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ABSTRACT OF THE DISSERTATION

Design of Enabling Technologies for Soft Minimally Invasive Surgical Robots

by

Ayush Giri

Doctor of Philosophy in Engineering Sciences (Mechanical Engineering)

University of California San Diego, 2024

Professor Tania K. Morimoto, Chair

Soft robots have rapidly evolved over the past decade due to significant advancements in
sensing, actuation, control, material science, and manufacturing methods. These developments,
combined with the inherent ability of soft robots to safely conform to delicate environments,
have made them promising for a wide range of applications, including minimally invasive
surgeries (MIS). However, to fully realize the potential of soft robots as effective systems
for surgical applications, there are several remaining challenges. First, soft robots must be
designed to meet the clinical needs of the specific target procedure, while simultaneously
offering significant improvements in safety. However, the compliance offered by soft robots

can also cause them to become unstable during surgical tasks that place significant loads on the

XV



robot’s body. Second, highly deformable soft robots are less intuitive to control than rigid robots,
complicating human-in-the-loop teleoperation for surgical applications. Finally, soft robots are
generally pneumatically actuated to achieve the high forces and bandwidth needed for many
surgical applications. However, this actuation method requires dedicated electromechanical
components, such as pressure regulators, MOSFETs, and switches, for each actuator, making
the system bulky, expensive, and limiting the robot’s ability to operate untethered.

This dissertation presents several new robotic systems designed to address these chal-
lenges. First we introduce the InchIGRAB, a soft robot designed for colonoscopy. The
InchIGRAB sits inside a vine robot (or growing robot) and is designed to enable navigation
of the entire length of the colon during both forward motion and retraction, while minimizing
interaction with the delicate colon environment. We also detail the design and modeling of
soft, positive-pressure actuated suction cups for anchoring flexible and continuum robots during
minimally invasive surgeries. Second, to enable intuitive control of soft and continuum robots,
we present Hapstick, a soft, flexible joystick that can render stiffness information to users via
fiber jamming. Hapstick was demonstrated as an input interface for teleoperating a continuum
robot in colorectal cancer screening tasks. Finally, we present the PneuSIC Box, a pneumatic
demultiplexer that enables independent control of multiple pneumatic actuators using a single
pneumatic input and a motor. We demonstrated how PneuSIC Box could be used to provide
independent control of actuators in an inchworm like robot, similar to the InchIGRAB, and a
soft robotic hand. Overall, this dissertation presents several new robotic systems that advance

the potential of soft robots for minimally invasive surgical applications.
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Chapter 1

Introduction



1.1 Motivation

Soft robots are robotic devices made using soft materials [1], allowing them to safely
conform to and interact with unknown and sensitive environments. Over the past decade, the
field of soft robotics has seen significant developments in sensing [2, 3], actuation [4, 5, 6],
control [7, 1, 8], material science [9, 10], and manufacturing [11, 12]. These developments
have enabled soft robots for a wide range of applications, including space exploration [6],
ocean research [13], search and rescue operations [14, 15], rehabilitation robotics [16, 17], and
minimally invasive surgeries (MIS) [18, 19].

In MIS, advancements in soft robotics can potentially enable access to anatomies that
are otherwise difficult to navigate with rigid robotic tools, while enhancing safety. Despite con-
siderable research efforts dedicated to advancing soft robots for MIS [18, 19], several challenges
must still be addressed to fully realize their potential for minimally invasive applications, as
summarized in Fig. 1.1. First, the unique challenges and specific requirements presented by
target anatomies and procedures highlight the need for novel soft robots. Soft robots specifically
designed for target procedures have the potential to enhance safety for patients without sacri-
ficing ease of use for the surgeons. Additionally, while the compliance and deformability of
soft robots provide inherent safety, these characteristics also pose challenges in tasks requiring
relatively large forces, such as tissue manipulation. To address this, additional mechanisms may
be needed to securely anchor and stabilize the soft robots. Similarly, although soft robots are
generally lightweight and compact, the control hardware required for their actuation can be
bulky, expensive, and restrict these robots from being untethered. This complexity may hinder
the adoption of soft robots for MIS. Finally, the large degrees of freedom offered by soft robots
can make them unintuitive to operate with traditional rigid input interfaces. Moreover, haptic
feedback can be essential for conveying critical information about the surgical environment
to the surgeons [20]. Therefore, user interfaces must be designed to be intuitive while also

providing haptic feedback to surgeons, ensuring the safe and efficient operation of soft robots



Material Science

(« M

f\ R . - - (-\
Tissue R R Application
Manipulation N centered design

~ Manufacturing
» ’ N ~ ~
* ’ M ~
’ s ~ ~
» - - N,
Input Interface Sensing and Simplified Control
Control Hardware

Figure 1.1. Significant advancements (solid dark arrows) in materials science, manufacturing,
sensing and control, and actuation within the field of soft robotics has begun to enable the
creation of soft surgical robots. However, several challenges hinder the progress of these robots
for effective minimally invasive surgeries. These challenges (broken grey arrows) include 1)
designing soft robots that align with anatomical and procedural needs, 2) developing simplified
control hardware, 3) creating intuive input interfaces for controlling soft robots during MIS, and
4) enabling tissue manipulation with compliant robots.

during MIS.

1.2 Prior Work
1.2.1 Soft Robots for MIS

The potential of soft robots to safely interact with delicate anatomical environments has
driven the development of novel soft robotic mechanisms for a wide range of surgical proce-
dures. For instance, soft robots have been introduced for applications such as cardiothoracic
endoscopy [21], organ retraction [22], breast cancer detection [23], lung cancer detection [24],
neurosurgical brain retraction [25], and colonoscopy [26, 27]. However, with the rapid develop-
ment of new technologies in soft robotics, and given the field’s relative infancy, where soft robots

have yet to be widely adopted in commercial MIS applications, there is a significant opportunity



to design systems that can further enhance patient safety and simplify use for surgeons.

For example, soft robots presented for colonoscopy [26, 27, 28, 29] have featured
locomotion mechanisms and steering capabilities that take advantage of the inherent safety
offered by the use of soft materials within the delicate colon environment, while minimizing
interaction at the colon’s curved sections. However, these soft robots have yet to address the
challenge of minimizing shear forces, which can cause permanent damage to colon tissues [30],
during their translation and interaction between their tethers and the surrounding environment.
Additionally, significant improvements can be made to ensure higher levels of durability and

reliability of soft robots [31], designed for enabling MIS applications, such as colonoscopy.

1.2.2 Tissue Manipulation Using Soft Robots

Soft robots are inherently safe to operate in surgical environments due to their compliance
and deformability. However, these same properties can make them vulnerable to instability
when large forces are applied at their distal end, such as during tissue manipulation tasks. To
date, there have been several examples of devices that use soft structures to provide stability to
surgical tools during MIS procedures [32, 33]. Soft structures offer advantages over their rigid
counterparts due to their inherent safety and their ability to easily conform to the environment.
Inflatable elastic balloons [34, 35] and inflatable soft linear actuators [32] are examples of soft
structures that can provide stability to surgical devices in natural orifices by increasing contact
area with the tubular environment when actuated. However, this method is limited to natural
orifices like the esophagus and intestines. Furthermore, the delicate tissues in natural orifices
cannot always endure large radial forces that are often applied using this method [36].

