average MAE of 2.34 mm /s (extension) and 1.70 mm/s (contraction)
at 100 kPa pressure. However, extension speed was measured to be over the model
estimation at 200 kPa with an average MAE of 6 mm/s. The highest MAE during
extension was 9.2 mm/s at 170 rpm motor speed. The reason of this error might be
the increased force exerted by the tubings at 200 kPa (see Figure 4.8) which exceeds
holding torque of the stepper motors causing them to miss steps. This problem can be

solved by using stronger motors.
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Figure 4.9. Tip speed versus input motor speed during (a) straight extension and (b)

contraction. Solid black line represents the tip speed calculated using the theoretical

model [39].
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Figure 4.10. Mean absolute error between input and measured (output) speed for (a)
straight extension and (b) contraction. Error bars show the standard deviation in

data.

4.1.4.3. Navigation. The robot backbone can extend from its initial length of 5 mm

to 300 mm at full extension. This corresponds to an extension ratio of 9.5 when the 30
mm end-effector length is added. A rough estimation of the robot’s workspace is given
in Figure 4.11 where shaded areas are regions in which full buckling is likely to occur.
Controlled extension is not possible in these regions although they can still be reached

if the backbone is supported by a closed structure as in Figure 4.12.
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Figure 4.11. Workspace of the proposed soft robot. Maximum length is initial length
of the end-effector plus length of the tubings. Shaded areas represent regions where

full buckling is likely to occur in at least one tubing [39].

Figure 4.12 shows navigation of the robot in a closed environment to reach a
goal position. In addition, Figure 4.13 shows navigation of the robot in an open
environment to reach two different goal positions. The closed maze had a minimum
radius of curvature of 50 mm. A maximum rotation angle of 45° was reached during

motion. The tubing pressure was fixed at 75 kPa for all navigation tests.

Results from the maze tests are a good demonstration of the capabilities of our
actuator. The robot was easily navigated to the desired goal position by controlling
extension and rotation at the tip. The ability to quickly change the rotation/extension
speed based on the environment is very advantageous in such applications since the
operator can use low speed for intricate tasks such as maneuvering around an obstacle

and higher speeds for simple tasks such as straight extension.
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Figure 4.12. The soft robot quickly moves in a curved maze to reach the goal
position. The user can follow the maze path accurately during extension by

controlling rotation angle at the tip [39].

T 250
-+ 200
L 150
+ 100
1 50

-0
- 250

-+ 200
-+ 150
-+ 100

-1 50

L0

Figure 4.13. The soft robot moves in an open environment while avoiding obstacles.
The user can steer the robot to pass through apertures on a wall oriented horizontally
(top) or vertically (bottom). The robot can continue exploring the environment after

passing through the aperture [39].



25

4.2. Final (3D) Prototype

This section describes the mechanical design, assembly and testing of the soft
continuum robot with three actuators that can move in 3D space. Control system
design for the robot is the subject of another study by Talas [48] and is not explained

in detail.

4.2.1. Working Principle

The final prototype uses the same working principle as the preliminary prototype
which was explained in Section 4.1.1 with an additional actuator. Instead of the parallel
configuration used for planar motion, this robot uses a triangular configuration where
three actuators are positioned at the corners of an imaginary equilateral triangle at
the base and the end effector. This configuration is commonly used in tendon-driven
continuum robots with three tendon wires [5]. Figure 4.14 illustrates the basic working
principle of the robot with three actuators. In Figure 4.14, black colored triangle is
the base, and blue colored triangle is the end effector. Black circles represent the fixed
inlets, blue circles represent the pinch-rollers on the end-effector, inflated tubings are

shown as thick blue lines and uninflated (slack) sections are shown as dashed blue lines.

When extension speeds of all tubings are the same (i.e. v; = vy = v3), the robot
tip extends straight along the Y-axis if deflection due to gravity is neglected (Figure
4.14a). However, if at any moment, the extension speed of the third tubing is increased
so that it is higher than the other two tubings (i.e. v; > v = v3), the robot tip will
steer in the direction perpendicular to /35 which is the opposite side of the imaginary
triangle at the tip (Figure 4.14b). Using a combination of different extension speeds,
the robot tip can be steered in any desired direction in three-dimensional space. Along
with steering direction, the steering angle, or the sharpness of steering, can also be
also be controlled by changing the difference in extension speeds. For instance, for
the configuration given in Figure 4.14b, steering angle can be increased simply by

increasing vs.
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Figure 4.14. Working principle of the robot with three actuators. At (a) the robot is
extending straight along the Y-axis, since extension speeds are the same. At (b)
extension speed of the third tubing (v3) is increased which causes the end effector to

steer towards the opposite side [15 as shown.

4.2.2. Mechanical Design

The final prototype has a design similar to the preliminary prototype. Since
weight of the robot also comes into play during motion in free space, several components
are added to provide stiffness and prevent buckling failure of the tubings. The design
consists of two main sections, much like the planar robot: (1) the robot body which
includes the tubings, the backbone and the sheaths (see Figure 4.15a) and (2) the
end-effector which includes the pinch-rollers and components attached to the tip such
as the force sensor (see Figure 4.15b). In Figure 4.15a, solid arrows represent the point
of extension for each extending component. It can be seen that the sheaths and the

backbone extend from the base, whereas the tubings extend from the tip.
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Figure 4.15. (a) Section view of the robot body. The inner and outer sheaths are
shown in blue, backbone is in green and the tubings are in red. (b) Detailed view of
the end-effector. Three pinch-roller drives are positioned with equal radial spacing

around the centroid forming an equilateral triangle.

4.2.2.1. Robot Body. A colorized diagram of the robot body is given in Figure 4.15a.

Components that did not exist in the preliminary prototype are the sheaths and the
backbone. In 3D space, deflection of the robot body due to end effector weight comes
into play, which was not an issue for the preliminary prototype. A hollow shaft that
pases through the center of the robot body called the backbone (green) was added to
provide structural support when the tubings are not pressurized. It extends from the
base through the sheath reservoir and is supported by two PTFE bushings at both
sides (see Figure 4.16). These bushings keep the backbone in alignment and minimize

friction as it extends from the base.

Local buckling of the inflated tubings was a prominent issue during navigation
tests of the planar robot (see Section 4.1.4.3). For this reason, an inner sheath (blue)
was placed around the inflated tubings, covering both the tubings and the backbone.
This sheath restricts radial tubing motion and prevents buckling failure of the inflated
tubings. An outer sheath (blue) is also added to cover all components including the
uninflated tubings (slack). The slack section will undergo tension when the tubing is
pressurized from inlet and change shape depending on the location of the end effector.

The outer sheath keeps the slack section in alignment along the robot body. Both
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sheaths were designed to have very low weight, low friction and a very high extension
ratio. They have a crimped structure that gives them the ability to extend or compress
significantly during motion (see Section 4.2.3.2 for information on the manufacturing
process). They are attached onto the end effector through a connector piece as shown
in Figure 4.16. The sheaths are stored on the sheath reservoir which is fixed to the
base plane. The tubings inlets are also fixed on the base plane (see Figure 4.16).