Soft suction cups are another example of a class of devices that can help stabilize
tools during surgical procedures by anchoring to the surrounding tissue. Examples of such
devices primarily operate by actively applying vacuum to the substrate through a vacuum
channel [37, 38, 39]. This active suction risks the loss of CO, insufflation, which is commonly

used in minimally invasive procedures to help expand the work-space and provide better visibility



to the surgeons [40, 41]

Soft positive pressure actuated suction cups [42], introduced by Tang et al. for their
switchable climbing robots, provide advantages of no loss of insufflation, as well as no buckling
problems during their actuation. This suction cup consists of a pneumatic channel embedded
inside the main body and a cavity, or vacuum chamber, between the body and the substrate
on which the suction cup is placed. When positive pneumatic load is applied in the channel
through the air inlet, the channel inflates. The inflation causes the body of the suction cup
to bend away from the substrate. The increase in volume in the vacuum chamber during the
actuation results in a pressure difference in the region that leads to a suctioning effect. The
mechanism exhibited by positive pressure suction cups makes it suitable for implementation in
MIS procedures. However, more research is required for the design of effective suction cups
that respect the needs and constraints posed by surgical applications. Moreover, there is also
a need for computational models that can account for interaction of soft systems like positive
pressure suction cups with not only rigid substrates, but also with soft tissues, to aid in the

design process.

1.2.3 Simplified Control Hardware for Pneumatically Actuated Soft
Robots

Soft robots can be actuated through various methods, including pneumatic [43], elec-
tric [44], magnetic [45], and thermal [46, 47] actuation. Despite these options, pneumatic
actuation remains the preferred method due to its capability to deliver significant forces, high
bandwidth, and support lightweight designs [48, 49, 50]. However, the need for a dedicated
pressure regulator and associated electro-mechanical components [51] for each actuator makes
the pneumatic control system bulky, expensive, and unsuitable for untethered applications.
Several approaches have been proposed in the past to simplify the control hardware required
for pneumatically actuated soft robots. One approach involves designing pneumatic circuits,

valves, or robots that enable pre-programmed sequential control of actuators using just a single



pneumatic source. In [52], pre-programmed responses are achieved using a single pneumatic
input by harnessing the viscous flow through tubes that connect the pneumatic actuators. This
method requires specially designed actuators and tubing. Similarly, [53, 54, 55, 56] present
electronics-free pneumatic circuits based on pneumatic ring oscillators that enable periodic
actuation using a single, constant pressure source. The oscillating valves can also be combined
to create control elements, such as pressure sensors and logic gates, enabling execution of
a limited number of autonomous actuation sequences. Integrated electronics-free pneumatic
controllers have enabled fully functioning 3D printed robotic systems in [57] and [58]. However,
a common limitation across all approaches that enable pre-programmed sequential control is
the inability to reprogram the soft robot during operation, which can present challenges in
environments where control decisions must be made in real time.

To achieve full control of a soft robot, each of its actuators must be independently con-
trollable at any time and at any pressure. Several fluidic demultiplexers, analogous to electrical
demultiplexers, have been introduced to allow independent control of a large number of outputs
using a small number of controlled inputs [59, 60, 61, 62, 63]. In [59] and [60], micro-fluidic
valves are strategically arranged to enable the independent control of 2¥~! outputs with N
controlled inputs. The primary limitations of these demultiplexers are their inability to simulta-
neously control multiple independent actuators, along with the restriction in flow rates due to
their reliance on micro-fluidic channels and valves. In addition, in [59], actuators lose their pres-
surization states, if they are not being actively controlled. [63] presents a fluidic demultiplexing
approach using reprogrammable intelligent metamaterial units, that also achieves control of
2N=1 outputs with N controlled inputs. However, achieving reprogrammable demultiplexing
can require a large number of these metamaterial units, potentially compromising scalability.
Alternatively, [62] introduces a fluidic matrix circuit inspired by electrical dot matrix displays,
capable of controlling N outputs with N controlled inputs. This fluidic matrix circuit allows

actuation of any combination of outputs with considerably faster refresh rates. However, [62]



faces the same challenges due to the need for multiple controlled inputs, which increase with
the number of outputs. Overall, previous pneumatic demultiplexers may still require numerous

electro-mechanical components to achieve independent control of the actuators in a soft robot.

1.2.4 Intuitive Input Interfaces for Soft Robots

To date, the most common approach to control soft continuum robots, which are charac-
terized by their long, slender and flexible structures, has been to use commercially available input
devices, including gamepads, 3D mice, and 6-DOF input devices (e.g. Geomagic Touch) [64].
However, the mismatch between the kinematics of these input devices and those of soft contin-
uum robots complicates their teleoperation [65, 66]. Recently, various input interfaces that are
kinematically similar to continuum robots have started to be introduced as well. [67] presents
a kinematically similar input leader device that allows intuitive shape control of multi-DOF
continuum robots. Similarly, a flexible interface for teleoperating soft-growing robots is pre-
sented in [68]. The flexible device’s design and structure offer “implicit” haptic feedback by
rendering passive restoring spring forces to users. However, both [68] and [67] are unable to
provide controllable haptic feedback, often critical for tasks such as tissue palpation and tissue
identification. In [69], an impedance-type continuum input device that allows bidirectional
teleoperation of continuum robots is presented. The device can provide force feedback via
motors and cables to prevent users from commanding the robot to undesirable configurations.
However, in order to provide feedback in multiple directions, the presented device requires a

large, bulky setup with numerous motors, which increases the control complexity.

1.3 Contributions

This dissertation introduces four robotic systems and methods (summarized below and
shown in Fig. 1.2) that have the potential to advance soft robots for minimally invasive surgical

(MIS) applications.



Desired

Input Signal Robot State
— —
Positive ) 4

pressure
goncup . | | L N e
Surgeon
—_— —_—
(\ Environment Output Signal
information
InchIGRAB enabled PneuSIC Box Hapstick
vine robot

Figure 1.2. Schematic illustrating the robotic systems introduced in this dissertation in
the context of a workflow for soft robots for minimally invasive surgery. Surgeons can use
Hapstick to command soft and continuum robots, with feedback on the environment’s stiffness
provided via fiber jamming. The PneuSIC box supplies pressure signals to pneumatically driven
surgical robots and/or input interfaces through a single controlled pneumatic input and motor.
InchIGRAB enables vine robots for colonoscopy, minimizing their interaction with the sensitive
colon environment. Lastly, positive-pressure suction cups help anchor soft continuum robots to
the environment, stabilizing the robot during tissue manipulation tasks.

1.3.1 InchIGRAB: An Inchworm-Inspired Guided Retraction and
Bending Device for Vine Robots during Colonoscopy

The InchIGRAB is a novel soft robot that is nested within a vine robot and allows for
its localized bending, facilitating navigation around curved paths with minimal disturbance
to the surrounding environment. Additionally, the InchIGRAB can translate along the vine
robot’s body in both straight and curved regions, enabling controlled retraction. Therefore, by
enabling safe steering and retraction within the colon environment, the InchIGRAB allows vine
robots, which exert minimal shear forces on their surroundings, to perform safe navigation for

colonoscopies.

1.3.2 Modeling and Design of Soft, Positive-Pressure Actuated Suction
Cups for Anchoring in Minimally Invasive Surgery
This work presents and experimentally validates a finite element model for simulating the
behavior of positive-pressure actuated suction cups on both rigid and soft substrates. The model

facilitates the design of an optimized positive-pressure suction cup capable of withstanding



large forces when attached to tissues during MIS. Consequently, these suction cup designs have
the potential to anchor soft surgical tools securely to surrounding tissues during tasks such as

tissue manipulation, thereby preventing instability and enhancing safety.