End Sheath Inner sheath  Air Feed
effector connector reservoir inlet unit

Backbone

Base plane

End effector Outer sheath .
cap reservoir Bushings

Figure 4.16. Colorized diagram of the robot body as seen from the side. Inner sheath
is attached to the sheath connector. The backbone is fed through a hole at the
center. T'wo bushings are located at each side for alignment. End effector cap and

outer sheath reservoir are partially transparent to show interior components.

4.2.2.2. End Effector. Detailed diagram of the end effector and its interior components

is given in Figure 4.17. The end effector includes an adjustment mechanism to fine-
tune the tightness of each roller pair, similar to the one used in the end effector of
the planar robot. The top roller is attached onto the corresponding moving base and
the bottom roller is attached onto the end effector base for each roller pair. Unlike
the planar robot, the rollers have different diameters, with the top roller being larger
than the bottom roller. This was done to make assembly easier. The bottom roller
can pass through the bearing housing due to its small diameter and the bearings can

be attached from both sides during assembly.
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The adjustment can be done by tightening or loosening the screws, thus changing
the distance between end effector base and moving base. There are three tightening
screws on each roller pair, two on one side and one on the other, to prevent bending
or rotation of the moving base due to tubing pressure. Bearings are attached on both
sides of the rollers to minimize friction and are fixed on the moving base with plate
covers. Three brass inserts (M3) are located at the tip to attach the cap (see Figure
4.15b) or other components such as camera, gripper etc. Please note that the tool
channels on the fixed base shown in Figure 4.17 were added to help the assembly of

the force sensor from the other side.

Due to the increased importance of weight for the 3D application, the end effector
was designed to be as small and compact as possible. For this reason, instead of using
separate roller shafts like in the planar robot, bearings were attached directly onto the

rollers using small pins at both ends.

Tightening
screws
Roller
adjustment
plate

Moving base
Guide shaft

Bearing Fixed base

cover

Figure 4.17. Exploded view of the end effector with interior components. The

pinch-rollers and the adjustment mechanism for each roller pair is shown.

4.2.3. Components and Assembly

The assembled prototype can be seen in Figure 4.18. The robot has two main
sections: the robot body which includes the end effector and the control hub. Control

hub contains the feed unit (FU) and the air control unit (ACU).
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Figure 4.18. Side view of the assembled robot. (a) Showing the three main sections,
and (b) close up of the main parts in the robot body and the feed unit. The outer

sheath and the end effector cap is not attached in both pictures and also (b) is edited

to make inner sheath partially transparent to show interior components [49].

4.2.3.1. End Effector. The end effector is located at the tip of the robot body and

houses the pinch-roller drives necessary to actuate the robot. All parts of the end
effector were fabricated by a 3D printer for easy prototyping. The end effector parts
are made of Polyamide (EOS PA 2200) similar to the end effector in the preliminary

prototype (see Figure 4.19).
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Figure 4.19. Back and side view of the end effector after assembly. The dimensions

are given in mm [49].
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4.2.3.2. Robot Body. The sheath connector which is attached to the tail end of the

end effector and the end effector cap which is attached at the tip were also 3D printed.
Polylactide (PLA) was chosen as the material since inflated tubings do not apply
significant stress on the connector. The connector was manufactured as a separate
part for easy assembly and disassembly of the inner/outer sheaths. The outer sheath

and the cap are disassembled in Figure 4.18b to show interior parts of the robot body.

Tubings used in the robot body are LDPE/L type, with an LDPE outer layer
and rubber latex inner layer. These tubings were also used for navigation tests with

the planar robot (see Table 3.2 for specifications).

The inner and outer sheaths are made of polyester. Their crimped structure allows
them to reach an extension ratio of 35:1 at full extension (see Figure 4.20). The outer
sheath has a maximum outer diameter of 55 mm in compressed state whereas the inner
sheath has a maximum outer diameter of 40 mm. The sheaths were manufactured in-
house using a thermoforming process where off-the-shelf expandable braided sleevings
were fitted onto a machined steel pipe with the desired outer diameter, compressed to

the minimum length and heated at 350° C for 5 minutes.

w3 90T

S

-I;’;cm o

Figure 4.20. Both sheaths can extend significantly. The outer sheath has a

compressed length of 3 cm and a maximum length of 105 cm.
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A hollow flexible shaft with an outer diameter (OD) of 6 mm and inner diameter
(ID) of 4 mm is used as the backbone. The backbone does not extend from the tip like
the tubings and is instead pulled from the base by the force generated at the tip which
causes the shaft to slide on the inflated tubings during motion. This applies additional
shear stress on the tubings, increasing wear and tear while decreasing the output force.
For this reason, PTFE was chosen as the shaft material to minimize friction force
between the shaft and the inflated tubings. All components of the robot body, including
the sheath connector, the sheath reservoirs and sheaths, the end-effector cap, and the

tubings are shown in Figure 4.21.

-
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(c) (d)
Figure 4.21. Components of the robot body. (a) The sheath connector, (b) the end

effector cap, (c) inner and outer sheaths and (d) the inner and outer sheath reservoirs

and the tubings.
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4.2.3.3. Control Hub. Control hub contains all control elements including motors,

motor drivers, sensors and solenoid valves. Control elements from the planar robot are
also used in the final robot, with one more pneumatic line and motor for the added
actuator. The control hub is divided into the FU and the ACU, much like the planar

robot’s control hub.

The FU houses all components necessary to control extension of the robot body
(See Figure 4.18b). Three stepper motors are located in co-radial arrangement with
equal spacing, aligned such that the uninflated tubings are positioned perpendicular
to the base plane (see Figure 4.22). Each tubing is attached onto a spool that is fixed
on the motor shaft with a flanged ball bearing at the other end for shaft alignment.
A4983 microstep drivers (SparkFun Quadstepper) were used to control the motors [49].
Bearing housings and the base (see Figure 4.22) were laser cut from 5mm thick acrylic.
Each bearing housing contains holes with embedded M5 hex nuts which allows them
to be fixed onto the base using M5 pan-head screws. A sheath reservoir is located at
the center of the FU which houses the inner and outer sheaths in compressed state.
Dimensions and weights of the main parts in the robot body and the FU can be seen
in Table 4.2. Weights are not given for parts in the FU since they are not inside the

moving robot body.
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Figure 4.22. Dimensions of the feed unit (FU) in mm and its components. Please

note that only the inner sheath reservoir is shown.
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Table 4.2. Material, manufacturing method, dimension and weight of main

components in the robot body and the FU.

. Manufacturing Dimensions Weight
Material
Method (mm) ()
Robot Body
End effector PA 12 SLS OD = 50 L =23.75 25
Inner Sheath PET Thermoforming OD =30/ 40 2
Lmin =30 L'maz = 350
Outer Sheath PET Thermoforming OD,ae = 55 2
Sheath Connector PLA FDM OD, 0 = 54.5 L =30 28
Backbone PTFE - OD=6|ID=14 L = 400 10
Feed Unit (FU)

Sheath Reservoir PLA FDM OD =35 L =40 -
Spools PA 12 SLS OD =24 Width = 30 -
Base Plexiglass Laser cutting Height = 186 Width = 180 -
Bearing Housing | Plexiglass Laser cutting Height = 45 Width = 30 -

The ACU is used to regulate the interior pressure of each tubing through PWM
control using one inlet and exhaust valve and one pressure transmitter. Six solenoid
valves and three pressure transmitters are used in total. All pneumatic lines are con-
nected to an air compressor with pressure tank that acts as the pressure source (Figure

4.23). Technical specifications of all components in the control hub were given in

Section 4.1.2.3, Table 4.1.