1.3.3 PneuSIC Box: Pneumatic Sequential and Independent Control
Box for Scalable Demultiplexing
PneuSIC Box is a novel pneumatic demultiplexer inspired by the working principle
of a music box. It allows independent control of a large number of actuators using just a
single pneumatic input and a motor, significantly simplifying the back-end control system for
pneumatic actuation. PneuSIC Box also enables simultaneous control of multiple actuators while
supporting pneumatic memory retention, which allows actuators to maintain their pressurization

states without additional energy.

1.3.4 Hapstick: A Soft Flexible Joystick for Stiffness Rendering via
Fiber Jamming

Hapstick is the first fiber jamming-based input interface that provides tunable stiffness
feedback to users. Along with the ability to deliver haptic feedback in any direction, the fiber
jamming mechanism enables Hapstick to have a kinematically similar structure to continuum
robots, potentially allowing for more intuitive control. Hapstick was also demonstrated to aid
in the identification of tumor positions and their development stages during a mock colorectal
cancer screening task. Overall, Hapstick highlights the potential of jamming-based mechanisms

as novel input interfaces that offer effective haptic feedback during MIS applications.

1.4 Dissertation Overview

The dissertation is organized as follows: Chapter 1 provides an introduction, outlining
the motivation for the research, a summary of existing work, and the contributions of the

dissertation. Chapter 2 details the InchIGRAB, a soft robot designed to enable vine or growing



robots for safe colonoscopy. Chapter 3 focuses on the FEA modeling and design of soft suction
cups used for anchoring flexible and soft robots during MIS applications. Chapter 4 introduces
PneuSIC Box, a novel demultiplexer that enables control of multiple pneumatic outputs with a
single pneumatic input and a motor. Chapter 5 presents an intuitive interface for controlling
soft and continuum robots, demonstrating its application in colorectal cancer screening. Finally,

Chapter 6 summarizes the dissertation and explores potential future work.
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Chapter 2

InchIGRAB: An Inchworm-Inspired
Guided Retraction and Bending Device
for Vine Robots during Colonoscopy
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2.1 Introduction

Flexible colonoscopy is recognized as the gold standard for screening colorectal cancer
(CRC) [70], as nearly 60% of CRC-related deaths can be prevented with timely screening [70].
In the U.S. alone, millions of CRC procedures are performed annually [71], yet colonoscopy
remains a highly skill-dependent procedure. Even when performed by an expert surgeon, the
pushing action involved in advancing a colonoscope can induce large mechanical stresses on
the delicate tissues, which can cause bleeding [72]. In some severe cases, mechanical trauma
inflicted on the colon due to the colonoscope forming a loop instead of moving forward when
pushed, may even result in perforations [70, 72]. In addition, the sigmoid colon has been

observed to be susceptible to tissue damage or even perforations under large shear forces [30].

2.1.1 Prior Work

Sightline ColonoSight (CS) is an FDA approved colonoscope that features an alternative
propulsion mechanism to a standard colonoscope. It consists of a sheath that unfurls from the
tip when pressurized, to assist in propelling the colonoscope, thereby minimizing the required
push-force for its advancement [73]. However, the system does not entirely eliminate the need
for push forces and still results in shear forces along the colon wall, during its retraction. Double
Balloon Colonoscopy (DBC) offers another alternative approach to standard colonoscopy.
Balloons and overtubes in DBC can prevent the endoscope from looping by anchoring the distal
section of the endoscope to the colon [74]. However, DBC requires significant training and
expertise and is reserved for a small percentage of patients for whom conventional colonoscopy
is not feasible [75]. Moreover, DBC also requires push forces at the base of the endoscope for
its advancement, which can induce pain and discomfort in patients.

In contrast to flexible colonoscopes, wireless capsule endoscopes are commercially-
available, pill-sized wireless screening tools that are passively propelled through the gastroin-

testinal tract by peristalsis [76]. Because they are not actively pushed through the colon, they
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Figure 2.1. Rendering of our proposed system, which includes the InchIGRAB nested within a
vine robot. The InchIGRAB facilitates steering of the vine robot through curved colon segments
during forward movement and enables its controlled retraction.

pose a minimal risk of perforation. However, when using a capsule endoscope, the surgeon
cannot control the position of the camera, and these procedures require a more aggressive
preparation of the bowel [77]. Commercially available wireless capsule endoscopes are also
unable to provide therapeutics or perform biopsies [78].

In addition to these commercial devices, there has been significant research on the
development of alternative robotic colonoscopes that aim to improve controllability for surgeons
and ensure safety for patients. As presented in [70], these research initiatives can broadly be
categorized into three groups — electric, magnetic, and pneumatic — based on the actuation
method. Both electrically driven [44] and magnetically driven [79, 80] colonoscopes exhibit
impressive power-to-size ratios. However, they also have higher costs and power demands in
comparison to their pneumatically driven counterparts. Pneumatically driven robots provide
several major advantages for surgical applications due to their soft and lightweight body [26] that
make them safe for operation in sensitive environments. Some examples of soft pneumatically

driven robots for colonoscopy are presented in [26, 27].
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2.1.2 Vine Robots

Vine robots, also known as growing or everting robots, are a type of soft robot that move
through the environment by extending from the tip [81]. Vine robots are typically made from
an inextensible, thin-walled tube, where the material from one end is inverted back inside the
robot body. This inverted material, often called the “vine tail”, everts out from the vine robot’s
tip when it is pressurized [81]. Unlike traditional push-instruments, whose entire body must
translate to achieve forward motion, this method of movement results in no relative motion
between the vine robot’s body and the environment [81], enabling minimal shear forces. While
these characteristics make vine robots well-suited for surgical applications like colonoscopy,
there remain challenges with steering and retracting these robots in tortuous environments.

Active steering is important for enabling safe navigation of vine robots around tight
turns to ensure that they will not get stuck or apply significant forces to the environment [82].
One method for active steering of vine robots, is to add pneumatic actuators — including series
Pneumatic Artificial Muscles (sSPAMs) [83], fabric Pneumatic Artificial Muscles (fPAMs) [84],
or cylindrical Pneumatic Artificial Muscles (cPAMs) [85] — along the length of the robot.
However, these pneumatic artificial muscles cause the entire robot body to bend with a constant
curvature, which may not be desirable in sensitive environments. Although [85] presents a
method using cPAMs that can offer localized steering, multiple actuators and magnetic valves
are required along the entire length of the vine robot to do so. In [23], tendons are used to
manipulate the vine robot. However, the large forces required to actuate the tendons from the
base of the vine robot, lead to the need for incorporating an additional stiffening mechanism
to prevent undesired buckling of the soft robot. Unlike other soft systems, [86] introduced a
rigid joint with a motor capable of bending the local region of the vine robot around the joint.
However, the presented steering mechanism cannot translate forward after acquiring a bent
configuration, limiting its ability to steer the vine robot around multiple curvatures.

A vine robot must also be able to retract back in a safe and controlled manner. In [87],
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a retraction method is presented in which the robot’s tail is reeled at the base using a motor
while maintaining some pressure inside the robot. However, such a retraction method can cause
the vine robot to buckle in an uncontrollable configuration. Furthermore, a vine robot that has
grown through a highly curved path faces a large capstan friction force [88] between its tail and
body. Reeling the vine tail in this situation can damage the vine material or exert unintended
forces on the delicate surrounding environment. Similarly, [89] proposes a retraction method
involving sequentially pulling a semirigid backbone then the vine tail. The method also led to
the buckling of the robot when retraction was carried out in curved states. [90] and [86] present
retraction mechanisms driven by motors that can stay near the tip of the robot, preventing
buckling. However, these mechanisms are difficult to scale down because of the presence
of relatively large electro-mechanical components. Finally, [91] and [92] present retraction
mechanisms that are fully soft, but they are designed only for retraction and would require
additional actuators for steering the vine robot.

2.1.3 Contributions

We present a novel soft robotic system for colonoscopy that comprises an inchworm-
inspired guided retraction and bending device, which we call the InchIGRAB, nested within a
vine robot. The nested InchIGRAB provides localized bending of the vine robot, facilitating
navigation around curved paths with minimal disturbance to the surrounding environment. The
InchIGRAB can also translate along the body of the vine robot in both straight and curved
regions, enabling controlled retraction of the vine robot. The proposed system, depicted in
Fig. 2.1, has the potential to make colonoscopy procedures safer for patients and easier to

perform for surgeons.

2.2 Working Principle

InchIGRAB is a tip-mounted soft robotic device that facilitates both steering and retrac-

tion of the vine robot during colonoscopy. It is pneumatically-actuated and sits inside the vine
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Figure 2.2. (a) Schematic of the system, which consists of the InchIGRAB positioned between
the vine robot’s body and the vine tail. The InchIGRAB itself has two anchoring modules and a
bending/elongating module (I). The inner and the outer actuators of the anchoring modules can
grasp the vine tail and vine robot’s body, respectively, when actuated. The bending/elongating
module comprises a set of linear actuators that enable steering when their relative pressures are
controlled (IT). The InchIGRAB’s linear elongation is achieved when all actuators are pressurized
equally (IIT). (b) Air pressure within the vine robot propels the InchIGRAB along with the vine
robot’s tip (I). Forward motion is also achieved by allowing the vine robot to evert, while the
InchIGRAB performs inchworm-like motion to catch up (II-VII). (¢) The InchIGRAB aids in
the vine robot’s retraction by pulling the vine tail backwards, while executing inchworm-like
motion in the same direction.

robot, with the vine tail passing through the InchIGRAB’s hollow channel (Fig. 2.2(a)-I). The
InchIGRAB consists of two anchoring modules (top and bottom), which both consist of inner
and outer expanding pneumatic actuators. When actuated, the inner actuator grasps the vine
tail and the outer actuator grasps the vine body. Connecting the two anchoring modules is a
bending/elongating module that consists of a set of three soft linear actuators. By controlling
the relative pressures in these actuators, the tip-mounted InchIGRAB can steer the vine robot
to a desired angle (Fig. 2.2(a)-II). Similarly, by applying equal pressures to all of the linear
actuators, the InchIGRAB can linearly elongate either forwards or backwards (Fig. 2.2(a)-III).
In this section, we explain the need for both active steering and retraction of the vine robot,
along with the working principle of the InchIGRAB for achieving both tasks.

2.2.1 Steering

Without an active steering mechanism, a vine robot must rely on buckling due to its
interaction with the environment in order to navigate around bends [82]. However, this method

can lead to significant stresses on the colon wall, equal to the critical pressure required to induce
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buckling in the vine robot [82]. In patients with diverticulitis, which has a reported incidence of
approximately 17.5% in the general population [93], pressures exceeding 1.5 kPa on the inner
colon wall can lead to permanent tissue damage [93]. Based on the equation for the critical
force provided in [82], vine robots made from thermoplastic polyurethane (TPU) film (detailed
in Section 2.3.6), exert stresses over 1.5 kPa when buckling at unsupported lengths shorter than
130 mm, conditions that can occur in curved colon sections. Therefore, vine robots must have
the ability to steer at the tip to avoid directly pressing on the colon wall.

To move forward along curved paths, the InchIGRAB can first steer the vine robot to
the required angle. Then, once the vine robot has grown around the curve, the InchiIGRAB
can perform inchworm-like motion by alternating elongation and anchoring actions until it
reaches the vine robot’s tip (Fig. 2.2(b)-III to Fig. 2.2(b)-VII). For forward motion along a
straight path, sufficient pressure in the vine robot enables both itself and the InchIGRAB to
move (Fig. 2.2(b)-1). The InchIGRAB translates due to the friction between the vine tail and the
inside of the InchIGRAB’s central hollow channel.

2.2.2 Retraction

Similarly, a vine robot must also be retracted safely and in a controlled manner during
colonoscopy. Although the vine robot’s tail could be spooled at the base to invert the material at
the tip for retraction, in highly curved environments such as the colon, the interaction between
the vine robot’s tail and body can lead to significant capstan friction. Based on the analysis
presented in [94], this force can cause the vine robot to buckle at the bent sections and at its
base. This phenomenon was observed when retracting a standard vine robot through both a
single curved section of a mock colon and along the entire mock-colon path, as seen in the
supplemental video. Such buckling behavior can lead to uncontrollable retraction, excessive
stress on the colon wall, and potential damage to the vine robot’s material. Therefore, an
alternative solution for the retraction of the vine robot is needed.

To retract the vine robot in a controlled manner without exerting shear forces on the
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environment, the InchIGRAB moves backwards in an inchworm-like motion, while the inner
actuators of the anchoring modules are actuated in a periodic sequence to pull the vine robot tail
(Fig. 2.2(c)). During the elongation stage, the inner actuator of the bottom anchoring module
grasps the vine tail, while the top anchoring module’s outer actuator anchors the InchIGRAB,
resulting in pulling of the vine tail in the backward direction (Fig. 2.2(c)-I and Fig. 2.2(c)-II).
Subsequently, during the bending/elongating module’s relaxation, the inner actuator of the top
anchoring module grasps the vine tail, while the bottom anchoring module’s outer actuator
anchors to the vine robot’s body, again pulling the vine tail in the backward direction (Fig. 2.2(c)-
V). Because the vine tail moves twice as fast as the robot’s tip [81], pulling the vine tail twice
by a length /, retracts the tip by /. We note that the InchIGRAB’s compliance allows it to adapt
to the configuration of the surrounding vine robot, ensuring effective retraction in both straight

and curved paths.

2.3 Design and Fabrication

In this section, we discuss the design and fabrication processes for creating all compo-
nents of the presented robotic system, including the bending/elongating module, the anchoring
modules, the vine robot, and the pneumatic control system.

2.3.1 Design Requirements

For an average adult, the smallest diameter of the human colon averages around
26 mm [95]. Therefore, to ensure successful deployment along the entire colon length, the
InchIGRAB should not exceed 26 mm in diameter. In addition, a robotic colonoscope should
be able to articulate or conform around acute bends, where the colon’s centerline forms angles
smaller than 90° [95], to ensure minimal interaction with the environment. The InchIGRAB

should therefore be capable of obtaining an angle, shown as 6 in Fig. 2.3, smaller than 90°.
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2.3.2 Bending/Elongating Module

The bending/elongating module serves two purposes: (1) steering the vine robot and (2)
translating the InchIGRAB, during both forward motion and retraction. The linear actuators in
this module should therefore be capable of large length changes in order to facilitate both small
angles for steering and more efficient translation. In addition, the linear actuators must provide a
force greater than the force required for retraction, where Fr = 0.5PyineAvine + F1 [90]. Pyine and
Ayine are the pressure inside the vine robot and the vine robot’s cross sectional area, respectively.
Similarly, F; is the additional force required required to deform the material at the tip.