Figure 4.23. Pressurized tank with compressor that is used as the main pressure

source.
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4.2.3.4. Assembly Instructions. The components in the robot body have to be assem-

bled in a specific order. In this section, assembly instructions for the robot body are
given. Assembly steps are shown graphically in Figure 4.24. The steps are denoted as
circled numbers for each component and arrows represent the direction in which the

particular component is inserted. In addition, each step is described in detail in Figure

4.25. The assembled robot with all components can be seen in Figure 4.26.

Figure 4.24. Assembly directions for (a) the inner sub-assembly and (b) for the final
assembly of the robot body. Components are color coded as indicated: tubings (red),
inner sheath (blue), outer sheath (yellow/purple), shaft (green), sheath reservoirs

(white) and all other components are gray.
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Sub-Assembly (a):

(1) The sheath connector is attached to the tail end of the end effector sub-
assembly (this step is not shown). The tubings (red) are then passed through
the pinch-rollers.

(2) The shaft (green) is attached to the sheath connector at the center.

(3) The inner sheath (blue) is attached to the sheath connector and is tightened

using screws.

Final Assembly (b):

(4) The inner sheath reservoir is attached to the feed unit.

(5) The outer sheath reservoir is attached to the feed unit.

(6) Subassembly (a) is attached to the feed unit. First, inflated section of the
tubings lying inside the inner sheath are attached to the inlet fixture on the
inner sheath reservoir (4). Then, the inner sheath is placed on the inner
sheath reservoir.

(7) The slack section of the tubings are attached to their respective tubing spools
on the feed unit.

(8) The outer sheath is pulled over subassembly (a) and is placed on the outer
sheath reservoir (5).

(9) The end effector cap is screwed to the tip of the end effector and the outer
sheath (8) is attached to the cap (9).

Figure 4.25. Detailed instructions for each assembly step shown in Figure 4.24.
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(a) (b)
Figure 4.26. (a) Front view of the assembled robot with outer sheath and the end
effector cap. Fans used to prevent overheating of the stepper motors can also be seen.
(b) Top view of the assembled robot. The backbone that is fed through the feed unit

and the air control unit can be seen.

4.2.4. Experimental Methods

In this section, experimental methods used for performance testing and mechani-
cal characterization of the robot are outlined. Force output and maximum speed tests
were performed similar to actuator tests (Section 3.4). However since LDPE/L tubings
were used in this system, all tests were performed with these tubings in the robot body.

For this reason, maximum pressure range for all tests was between 0-160 kPa.

4.2.4.1. Bending Stiffness. Bending stiffness of the robot body was not important for
the preliminary prototype since it was supported by a planar surface. However, stiffness
becomes an important factor in 3D space as the robot has to resist deflection due to
external forces and gravity. For this reason, an experiment was performed to evaluate
bending stiffness of the robot body at different body lengths and pressures. The body
lengths tested were 120, 170 and 210 mm, and the tubing pressures were chosen as 60,

100 and 140 kPa.
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To obtain the force-deflection profile, an experimental setup was prepared where
an ATI Nano 17 force/torque sensor was attached at the tip of a digital caliper (Mi-
tutoyo) aligned perpendicular to the robot body (see Figure 4.27a). The deflection
at the robot tip was increased in 2.5 mm increments until § = 20 mm, and in 5 mm
increments after this point. The transverse reaction force exerted by the robot was
measured using the sensor. A total of 5 repetitions were performed for each body

length /pressure couple for deflections ranging from 0-40 mm.

4.2.4.2. Force OQutput. The maximum axial force exerted by the robot when extended

straight at different tubing pressures was measured to characterize the force-pressure
relationship and compare the results to the model. Axial force was measured using an
ATI Nano 17 force/torque sensor attached at the robot tip (see Figure 4.27b). The
tests were conducted in static configuration at steady-state with the tubing pressure
increasing from 10 to 150 kPa in 10 kPa intervals. Force measurements were repeated 5
times at each pressure point. Also, to show the hysteresis in the pressure-force relation,
another test was conducted by linearly increasing the pressure from 50 kPa to 150 kPa,
then decreasing from 150 kPa to 50 kPa and then again increasing from 50 kPa to 150
kPa and measuring the force continuously during the test. Data from 5 trials were

filtered and averaged to obtain a single hysteresis loop.

Force

nsor B

Linear \
platform

fixture
(a) (b) (c)
Figure 4.27. 3D model of the test setup used for (a) bending stiffness, (b) force

output and (c¢) maximum speed experiments.
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4.2.4.3. Maximum Speed. The speed limit of the robot tip was evaluated at different

tubing pressures. To attain maximum speed, tubing slack was disconnected from the
motors and average speed of the robot was calculated by measuring the travel time for
a known distance. Similar to test setup prepared for speed experiments of the prelimi-
nary prototype, a push button was placed on a fixed plate 60 mm away from the initial
position of the end effector and CompactRIO RTOS and FPGA were used together to
measure the travel time with 1 ms resolution (see Figure 4.27c) [49]. The end effector
was released after pressurizing the tubings and travel time was measured. The exper-
iments were performed at random pressure points between 60 and 100 kPa. Pressure
values higher than 100 kPa were not tested, because, unlike the other experiments, the
tubings were not restricted by the motors and as such the robot was driven at very

high speeds leading to wear and tear on the tubings and eventually perforation.

4.2.4.4. Workspace. A simple constant curvature (cc) kinematic model was used to

estimate the robot’s workspace [49]. First, the theoretical workspace was calculated
using the cc-model. The theoretical model takes two system constraints into account,
namely maximum length of the backbone (L;4;) and minimum radius of curvature
of the backbone (R,,;,). These were taken as L,,,,=300 mm and R,,;,=50 mm. Ac-
cording to the theoretical workspace, the robot should be able to operate roughly in
a hemispherical volume centered at the base of the robot, constrained only by these
two parameters. However, due to changing stiffness at different lengths and mechanical
limitations resulting from buckling of the tubings, the maximum curvature of backbone
changes with backbone length rather than being constant throughout the workspace.
For this reason, we performed an experiment by driving the robot tip to 100 different
goal coordinates inside the theoretical workspace and applied regression analysis to
estimate the minimum radius of curvature (R,.;,) at each backbone length assuming
the backbone profile has constant curvature (R, = f(Ly)). The relative positioning
error was calculated at each position using Equation 4.1. The kinematic model and
calculation of the position error is discussed in detail by Talas [48].
]l

Erel - 100 T (41)
12
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In Eq. 4.1, p* is measured mean tip position vector, p is goal position vector and

¢ is the error vector where ¢ = p* — p.

An Intel RealSense D435 depth camera (having integrated stereo camera, RGB
module and infrared projector, with RMS depth error < 2%) was used to track a
colored circle-shaped marker at the robot tip at the initial and final locations. To
evaluate the marker position in real-world coordinates, RGB and depth images taken
with the camera were aligned and the RGB image was segmented to find the center
pixel of the marker and extract the 3D position data from depth image. The 3D
data was then converted into millimeters by measuring the distance between two fixed
reference markers. Detailed information about the camera and depth conversion is
given by Talas [48]. A total of 100 data points were taken at constant tubing pressure
of 140 kPa.

4.2.4.5. Navigation. Multiple navigation experiments were performed to demonstrate

the robot’s ability to carry out tasks inside its workspace such as lifting and carrying
weights, and navigating towards a predetermined goal position both in open field and
around obstacles. The tip speed and steering angle of the robot was controlled manually
using the Force Dimension omega.6 device [48]. Different obstacles were placed in the

workspace to evaluate the robot’s ability to operate in closed or cluttered environments.

4.2.5. Results

4.2.5.1. Bending Stiffness. Results of the bending stiffness experiments are presented

in Figure 4.28 as force-deflection graphs. The standard deviation (£o) for each re-
gression curve is shaded. The force-deflection relationship is close to linear for small
deflections (<5 mm) as expected from the uniform beam assumption. However, a de-
creasing trend for stiffness is observed at higher deflections. There are several reasons
causing the uniform beam assumption to not hold for large deflections. One reason
is that the distance between tubings changes due to applied force which affects the

overall stiffness of the robot.
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Another reason is the local buckling of the tubings causing deflection to be non-uniform

through the body but local at some points, therefore lowering the transverse reaction

force at the tip. Other than local buckling, full buckling of the tubings was observed

at deflections larger than 25 mm at a body length of 130 mm which resulted in a sharp

decline in stiffness. For this reason, values higher than 25 mm were omitted at 130 mm

body length in Figure 4.28a.

Initial bending stiffness was calculated from slope of the regression curve at zero

deflection (§ = 0) for each body length/pressure couple. The results are summarized

in Table 4.3.

Table 4.3. Initial bending stiffness (N/mm) at § = 0. Leftmost column indicates the

body length and top row indicates the tubing pressure at which the experiment was

performed.
60 kPa 100 kPa 140 kPa
130 mm 0.129+0.013
170 mm || 0.06640.002 | 0.082+0.006 | 0.088+0.008
210 mm 0.04840.001
130 ' 140 kPa| i
1.4-:170$$ é,"§ 1_2-:100kPZ +,,—+"+' 1
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= o = =08} F20IT Sl
80.8¢ P4 i 18 I/ﬁ’i PO e
206} e i ,__—r--*""" 1506r 7 el
04l //‘ » "‘—" 04+t 6/""
MR %
0.2 -/:,:', *” 0.2 ',’,
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Figure 4.28. Bending stiffness test results for (a) different lengths at 100 kPa tubing

pressure (b) different pressures at 170 mm body length. Shaded areas show the

standard deviation [49].
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4.2.5.2. Force Output. For the final soft continuum robot, total force output (Fioa)

was simply estimated by calculating the force produced by a single actuator (Fye)
using the model given in Section 3.2.1 and multiplying it by three since three actuators

are used:

Ftotal =3 Fact (42)

The static force test results given in Figure 4.29a show that the force output
of the robot follows the model estimation, and is within the minimum and maximum
model limits. For the pressures above 60 kPa, deviation of the force results is observed
to be smaller which means pressures above 60 kPa are more appropriate to operate the

robot since the force characteristics are more stable.

Mean absolute error (MAE) of the test data is calculated as 0.494 N and the
root-mean-square error (RMSE) is 0.575 N when compared to model estimation. In
general, measured force was lower than the model data, which can be explained by
neglected or underestimated friction forces in the system (i.e. friction at the rollers
and between the inflated and uninflated parts of the tubings). Maximum force exerted
by the robot is measured to be 20.1+0.3 N at 150 kPa tubing pressure. This value is
only limited by material characteristics of the tubings. Therefore, the force output can
be higher than our current prototype by using tubings with greater burst pressure and

durability.

Force data taken continuously while changing the pressure is given in Figure
4.29b. The pressure increase and decrease lines vary due to hysteresis in the system.
Whereas this error is common in this type of pneumatic system, it does not significantly
affect control of the robot since extension speeds of the actuators are not related to
pressure. It may, however, affect stiffness and force output if precise control of these
two parameters is required. Nevertheless, hysteresis can be modeled for cases where

the pressure needs to be changed continuously during operation of the robot.
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Figure 4.29. Static force output test results taken (a) at steady state for discrete
pressure values, and (b) while continuously changing the pressure. Shaded areas show
the standard deviation. The model estimation is given as a dashed line (MS
assumption). Maximum limit is obtained using the NS assumption and minimum

limit is obtained using the FS assumption (see Section 3.2.1) [49].

4.2.5.3. Maximum Speed. Test results given in Figure 4.30 show the peak speed ca-

pability of the prototype when tubings are not restricted by the motors. As can be
seen from the figure, static friction in the system is not completely overcome by force
exerted by the tubings at pressures below 50 kPa, which causes a drastic decrease in
speed and irregular motion during operation. The lowest and highest speed values
measured were 543 mm/s at 55 kPa and 1490 mm/s at 100 kPa for the tests where

roller friction is overcome.
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Figure 4.30. Results for maximum speed tests where tip speed is independent from

motor speed [49].
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4.2.5.4. Workspace. Data from position control experiments indicate that minimum

radius of curvature (R,,;,) of the backbone increases with increasing backbone length
(L) as expected. R, for the system was found to follow the given equation for

0 < Ly < Lyge where L,y,0. = 300 mm.

Ropin = 2.8894 x 107° L} — 0.0118 L7 + 1.9354 L, (4.3)
1
Kmax = 5
Rmin

where K,,,, 1S the maximum backbone curvature.

The empirical workspace calculated using Eq. 4.3 is shown in Figure 4.31 in blue,
and the theoretical workspace with fixed R,,;, of 50 mm is shown in red. Measured
tip coordinates and their respective relative positioning errors (%) are also shown.
Location of the fixed base frame and a 3D representation of the robot’s empirical

workspace are shown in Figure 4.32.

As seen in Figure 4.31, relative error increases at regions close to empirical
workspace limits due to unstable behavior of the robot body. This instability is caused
by local buckling of the tubings at high curvatures and tip deflection at high backbone
lengths. Technically, the robot can also reach positions that are outside the empirical
workspace (blue) but still inside the theoretical workspace (red). However, stable op-
eration in these regions is not viable as controlling the robot tip becomes increasingly
difficult due to tip deflection. The relative error was found to reach 25% at points close
to the workspace boundary while ranging between 2.5% to 15% at interior regions close

to the central Y-axis.
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Figure 4.31. Empirical workspace (blue), theoretical workspace with fixed minimum
radius of curvature (red) and measured tip locations from experiments. Color

spectrum represents the relative positioning error (%) [49].

Figure 4.32. Location of the base frame (XY 7). Gray shaded volume represents the

robot’s empirical workspace.

4.2.5.5. Navigation. Figure 4.33 shows sequences of still-frame images taken from

selected navigation experiments. During all experiments, the robot was controlled in
real-time using omega.6 [48]. Figure 4.33a shows the robot approaching and lifting a
weight using an attachment at the tip. Maximum weight lifted was 200 g or about 8

times the weight of the end effector (not shown in the figure).
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Figure 4.33b shows the robot growing towards a target in open-field with no
obstructions. Although the robot is not supported by the environment, it is able to

maintain body stiffness and prevent sagging of the tip during growth.