Inverse Pneumatic Artificial Muscles (IPAMSs) are selected as the actuators for the
bending/elongating module. IPAMs are soft, linear actuators that can achieve significant
elongations even at small scales [96]. They consist of a soft rubber tube that is radially
constrained using a material with high tensile strength [96]. IPAMs can also accommodate large
pressures, which enables them to exert large forces, provided they are prevented from buckling.

By arranging three IPAMs in a circular pattern, spaced 120° apart, the InchIGRAB can steer the

vine robot along 3-D paths, in any direction.

Q\d

centerline

IPAM

Figure 2.3. The bending/elongating module depicted in a bent configuration. 6 is the angle
between the perpendicular lines through the center of the IPAM bases at both ends. ¢ is the
angle of the plane containing the bend.
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Modeling

In [97], an analytical model is derived, using the strain energy function, to accurately
predict the non-linear elongation of a hyper-elastic rubber tube that is radially constrained using
a metal spring. Because an IPAM is instead radially constrained using a thin, flexible, braided
fishing line, we assume here that the radial constraint has a negligible impact on the axial

stiffness of an IPAM during elongation, resulting in the following modification of [97]:

SLipan = LPrdy, . 2.1)
4G7T(dc2)ut - d12n) - Pn(dgut + 2d12n)

In (2.1), L is the unactuated length of the IPAM, dj, and d,, are the inner and outer diameters
of the rubber tube used in the IPAM, respectively, and G is the shear stiffness of the IPAM’s
rubber tube. G is estimated based on its known shore hardness using the Gent equation [98].

Based on the pressures in each IPAM, the corresponding change in length can be
estimated using (2.1). Then, with the elongated lengths of all three IPAMs, L1, L,, and L3, the
bending/elongating module length, Lcepterfine, 1S given as:

Li+Lr+ 13
Leenterline = —3 . (2.2)

The configuration angles ¢ and 6 are given as in [99]:

3(L, +L; —2L
& = arctan V3o +1Ls —2Ly) : (2.3)
3(Ly, — L3)
0=m— K'Lcenterlinfn (2-4)
with the module curvature k given by:
L2+ 1,2+ 132 —LiL,— L L;— L,L
Kzz\/1+2+3 1L2 143 2L3 2.5)

d(L1+L2+L3) ’
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where d is the distance between the module’s center and the center of each IPAM. We ignore
the effect of gravity on the module’s bending and elongation due to its small mass.

When the InchIGRAB is inside a pressurized vine robot, it experiences a restoring
moment, Mg, during steering:
(2.6)

3
MR — PViIlen’-rvine

As shown in (2.6), My is directly proportional to the pressure inside the vine robot, P,,e, and the
cube of the vine robot’s radius, ryie. If the vine robot pressure is too high, Mg could prevent the
InchIGRAB from attaining acute angles and could even straighten it during steering. Therefore,
to eliminate the effect of MR, Pyine 18 decreased to zero during steering.

Finally, if all three IPAMs are elongated simultaneously during each retraction cycle,
the total number of cycles (Noa1) needed to retract a vine robot along the entire colon length

(Lcolon) can be estimated using:

(2.7)

Design

A simplified relationship describing the force from an IPAM is Fipam = PpaMAIPAM —
Kipam O Lipam, Where Pipay is the pressure in the IPAM, Atpan is the IPAM’s cross sectional
area, Kipawm is the axial stiffness of the rubber tube in the IPAM, and 6 Lipay is the IPAM’s length
change. For a given dLipanm at a known Pipam, Fipam can be maximized by either maximizing
Arpam Within the constraints of the application or by decreasing Kipam. In practice, because
using softer rubber tubes increases the risk of ballooning between the gaps in the helically
wound, radially constraining material, Fipaym 1S maximized by maximizing Apam.

To maximize Arpam, and consequently Fipan, we selected an off-the-shelf rubber tube
with the largest diameter that kept an overall module diameter below 26 mm and a hollow
channel through the center large enough for the vine tail to pass without considerable friction.

The selected rubber tube had an outer diameter of 7.94 mm, an inner diameter of 6.35 mm,
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and was made of latex rubber (shore hardness of 35A). Based on the model, longer IPAMs
enable the InchIGRAB to achieve larger stroke lengths and smaller 6, both beneficial for the
application. However, there is a trade-off, since very long IPAMs may lack sufficient axial
stiffness to resist buckling or other deformations and result in a larger radius of curvature for the
same 0. Therefore, the IPAMs were designed to be 65 mm long. Three IPAMs were positioned
120° apart with d = 8.25 mm and attached to rigid 26 mm disks with a center hole of diameter
7 mm. Based on the model estimations, the InchIGRAB can achieve a stroke length of around
18 mm and 6 as small as 60° (i.e. a minimum radius of curvature of 50 mm) at the maximum
IPAM pressure.

2.3.3 Anchoring Module

Each anchoring module comprises two pneumatically expanding soft actuators. The
inner actuator grasps the vine tail during retraction, while the outer actuator enables the Inchl-
GRAB to anchor itself to the vine robot body (Fig. 2.2). These actuators must be able to resist
external forces since any slippage of the outer actuator reduces the InchIGRAB’s efficiency
during translation, and prevents it from achieving the desired configuration during steering. The
maximum force that an outer actuator would need to withstand would occur when a step input in
pressure is applied to the [IPAMs. Therefore, to prevent slippage, Ui PouterAouter > 3PIPAMAIPAM,
where (1 is the friction coefficient between the vine material and the outer actuator’s soft
expanding material. Poyer and Agyeer denote the pressure and surface area of the expanding
outer actuator, respectively. Pipam and Apay are the maximum pressure and cross-sectional
area of each IPAM, respectively.

Moreover, if the vine tail slips inside the inner actuator, InchIGRAB cannot execute
the retraction task. To prevent slipping, the following must hold: U PipnerAtnner > 0-5PyineAvine-
Prnner and Appper denote pressure and surface area within the inner actuator, respectively, and Uy,
is the friction coefficient between the vine material and the inner actuator.

Therefore, materials of the vine robot and the expanding actuators should have large
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Figure 2.4. Process of fabricating a bending/elongating module includes fabricating the IPAMs
and assembling them together with the IPAM bases, constraining hoops, and silicone tubes.

and Uy, and the actuators should be designed to withstand large internal pressures to maximize
Pinner and Poyeer- Both anchoring modules were designed to be 18.5 mm long and 26 mm
in diameter, with a 7 mm diameter center channel. Dragon Skin™ 20 was selected for the
expanding material for the anchoring modules due to its sufficiently high coefficient of friction
with most materials and its strength, which allows the actuators to endure large pressures without
failure.