More challenging trajectories are shown in Figures 4.33c and 4.33d. In Figure
4.33c, the robot is steered through an obstacle towards a target positioned at the
upper left corner of the workspace. In Figure 4.33d, the robot is navigated through a
tunnel towards the same target. Despite being constrained inside a tunnel that has an
inner diameter (70 mm) close to the maximum outer diameter of the robot, the soft
robot body can adapt to its surroundings and overcome friction to steer in the desired

direction.

A similar task is shown in Figure 4.33e without the outer sheath, where the
robot is steered inside a tunnel with higher curvature. The outer sheath, although
important for retention of the tubing slack section, is not essential for movement and
can be removed in cases where contact with the surroundings does not significantly
affect the growth trajectory. The ability to provide active steering with fast response
time is advantageous in scenarios where the robot tip must undertake sharp changes

in extension speed or steering direction such as in Figure 4.33e.
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Figure 4.33. Snapshots taken from navigation experiments showing the robot

30cm
l¢—-DETR___»
" x|

-V Target

E Obstacle !

Target ",f‘
il’unnel i
(e) 4
< - .
g ' dﬁ
lw _By

7

trajectory with time (a) lifting a weight of 100 g (b) growing towards a target in open

field (c) passing through an obstacle (d,e) navigating through closed tunnels. Note

that the outer sheath is removed in the last image sequence [49].
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5. DISCUSSION

Results obtained from the actuator experiments (Section 3.5) show that the pro-
posed design works as expected with extension directly controlled by the motor instead
of tubing pressure. Force test results show that the designed actuator can exert forces

close to or higher than similar pneumatic actuators in the literature [13,27,32,33,38|.

Results also indicate that tubing material, diameter and thickness have significant
impact on actuator performance. Dimensions of the pinch-roller and roller friction
also affect performance, but less than the tubing parameters. As such, the actuator
performance can be improved further by manufacturing custom tubings with optimized
design parameters using the guidelines given in Section 3.5 instead of using stock
samples. The LDPE/L tubings used in the soft robot only have a burst pressure
rating around 160 kPa. Considering the mostly linear relationship between force and
pressure, the maximum stiffness, force and speed of the actuator can all be increased

by improving durability of the tubing.

One of our claims was that the proposed design would allow simple and accurate
control of extension by eliminating the effects of pressure. Controlled speed tests
performed on the preliminary (planar) prototype show that accurate speed control is
possible when applied to a robot. The mean absolute error between input and measured

speed was 2.34 mm/s for extension and 1.70 mm/s for contraction at 100 kPa.

When incorporated in the final soft robot that can move in 3D space, the actuators
were able to produce a maximum axial force of 20.1 N at 150 kPa tubing pressure, and a
maximum speed of 1.49 m/s at 100 kPa using tubings with 10 mm OD (Section 4.2.5).
The RMSE between measurement and model data is 0.575 N with measured force being
slightly lower than model prediction which can be attributed to unanticipated friction

losses in the system.
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It can be said that the operation pressure of the final robot is between 60 and 140
kPa to obtain a continuous motion and prevent tubing failure, when all of the exper-
imental results from Section 4.2.5 are taken into consideration. Pressure can also be
used to change the tubing stiffness which can be useful in soft robotic applications. At
170 mm straight extension, maximum bending stiffness of the final robot was measured

as 0.066 N/mm at 60 kPa and 0.088 N/mm at 140 kPa.

It is possible to change the dimensions of the robot body depending on intended
applications. For instance, although the final prototype has a maximum length of
350 mm, its stroke can be increased by manufacturing actuators with longer tubings.
This can be important for applications where long range navigation is required such as
large-scale inspection of buildings. However, it should be noted that bending stiffness
does decrease with increasing body length as expected. Although this did not affect
navigation experiments, it can be a problem for applications that require extensions
higher than 350 mm. In this case, a variable stiffness mechanism or an additional shell

surrounding the body may be necessary.

Body size can also be decreased for applications such as minimally invasive
surgery by reducing tubing diameter. A major consideration for scaling is the roughly
square scaling law between tubing diameter and tip force (F oc D?) which can be
derived from the model. According to this relationship, halving the tubing diameter
will cause the output force to decrease roughly by a factor of 4. This loss can be
compensated by increasing tubing pressure, assuming tubings have the necessary burst
pressure. Similarly, increasing tubing diameter will lead to an exponential increase in
output force so the robot can be navigated at lower pressures which may be safer for

human interaction.

The developed actuator can be used in robotic applications that require the robot
body to extend significantly such as closed area inspection, and search and rescue
operations. Medical applications such as minimally invasive surgery, endoscopy or

colonoscopy can be also be considered with downscaling.
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6. CONCLUSION

In this study, a novel highly-extensible pneumatic actuator that extends from
the tip has been designed and its application to a soft continuum robot has been
demonstrated. It is believed that the proposed actuator can reach high extension ratios
while providing accurate control of actuator speed and position due to the decoupling
of pressure and extension. Firstly, a model of the actuator was developed. Then,
a prototype of the actuator was manufactured, and experiments were performed to
validate the model. Secondly, the actuator was used in two soft continuum robot
prototypes, one that can move on a plane and one that can move in 3D space. Finally,
experiments were performed on the robots to explore their mechanical characteristics
and navigation capabilities. The results indicate that multiple actuators can be used
to successfully navigate a tip-extending soft continuum robot. Speed test results show
that controlling extension speed is possible with this design. The final prototype was
able to reach a maximum extension speed of 1.49 m/s at 100 kPa. The maximum force

exerted by the robot at the tip was measured as 20.1 N at 150 kPa.

6.1. Contributions and Originality

The originality of the proposed highly-extensible actuator lies mainly in the de-
coupling of pressure and motion. The design allows extension and contraction to be
controlled using external motors while pressure is used to control stiffness and applied
force, which is useful for real-time speed control. Another advantage is the ability to
provide active steering by implementing multiple actuators in parallel. Although a
maximum of three actuators were used in this study, four or more can be used in sin-
gle or multisection continuum robot designs for increased dexterity and manipulation

capability.

This study has led to several contributions to the literature. An article regarding

the design and development of the actuator has been published in the journal Sensors
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and Actuators: A [39] and presented as a conference paper in Tiirkiye Robotbilim
Konferans: (ToRK) 2018. The design of the final soft robot prototype has been sub-
mitted as an article to the Soft Robotics journal [49] and presented in the “Eversion
and Growing Soft Robots” workshop at the RoboSoft 2019 conference. Also, a quasi-
static model for the soft robot has been proposed and submitted as an article to the
International Journal of Robotics Research [50]. Both articles are currently in review.
Finally, a soft robot design using the proposed actuator intended for colonoscopy appli-
cation has been presented as a conference paper at the Hamlyn Symposium on Medical

Robotics [51].