2.3.4 Fabrication
Bending/Elongating Module Fabrication

Figure 2.4 shows the fabrication process for the bending/elongating module. First, the
latex tubes are cut to the required length (65 mm) and are tightly wound with 0.8 mm thick
braided fishing line to form IPAMs, as outlined in [96]. Three IPAMs are then assembled
together using constraining hoops to ensure they remain equidistant. These hoops are 3D printed

using the Objet Connex™ printer and feature a soft tubular center made with Agilus 30™. The
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Figure 2.5. The fabrication process for the anchoring modules involves 3D printing ring bases,
molding soft silicone with the ring bases, and assembling the actuator rings with rigid core and
module cap.
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IPAM bases, which are 3D printed with a rigid material (VeroClear™) with a soft gasket (Agilus
30™) on one face, are then attached to both ends of the IPAM assembly using cyanoacrylate
adhesive. Each IPAM base also includes hollow channels to allow airflow to the [IPAMs and the
top anchoring module. Silicone tubes supplying air pressure to the top anchoring module are

inserted into their designated channels and secured using cyanoacrylate adhesive.
Anchoring Module Fabrication

The fabrication steps for the anchoring modules, inspired by the methods in [100], are
shown in Fig. 2.5. First, rigid inner ring bases and outer ring bases are 3D printed for the inner
and outer actuators, respectively. The ring bases feature miniature lock patterns designed to
mechanically secure the cured soft silicone, which does not otherwise adhere to other materials.
A mold core is inserted between two identical ring bases, and this assembly is positioned inside
a mold using alignment tabs, which ensure the ring bases are spaced appropriately. Dragon
Skin™ 20, in a two-part mix, is then injected at high pressure into the tightly fastened mold,
ensuring that it fully permeates into the miniature lock patterns, and is cured inside a pressurized
chamber at 40 psi for 4 hours. The pressurized chamber guarantees the infiltration of uncured
silicone into the mechanical locking features, preventing the formation of air bubbles. The
prepared actuator ring is demolded from the mold core, and the alignment tabs are broken off.
Molded inner and outer actuator rings (2.4 mm and 1.8 mm thick, respectively) are then attached
to the 3D printed rigid core using cyanoacrylate adhesive, and module caps are secured to the

open end.

2.3.5 InchIGRAB Assembly

The final step is to insert and attach seven silicone tubes, each with an outer diameter of
1 mm, to the rigid, 3D printed base. The base is then fastened to the bottom anchoring module
using screws. A fully assembled InchIGRAB has an outer diameter of 26 mm and a length of

116 mm (Fig. 5.2), and weighs 40 grams.
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Figure 2.6. (Top) A fully assembled InchIGRAB with a center channel for passing the vine tail.
(Bottom) Exploded view of the InchIGRAB showing the assembly of the bending/elongating
module with the two anchoring modules and the 3D printed base holding silicone tubes.

2.3.6 Vine Robot

The surrounding vine robot is made using 0.0015” thick Stretchlon® film from Fiberglast
due to the material’s large tensile strength and low coefficient of friction with itself. To fabricate
the vine robot (27 mm in diameter), a long rectangular mylar sheet, with a width of 42.41 mm to
match the width of the flattened vine robot, is laser-cut. The mylar sheet is then placed between
two Stretchlon® films and heat pressed using a Fancierstudio 16x20 BP flat heat press at 280°F
for 60 seconds. The application of heat causes the films to melt and adhere to each other, except
in the region where the mylar sheet is placed. After removing the mylar sheet, an enclosed and
hollow rectangular section remains. Excess melted portions of the films are trimmed away. The
vine robot is completed by heat sealing and then tucking one end of the thin film tube inside
itself. We note that it can easily compress to the InchIGRAB’s diameter of 26 mm when passing

through the narrowest sections in the colon.
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2.3.7 Pneumatic Control System

To execute the actuation sequences outlined in Section 4.2, the pressure in the vine robot
and all individual actuators in the InchIGRAB must be independently controlled. The vine robot
and the bending/elongating module’s three IPAMSs require analog pressure control, while the
four actuators in the anchoring modules only need binary pressure control to switch between
grasping and releasing. To provide analog pressure outputs, four voltage-controlled Proportional
Air (QBX Series) pressure regulators, which can achieve pressures between 0 psi and 50 psi
with a resolution of 0.1 psi, are used. As shown in Fig. 2.7, an Arduino Uno controls the output
voltage signals to the pressure regulators through a TCA9548 A i2c multiplexer connected to four
MCP4725 Digital-to-Analog Converters (DAC). The DACs are used to increase the resolution
of the voltage signals sent to the pressure regulators. Four NITRA solenoid valves are controlled
with a four-channel MOSFET switch, powered by a 12 V DC power supply, in order to provide

binary pressure outputs for the anchoring actuators.
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Figure 2.7. A schematic of the pneumatic control system with four analog pressure regulators
and four binary solenoid valves, all controlled using an Arduino Uno. It independently regulates
the pressures inside all the actuators in the InchIGRAB and the vine robot.

26



2.4 Device Characterization

In this section, we experimentally validate the analytical model from Section 2.3.2, the

anchoring module’s effectiveness in preventing slippage, and the durability of the actuators.

2.4.1 Validation of the Bending/Elongating Model

The experimental setup used for validating the analytical model presented in Sec-
tion 2.3.2 is shown in Fig. 2.8(a). The base of the InchIGRAB is attached to a 3D printed base
positioned in front of the field generator of an Aurora electromagnetic (EM) tracking system
(NDI, Waterloo, Canada). The system measures 3D position of the EM sensor (0.92 mm outer
diameter) that is attached under the IPAM base, at its center. Five sets of three random pressures
between 0 and 25 psi (see Section 2.4.3 for details on the upper bound) are selected from a total
of fifteen generated sets. The selection aims to ensure that the bending/elongating module covers
a wide range of configurations (K, @, Lcenterline)- FOr €ach pressure set (see legend in Fig. 2.8(b)),
each IPAM attains its target pressure after nine equal increments, and the InchIGRAB’s position
is recorded for each increment. Each set is repeated three times.

The model predicted paths and the measured paths are shown using solid lines and
dashed lines, respectively, in Fig. 2.8(b). At the target pressures, the average error and standard
deviation of the errors between the model estimations and the observed positions were 7.55 mm
(11.62% of the IPAM’s original length) and 3.79 mm (5.83% of the IPAM’s original length),
respectively. The errors are likely due to inaccuracies in sensor placement, inaccuracies in [IPAM
fabrication, and simplifying assumptions in the model. However, these results demonstrate that
the model can closely predict the positions of the tip of the bending/elongating module.

2.4.2 Anchoring Module Characterization

As outlined in Section 2.3.3, both the outer and inner actuators in an anchoring module
must resist slippage by enduring the maximum force, 3PpamArpam, and the force required

for retraction, F;, respectively. At the maximum operating pressure of 25 psi, 3PipamAipaMm 1S
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Figure 2.8. (a) Experimental setup for validating the analytical model in Section 2.3.2. The
setup includes an EM sensor mounted on the InchIGRAB, which is secured to a 3D printed
base in front of an EM field generator. (b) The model closely approximates the behavior of the
bending/elongating module at the studied sets of IPAM pressures. Legend entries show the sets
of randomly generated IPAM pressures (given in psi) used for the model validation study.

16.38 N for the chosen IPAM design. Similarly, F; for the chosen vine robot design is 3.95 N at
1 psi, which is the pressure used for retraction (0.5P,ipeAvine).- The selected pressure ensures
the vine robot does not buckle during retraction, while keeping the force required for retraction
minimal.