6.2. Outlook and Future Work

The highly-extensible actuator has certain advantages over similar designs in
literature. However, it can be improved further by manufacturing custom-made tubings
with optimized parameters instead of using stock samples. The pinch-roller drive can
also be improved further by increasing the traction between tubing outer layer and
roller to prevent slippage and minimizing frictional losses in the system. Different

roller-tubing material combinations can be tested to see the effect on force output.

In the force model, the inner rubber layer was assumed to behave like a Hookean
material to simplify the calculations. For better results, the inner layer should be
modeled as a hyperelastic material. A Neo-Hookean model is suitable for strains in
the range of 150% or the more general Mooney-Rivlin model can be used for strains
higher than 200% [52]. Moreover, deformation of the outer layer can also be considered
to improve the model even further. Polymeric materials exhibit viscoelastic behavior

that may be more apparent during repeated use at different speeds.

Certain experiments can be improved and additional experiments can be per-
formed to better characterize the actuator. For instance, friction between the carriage
and the linear rail was not taken into account during actuator tests on the 1-DoF

experimental setup. This friction force could have contributed to the experimental
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data being lower than the model. During speed experiments, the initial acceleration
time of the actuator from rest was not considered. To obtain better results, a high-
speed camera or multiple photogate timers can be used to measure the instantaneous
speed. When the actuator is operated at high speeds and pressures, the thin-walled
tubings undergo significant stress especially on the outer surface at the pinch point
between the rollers. If the actuator is to be commercialized, durability over extended
use should also be determined. Experiments can be performed to quantify the lifetime
of the actuator at different speeds and pressure ranges. For soft robotic applications
in closed environments such as endoscopy, the forces applied on the robot body and
the opposing reaction force applied by the robot become an important factor. These
forces can be measured using a maze-like setup with embedded sensors. A model can
also be developed to characterize the deformation and buckling failure of the tubings

due to external forces at different curvatures.

The designed soft robot has issues with losing stiffness at high backbone length.
Bulky components such as the sheath connector and the end effector cap can be elimi-
nated to minimize the weight of the end effector, which would reduce deflection of the
tip. As a future study, a variable stiffness mechanism using particle jamming [13], or a
latch mechanism similar to the one used by Hawkes et al. [36] can be incorporated in
the design. A design that incorporates helical springs wound around the tubings can

also be considered to increase stiffness.

A major issue encountered during tests of the final prototype was local buckling
of the tubings due to the tension force applied at the tip when the robot was retracted.
This was especially prominent at high backbones lengths and it obstructed controlled
contraction of the actuators. Increasing stiffness of the robot body and using high-
precision pressure regulators to control tubing pressure could help prevent this issue.
Another option could be to change the design altogether and include embedded micro-

motors in the rollers as opposed to the base to eliminate the effects of slack tension.
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APPENDIX A: DATASHEETS

For datasheets of control elements (e.g. stepper motors, solenoid valves, pressure

transmitters etc.), please refer to [48].

Manual, F/T Transducer Section
Document #9620-05-Transducer Section-24

5.3 Nano17 Specifications (Includes IP65/IP68 Versions)

5.3.1 Nano17 Physical Properties
Table 4.6—Nano17 Physical Properties

5.3.2

Single-Axis Overload

(US) Standard Units

(Sl) Metric Units

Fxy +56 Ibf +250 N
Fz +110 Ibf +480 N
Txy +14 inf-Ib +1.6 Nm
Tz +16 inf-Ib +1.8 Nm
Stiffness (Calculated)

IX-axis & Y-axis forces (Kx, Ky) 4.7x10* Ib/in 8.2x10° N/m
Z-axis force (Kz) 6.5x10* Ib/in 1.1x107 N/m

[X-axis & Y-axis torque (Ktx, Kty)

2.1x10° Ibf-in/rad

2.4x102 Nm/rad

IZ-axis torque (Ktz)

3.4x10° Ibf-in/frad

3.8x102 Nm/rad

Resonant Frequency

1. Specifications include standard interface plates.

Fx, Fy, Tz 7200 Hz 7200 Hz
Fz, Tx, Ty 7200 Hz 7200 Hz
Physical Specifications

\Weight' 0.02 Ib 0.00907 kg
Diameter’ 0.669 in 17 mm
Height' 0.571in 14.5 mm
Note:

Nano17 IP65/IP68 Physical Properties

| Table 4.7—Nano17 IP65/IP68 Physical Properties

Single-Axis Overload

(US) Standard Units

(Sl) Metric Units

Fxy +56 Ibf +250 N
Fz +110 Ibf +480 N
Txy +14 inf-Ib +1.6 Nm
Tz +16 inf-Ib +1.8 Nm
Stiffness (Calculated)

IX-axis & Y-axis forces (Kx, Ky) 4.7x10* Ib/in 8.2x10° N/m
IZ-axis force (Kz) 6.5x10* Ib/in 1.1x10” N/m

IX-axis & Y-axis torque (Ktx, Kty)

2.1x10® Ibf-in/rad

2.4x10% Nm/rad

IZ-axis torque (Ktz)

3.4x10% Ibf-infrad

3.8x102 Nm/rad

Resonant Frequency

1. Specifications include standard interface plates.

Fx, Fy, Tz 2200 Hz 2200 Hz
Fz, Tx, Ty 2200 Hz 2200 Hz
Physical Specifications

\Weight' 0.09 Ib 0.0408 kg
Diameter" 0.79in 20.1 mm
Height' 0.873in 22.2mm
Note:

Pinnacle Park * 1031 Goodworth Drive * Apex, NC 27539 « Tel: 919.772.0115 « Fax: 919.772.8259 » www.ati-ia.com

Figure A.1. Technical specifications of ATI Nanol7 force/torque sensor.
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5.3.9 Nano17-E Transducer Drawing
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Figure A.2. Technical drawing of ATI Nanol7 force/torque sensor.



(inteD REALSENSE

TECHNOLOGY

Intel® RealSense™ Intel® RealSense™
Component Subcomponent Depth Camera D415 Depth Camera D435
Wide Stereo Imagers X v
Standard Infrared v X
Intel® Projector
RealSense™
Depth Module Wide Infrared X v
Projector
RGB color sensor v v

Table 2-2. Intel® RealSense™ Depth Camera D415 Mechanical Dimensions

Dimension Min Nominal Max Unit
Width 99 mm
Height 23 mm
Depth 20 mm

Mass 72 ar

Table 2-3. Intel® RealSense™ Depth Camera D435 Mechanical Dimensions

Dimension Min Nominal Max Unit
Width 90 mm
Height 25 mm
Depth 25 mm

Mass 72 gr

Figure 2-1. Intel® RealSense™ Depth Camera D415

Not Final Version

10 Datasheet

Figure A.3. Technical specifications of Intel RealSense D435 depth camera.
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(inteD REALSENSE

TECHNOLOGY

Table 2-5. Depth Module SKU Properties

Intel® RealSense™ Depth Intel® RealSense™ Depth

D400-Series Depth Cameras Camera D415 Camera D435
Depth module InteI®MR‘)edalIﬁ:rll)s‘ﬁ'; Depth InteI®MR:!jalIﬁ:rl|)?:;”s Depth
Baseline 55mm 50mm
Left/Right Imagers Type Standard Wide
Left/Right Imagers FOV H:69.4 / Vi42.5/ D:77 H:91.2 / V:65.5 / D:100.6
(degrees)
IR Projector Standard Wide
IR Projector FOV H:80 / V:55/D:89.3 H:100.4/V:69/D:110.4
Color Sensor 0Vv2740 0V2740
Color Camera FOV H:69.4 / V:42.5/ D:77 H:69.4 / V:42.5/ D:77
Depth Module Dimensions X=83.7mm Y=10mm X=70.7mm Y=14mm
(mm) Z=4.7mm Z=10.53mm

H - Horizontal FOV, V - Vertical FOV, D - Diagonal FOV, X - Length, Y - Breadth, Z -
Thickness

2.7.1 Left and Right Imagers

The Depth Module has two camera sensors referred here as stereo imagers, they are
identical parts and are configured with identical settings. The imagers are labeled
“left” and “right” from the perspective of the camera module looking outward. The
stereo imager pairs are referred as Standard and Wide based on imager field of view.