We experimentally characterized the relevant slipping forces. In the first experimental
setup (Fig. 2.9(a)), the vine robot’s body passes over the anchoring module’s outer actuator,
which is held in place by a fixture. In the second setup (Fig. 2.9(b)), the vine tail passes through
the inner actuator of the anchoring module that is clamped using the base clamp. We use a
Mark-10 tensile tester to pull the vine robot’s body and the vine tail, respectively, both clamped
using the gauge clamp, with known forces. Both the outer and inner actuators are actuated at
pressures from 2 psi to 30 psi in step sizes of 2 psi. At each actuation pressure, the vine is pulled

until it slips. The force versus deflection behavior of each pull is recorded for a pre-set time,
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(a) (b)

Figure 2.9. Setups for characterizing the forces required for slippage of (a) the outer actuator
and (b) inner actuator at different pressures. (b) also shows the top view of an inner actuator,
without the vine tail, in its “off” and “on” states.

from which the force required for slippage is extracted. The pre-set time is chosen to ensure that
the force versus deflection behavior during slippage is adequately captured. This procedure is
repeated for six inner actuators and six outer actuators, with three each from the top anchoring
module and the bottom anchoring module.

The force versus deflection behavior of each pull was observed to have a steep linear
region that plateaus as the pull displacement increases, as shown in Fig. 2.10(a). The plateauing
behavior is achieved as the vine tail or body slips when pulled. For each force versus deflection
plot, we defined the mean slipping force as the average of the forces recorded in the plateau
region, identified manually as the segment with a significantly reduced slope compared to
the preceding steep region. Fig. 2.10(b) displays all recorded mean slipping forces and their
standard deviations. The standard deviations of the mean slipping forces for the outer actuators
are notably larger than those for the inner actuator likely due to two main reasons. First, the
magnitude of the mean slipping forces for the outer actuators are significantly higher. Second,

residual cured adhesive was observed on the exterior of one of the outer actuators, which could

29



Outer Top, 22 psi g ° Innelr Actua‘éor
Outer Bottom, 18 psi || ]
20 - Inner Bottom, 22 psi § 40 e Outer Actuator
2 Inner Top, 24 psi Ue %%
py 2
: 220 H .
g10| | & ;
2 i (1 1]
= o0®
g 0 Jiiii o*® §
O | | | | |
0 10 20 30 0 10 20 30
Displacement (mm) Pressure (psi)
(a) (b)

Figure 2.10. (a) Example force versus deflection behaviors recorded while the vine tail and
body are pulled through the actuated inner actuator and around the actuated outer actuator,
respectively. (b) Pressure versus mean slipping force for the inner and outer actuators.

have adhered to the vine robot’s body and increased the measured slipping force. Based on the
obtained pressure versus mean slipping force information, Pipner and Poyeer are both selected
to be 25 psi relative to the pressure in the vine robot, which enables them to withstand the
necessary forces of 3.95 N and 16.38 N, respectively.

2.4.3 Durability Characterization

To determine the maximum pressures that the system can withstand, the vine robot
and each actuator in an assembled InchIGRAB were pressurized individually at increments of
1 psi until failure. IPAM failure occurred at an average of 34 psi when they expanded radially,
ballooning through the gaps between the braided fishing lines. The maximum operational
pressure for each IPAM was then chosen to be 25 psi relative to the vine robot pressure, giving
a safety factor of 1.36. The inner and outer actuators in both anchoring modules remained
operational even at 50 psi, the maximum pressure achievable by the pressure regulator. The
vine robot elastically expanded until the heat pressed edges started to separate at an actuation

pressure of 3.5 psi.
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We then assessed the maximum number of actuation cycles that all seven actuators can
endure. All actuators in an InchIGRAB (with no vine robot) were sequentially pressurized at
their operational pressures in the retraction sequence for a total of 5000 cycles. The number of
actuation cycles was recorded, and the status of the actuators was inspected after every 50 cycles.
If an actuator failed, it was reported to withstand the number of cycles recorded during the last
inspection. IPAMs and the two inner actuators survived all 5000 cycles. The outer actuators in
the top and bottom anchoring modules operated for 2250 and 1750 cycles, respectively, before
failing at the interfaces between their soft and rigid structures. The superior performance of
the inner actuator can be attributed to its soft structure pressing against itself during actuation,
resulting in lower mechanical stresses compared to its counterpart. We note that the outer
actuators are expected to withstand a larger number of cycles in the presence of the vine robot,
as the vine robot will restrict their expansion. Assuming no slippage, the InchIGRAB would be
able to reach the end of an average colon (1.5 m) [101], and return back after only 167 actuation
cycles. Hence, the actuators in the tested InchIGRAB would have endured a minimum of 13

procedures.

2.5 Motion Characterization

In this section, we characterize the motion of the InchIGRAB and the vine robot
through mock colon segments at different bent angles (see supplemental videos), showcasing

the strategies used for deploying the system during both forward and retraction motions.

2.5.1 Motion Characterization Setup and Procedure

The experimental setup consists of a mock colon segment (Fig. 2.11) constructed using a
clear Low-Density Polyethylene (LDPE) thin-film tube connected to four evenly spaced O-rings.
The O-rings provide structural support to the otherwise easily collapsible LDPE film tube, and

are adhered to a test platform at only four specific points, resembling key characteristics of
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the human colon. The LDPE film tube has a diameter of 48 mm, the average diameter of a
human colon [102], and the differences in surface properties between LDPE and other phantom
materials does not impact the presented system’s performance, due to the vine robot’s method of
movement via tip-eversion.The test platform itself consists of a pin joint that allows the attached
mock colon segment to bend at its midpoint, mimicking the configurations of various colon
segments. Three different angles are considered for the motion characterization as follows:
180° to mimic the rectum and descending colon; 130° to approximate the obtuse angles of the
transverse colon and the ascending colon; and 80° to mimic the acute angles of the hepatic
flexure, splenic flexure, sigmoid-rectal flexure, and the sigmoid colon [103].

In the fully assembled robotic system, the InchIGRAB sits at the tip of the vine robot,
and predetermined lengths of the vine tail and InchIGRAB air-pressure lines are packed behind
it. These lengths allow the system to travel 300 mm within the mock colon segment, which
represents 20% of the average colon length, without requiring external intervention. The vine
robot’s base is finally sealed after inserting a silicone tube for supplying air pressure to the vine
robot.

The pneumatic control system, connected to a computer, is used to regulate the actuation

Computer  ppeumatic control system L

Vine robot

Adjus

Figure 2.11. The experimental setup used for motion characterization of the InchIGRAB in the
vine robot includes a mock colon segment placed on a test platform, recorded by a camera. The
pneumatic control system, connected to a computer, is used to control the InchIGRAB and the
vine robot.
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pressures in both the InchIGRAB and the vine robot. When steering, the pressures in the IPAMs
are regulated as determined by the model presented in 2.3.2, ensuring that the InchIGRAB’s
configuration matches that of the mock colon segment. Lastly, a camera is mounted parallel
to the test platform to record the motions of the system (see Fig. 2.11), and Tracker, an open
source video analysis tool, is used to track the tip of the InchIGRAB and the vine robot.
2.5.2 Forward Motion

180°

The pressure in the vine robot was set to 1.8 psi, allowing it to grow forward. The
InchIGRAB, with all its actuators turned off, moved forward passively due to the friction
between the vine tail and the InchIGRAB’s hollow channel. The vine robot and the InchIGRAB
moved the entire 300 mm distance together in just 2.5 seconds, as shown in Fig. 2.12(a). We

note that this time could vary depending on the pressure set inside the vine robot.
130°