Datasheet 15

Figure A.4. Properties of Intel RealSense D435 depth module.
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Makina Market Lineer Raylar ve Arabalar

I DMS

W L
s P1 P2
2 o N
iy . FYIRY
T i i
J
I
P
L max
Ra Araba P ik | Dinamik
vl phacs MODEL (i /G H|H |K[P|P2|P|L| s [w s‘;;' o
4.004.01.07.06 | 4.004.02.07.06 | DMN-07 Minyatiir Lineer Araba 8 15 | 48|12 | 8 |15 |225|M2x25( 17 | 10 8
4.004.01.09.06 | 4.004.02.09.06 DMN-09 Minyatur Lineer Araba 10 2 6.5 | 15 10 | 20 | 28.9 | M3x3 20 20 15
4.004.01.12.06 | 4.004.02.12.06 | DMN-12 Minyatiir Lineer Araba 13 3 8 | 20 | 15 | 25| 347 |[M3x3.5| 27 | 32 27
4004.01.15.06 | 4.004.02.1506 | DMN-15 Minyatiir Lineer Araba 16 4 |10 [ 25 | 20 | 40 | 42.1| M3x4 | 32 | 45 37
L max: DMN-07 - 700 mm
DMN-09 - 1.000 mm
DMN-12 - 1.600 mm
DMN-15 - 1.600 mm

Tercih Edildigi Yerler

Minyatir seriler, yliksek pozisyon konumlama hassasiyeti ihtiyaci olan uygulamalarda tercih edilmektedir. Yiik tagima kapasiteleri
dusuktur. Genellikle dikis makinalari , medikal cihazlar, ofis makinalari , elektronik kart dizgi makinalarinin tretimlerinde tercih
edilmektedir.

| s

Figure A.5. Technical specifications of the DMNO09 miniature linear guide rail used in

the 1-DoF experimental setup (mm).
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Figure A.6. Material datasheet for PA12 layer of the PA12/L tubing (Grilamid L25).
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22.07.2019 Overview of materials for Low Density Polyethylene (LDPE), Sheet/Profile extrusions

Overview of materials for Low Density Polyethylene (LDPE), Sheet/Profile extrusions

Categories: Polymer; Thermoplastic; Polyethylene (PE); Low Density (LDPE); Low Density Polyethylene (LDPE),
Sheet/Profile extrusions

Material This property data is a summary of similar materials in the MatWeb database for the category "Low Density

Notes: Polyethylene (LDPE), Sheet/Profile extrusions". Each property range of values reported is minimum and
maximum values of appropriate MatWeb entries. The comments report the average value, and number of
data points used to calculate the average. The values are not necessarily typical of any specific grade,
especially less common values and those that can be most affected by additives or processing methods.

Vendors:  Click here to view all available suppliers for this material.

Please click here if you are a supplier and would like information on how to add your listing to this material.

Physical Properties Metric English Comments
Density 0.919 - 0.930 g/cc  0.0332 - 0.0336 Ib/in® Average value: 0.922 g/cc Grade Count:5
Melt Flow 1.00-6.00 g/10 min  1.00 - 6.00 g/10 min Average value: 2.90 g/10 min Grade Count:5
Mechanical Properties Metric English Comments
Hardness, Shore D 50.0 - 55.0 50.0 - 55.0 Average value: 51.7 Grade Count:3
Tensile Strength, Ultimate 11.0 - 14.0 MPa 1600 - 2030 psi Average value: 12.5 MPa Grade Count:4
Tensile Strength, Yield 10.0 - 14.0 MPa 1450 - 2030 psi Average value: 11.2 MPa Grade Count:4
Elongation at Break 500 - 600 % 500 - 600 % Average value: 533 % Grade Count:3
Modulus of Elasticity 0.221 - 0.483 GPa 32.1-70.1 ksi Average value: 0.315 GPa Grade Count:3
Thermal Properties Metric English Comments
Vicat Softening Point 90.0 - 107 °C 194 - 225 °F Average value: 96.0 °C Grade Count:3

Some of the values displayed above may have been converted from their original units and/or rounded in order to display the information in a consistent format.
Users requiring more precise data for scientific or engineering calculations can click on the property value to see the original value as well as raw conversions to
equivalent units. We advise that you only use the original value or one of its raw conversions in your calculations to minimize rounding error. We also ask that you
refer to MatWeb's terms of use regarding this information. Click here to view all the property values for this datasheet as they were originally entered into MatWeb.

Figure A.7. Material properties for LDPE layer of the LDPE/L tubing.
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22.07.2019 Specification - 148-0078

Nordson MEDICAL r

29 Northwestern Drive

Salem, NH 03079 Nordson
MAIN:603.327.0600 MEDICAL

EMAIL:VTN-customerservice@nordsonmedical.com

ENGINEERED SHAFT ITEM NUMBER: 148-0078

Dark Gray Pebax® Medical Tubing, ID 0.221", OD 0.231", Len 55"

Outside Diameter Inside Diameter
@0.231" ., +0.002"
0.221 -0.002"

Wall Thickness

. +0.002"
0.005" " oo

55"
Min Length

Drawing not to scale.

Product Description

Item 148-0078

Number

Type Shaft, Single Lumen

Inner + 0.002"
Diameter 0.221" - 0.002"
Wall " + 0.002"
Thickness 0.005 - 0.002"
Outer 0.231" Ref

Diameter

Min 55"

Length

Color Dark Gray

Material  Pebax®

Durometer 55D

Notes All pigments comply to the requirements set forth by the
FDA 21 CFR Part 73 Subpart D List.

Figure A.8. Technical specifications of the PB55 tubing (inches).
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22.07.2019 Specification - 148-0104

Nordson MEDICAL r

29 Northwestern Drive

Salem, NH 03079 Nordson
MAIN:603.327.0600 MEDICAL

EMAIL:VTN-customerservice@nordsonmedical.com

ENGINEERED SHAFT ITEM NUMBER: 148-0104

Purple Pebax® Medical Tubing, ID 0.221", OD 0.231", Len 55"

Outside Diameter Inside Diameter
@0.231" . +0.002"
0.221" 7 oo

Wall Thickness

. +0.002"
0.005" " oo

55"
Min Length
Drawing not to scale.
Product Description
Iltem 148-0104
Number
Type Shaft, Single Lumen
Inner + 0.002"
Diameter 0.221" - 0.002"
Wall " + 0.002"
Thickness 0.005 - 0.002"
Outer 0.231" Ref
Diameter
Min 55"
Length
Color Purple
Material  Pebax®
Durometer 72D
Notes All pigments comply to the requirements set forth by the
FDA 21 CFR Part 73 Subpart D List.

Figure A.9. Technical specifications of the PB72 tubing (inches).



22.07.2019
Nordson MEDICAL

29 Northwestern Drive

Salem, NH 03079
MAIN:603.327.0600

Specification - 115-1809

EMAIL:VTN-customerservice@nordsonmedical.com

MEDICAL TUBING ITEM NUMBER: 115-1809

Natural Polyurethane Medical Tubing, ID 0.16", Wall 0.01", Len 0"

Outside Diameter

Inside Diameter

@0.18" , +0.004"
016" _0.004"
Wall Thickness
. +0.001"
001" " noqe
| |
1T
12"
Min Length
Drawing not to scale.
Product Description
ltem Number 115-1809
Type Single Lumen
Lumens 1
+ 0.004"
Inner Diameter 0.16"
- 0.004"
+ w
Wall Thickness 0.01" 0.001
- 0.001"
Outer Diameter 0.18" Ref
Min Length 12"
Color Natural
Material Polyurethane
Durometer 80A

Nordson

MEDICAL

Figure A.10. Technical specifications of the PEL tubing (inches).
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Sub-Lite-Wall®

Ultra Thin Dimension Extrusion

OVERVIEW

Zeus Sub-Lite-Wall® tubing is PTFE tubing with
wall thicknesses down to 0.001” and tolerances of *
0.0005"(0.0127 mm) available in most sizes. Sub-Lite-
Wall® tubing is available in both regular and extended
micro-miniature dimensions and heat shrink versions.

We produce Sub-Lite-Wall®* tubing where the inside
diameter, outside diameterand wall thicknesses are uniform
throughout. You can define your own specifications with
the assurance that Zeus can meet your requirements
completely in either an extruded or heat shrink version.

EXTRUSIONS

‘Custom Sizes
Available

We produce Sub-Lite-Wali® tubing where the
inside diameter, outside diameter, and wall

thicknesses are uniform throughout.

SECONDARY/VALUE-ADD SERVICES:

Custom Etching
Striping (Spiral)

COEFFICIENT OF FRICTION CHEMICAL RESISTANCE FLAME RESISTANCE

APPLICATIONS CAPABILITIES AND SIZING KEY PROPERTIES
* Catheter lead delivery ® Etching available for bonding * Uniform inside and outside diameters
* /ntroducer sheaths ® Ultra-tight tolerances * Extremely small wall thickness
* Baloon and stent protectors * Heat shrink * Multiple sterilization options
* Endoscopy * Available in PTFE, FEP, PFA, and PEEK * Very lubricious
* Dental * Customization available * Working temperature range from 500
* Batteries °F (260 °C) to -328 °F (-200 °C)
* Sensors * Excellent dielectric insulation
* Fiber optics properties
* HPLC * Flame resistant: UL 94 V-O

PTFE SLW ETCH .303 ID
Material PTFE

Inner Di: (Min. E ded Inner Di:

@PERFORMANCE EXTRUSIONS.

Wall .005 +.002 -.002

Color Natural

Cut Length 60 +2-.000
Product Extruded Special Etch
Special Instructions VSL

ter) .303 +.0025 - .0025

zeusinc.com

Figure A.11. Technical specifications of the PTFE tubing (inches).
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Wire & Cable Protection Solutions
GENERAL

PURPOSE Braided Sleeving Data Sheet

Hellermanniyton

PET Expandable Braided Sleeving
(polyethylene terepthalate)

A general purpose and economical braided sleeving with
good abrasion and cut resistance properties.

Application: Flexible, lightweight and durable, PET's
construction easily expands over a variety of cable assembly
shapes and sizes. PET performs well in abrasive applications.
Use whenever flame retardancy and durability are primary
concerns.

Series: BSP

Chemical Resistance

Physical Properties

Material PET 1=No Effect 2 = Little Effect 3 = Affected 4 = More Affected 5 = Severely Affected
Monofilament Thickness (ASTM D-204) 0.010 Aromatic Solvents 2
Flammability Rating uL-94 Chlorinated Solvents 3
Recommended Cutting Hot Knife Strong Bases 2
Colors* Black Hydraulic Fluid (MIL-H-5606) 1
Wall Thickness 0.025 De-Icing Fluids (MIL-A-8243) 1
Tensile Strength - Yarn (ASTM D-2265) lbs 7.5 Strong Oxidants 2
Abrasion Resistance Medium UV Light 1
Specific Gravity 1.38 Fungus (ASTM G-21) 1
Moisture Absorption % (ASTM D-570) 0.1-0.2 Alipahtic Solvents 1
*Additional colors available upon request. Weak Bases |
™ML 0.19 Lubricating Oil (MIL-A-8243) 1
cveM 0.00 Strong Acids 3
WVR 0.16 Esters/Keystones 1
Smoke D-Max (ASTM E662) 56 Petroleum 1
Outgassing Medium Salts 1
Oxygen Index (ASTM D-2863) 21
Certifications

Minimum Continuous -94°F /-70°C SVHC None
Maximum Continuous (MIL-I-23053) 257°F/125°C ROHS Yes
Melt (ASTM D-2117) 482°F / 250°C UL/CSA Yes

Warranty Policy HellermannTyton products are warranted to be free from defects in material and workmanship at the
time sold by us; but our obligation under this warranty and that of the seller is limited to the replacement of the product, and
neither we nor the seller are bound by any other warranty, expressed, implied or statutory. Under no circumstances are we or the seller liable for any loss, damage, expenses
or consequential damages of any kind arising out of the use or inability to use these products. All are sold with the understanding that the user will test them in actual use
and determine their adaptability for the intended uses. Every effort is made to ensure accuracy and completeness when describing the technical properties of these products.

For product information visit www.hellermann.tyton.com or call 800.537.1512

Figure A.12. Material datasheet of the expandable braided tubing used to

manufacture the inner and outer sheaths for the final (3D) prototype.
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APPENDIX B: TECHNICAL DRAWINGS
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Figure B.1. Dimensions of the 1-DoF experimental setup (mm).
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Figure B.2. Technical drawing of the pinch-roller mechanism used for actuator tests
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Figure B.3. Dimensions of the 3D printed barrier used to test output force and speed

of the preliminary prototype (mm).
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Figure B.4. Technical drawing of the end-effector (mm). Preliminary prototype.
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Figure B.5. Technical drawing of the roller assembly (mm). Preliminary prototype.
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Figure B.6. Dimensions of the end-effector (mm). Final prototype.
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Figure B.7. Dimensions of all laser cut parts in the FU (mm). Final prototype.
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Figure B.8. Technical drawing of the 3D printed spools in the FU (mm). Final
prototype.
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Figure B.9. Technical drawing of the 3D printed inner sheath reservoir in the FU
(mm). Final prototype.
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Figure B.10. Technical drawing of the 3D printed outer sheath reservoir in the FU
(mm). Final prototype.
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Figure B.11. Dimensions of the assembled FU with all manufactured parts (mm).

Final prototype.