The vine robot and the InchIGRAB successfully advanced in three distinct steps. In
the first step, the vine robot and the InchIGRAB moved forward together, using the strategy
outlined in Section 2.5.2, until reaching the curve. In the second step, the pressure inside
the vine robot was reduced to O psi and the [IPAMs were actuated to achieve a 130° bend,
based on the model estimates. Simultaneously, the bottom anchoring module’s outer actuator
anchored the InchIGRAB to the vine robot. The wrinkles at the vine robot’s bent section helped
the InchIGRAB maintain its angular configuration, even after the vine robot’s eversion, by
reducing the robot’s structural stiffness [104]. In the final step, the InchIGRAB executed the
inchworm-like motion with an average displacement of 15.36 mm per cycle to reach the vine
robot’s tip, as explained in Section 4.2 and observed in Fig. 2.12(b). Although forward motion
through segments with minimal curvature could also be achieved using the same strategy as that

used in Section 2.5.2, our approach ensures successful navigation with minimal forces applied
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Figure 2.12. Results showing the tracked vine robot’s tip, the InchIGRAB’s tip, and the
commanded pressure inside the vine robot during the forward motion in the (a) straight, (b)
130°, and (c) 80° mock colon segments. Similarly, the tracked vine robot’s tip, the InchIGRAB’s
tip, and the commanded pressure inside the vine robot during the retraction tasks are shown in

the (d) straight, (e) 130°, and (f) 80° mock colon segments.

to the environment.

80°

Forward motion in the segment with an 80° bend was successfully achieved using the
strategy outlined in Section 2.5.2. However, increasing the pressure in the vine robot to allow

growth around the curve slightly increased the InchIGRAB’S angle from its initial configuration.
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This angle change is due to a small residual restoring moment, despite the wrinkles at the
bent location [104], and the amount of change is limited by the surrounding environment.
This sharper bend angle also resulted in lower efficiency in the InchIGRAB’s translation, as
seen in Fig. 2.12(c). The InchIGRAB performed the inchworm-like motion with an average
displacement of 10.58 mm per cycle. This reduction in translation efficiency is likely due to the
significant amount of wrinkles in the vine body at the sharp bend, which constantly unwrinkle,
then rewrinkle as the InchIGRAB extends and then contracts each cycle, leading to smaller
and more variable increments of movement. Despite the challenges, the InchIGRAB-guided

vine robot successfully reached the targeted displacement with minimal interaction with its

environment.
2.5.3 Retraction
180°

The InchIGRAB successfully retracted the vine robot by performing the inchworm-
like motion in the backward direction, with an average displacement of 13.82 mm per cycle.
Throughout the retraction motion, the pressure in the vine robot remained constant at 1 psi
to avoid buckling of the robot body. In Fig. 2.12(d), it can be observed that the gap between
the InchIGRAB’s tip and the vine robot’s tip increased as the InchIGRAB advanced. This
increasing gap likely resulted from unwanted eversion of the scrunched vine tail, during the
InchIGRAB’s relaxation in the retraction sequence. Nonetheless, the InchIGRAB successfully

retracted the vine robot to the target displacement.
130°

The InchIGRAB successfully retracted the vine robot in the same manner as in the
straight segment. The retraction sequence was executed with an average displacement of
11.34 mm per cycle. At the end of this study, a larger gap between the InchIGRAB’s tip and the

vine tip was observed, as shown in Fig. 2.12(e). The increase in friction between the inside of
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the InchIGRAB’s hollow channel and the vine tail, at the bent region, may have caused a longer

length of the vine tail to scrunch and evert.
80°

The InchIGRAB retracted the vine robot using the same process as in the other segments,
until it reached the curve. At this point, due to the kink in the vine robot caused by the sharp
bend, its pressure was reduced to O psi to enable the InchIGRAB to pass. This adjustment was
synchronized with the InchIGRAB’s elongation in the retraction sequence. The pressure inside
the vine robot wasreset to 1 psi before the InchIGRAB’s relaxation, to avoid buckling. This
approach of coordinating the duty-cycling of the vine robot pressure with the InchIGRAB’s
retraction sequence was repeated until the bottom anchoring module successfully passed the
kinked region (seen in the supplemental video). The InchIGRAB then retracted the vine robot
the remainder of the way using the standard approach. As seen in Fig. 2.12(f), the retraction
speed increased after the InchIGRAB passed the kinked region. The InchIGRAB completed the

vine robot’s retraction, averaging a displacement of 11.60 mm per cycle.

2.6 Demonstration

A mock colon environment, shown in Fig. 2.13 was created using a 1.5 m long LDPE
tube, which matches the average length of a human colon [101]. The lengths of the segments
within the colon model were also consistent with those of the human colon [101]. Similar to
the experimental setup detailed in Section 2.5.1, the diameter was 48 mm and featured equally
spaced O-rings attached to the base. Additionally, the model included a transverse colon segment
with a 3-D path, as shown in Fig. 2.13, consisting of two 30° slopes.

Figure 2.13 and the supplemental video show the forward motion and retraction of the
InchIGRAB-enabled vine robot along the entire colon length, using the strategies previously
detailed. The tubes and vine tail were manually fed into the vine robot during the forward

motion and removed during retraction. During the forward motion, the InchIGRAB steered the
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vine robot around the curved colon sections. Since the configuration of the model was known,
the sets of pressures in the IPAMs were pre-determined for each curvature in the colon, using the
model presented in Section 2.3.2. The pneumatic control system then supplied the actuators with
the required pressures. The tips of both the InchIGRAB and the vine robot reached the distal
end of the colon in 24 minutes and 20 seconds. Similarly, the InchIGRAB safely retracted the
vine robot for a total distance of 1.45 m in 22 minutes and 25 seconds, completing 94 retraction
cycles, compared to the 81 cycles estimated using (7). The discrepancy between the estimated
and observed number of retraction cycles can primarily be attributed to slippage of the anchoring
modules and reduced translation efficiency at the curved sections.

We demonstrated the proposed robotic system’s ability to successfully navigate the
entire length of the colon during both forward motion and retraction, with minimal friction
and environmental interaction. The average speeds of the InchIGRAB-enabled vine robot
during forward motion and retraction in the mock colon were recorded at 1.03 mm/s and
1.12 mm/s, respectively. This makes the current version of the system slower than other robotic
colonoscopes, such as those presented in [29], [79], and [80]. However, the speed of the
presented system can be improved by reducing the relaxation time required for the IPAMs to
return to their original lengths. Currently, this relaxation step takes approximately 7 seconds,
resulting in notably long durations for translation motions, as shown in Fig. 2.12. Actively

depressurizing the [IPAMs with a vacuum regulator can significantly improve the completion

3D Section ] Forward Motion Retraction

Figure 2.13. Still-frame images show the InchIGRAB (highlighted in pink for better visibility)
and the vine robot successfully navigating a full mock colon environment, which features a
3D section. During forward motion, the InchIGRAB steers the vine robot around the curved
sections of the colon model before the vine robot grows to the next curve. This process is
repeated until both the InchIGRAB and the vine robot reach the distal end of the colon. The
InchIGRAB then safely retracts the vine robot backward along the entire colon length.
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time for retraction and forward motion. Additionally, the presented system’s speed can be further
improved by automating the management of the silicone tubes and vine tail using spooling
mechanisms inside a pressurized chamber, as demonstrated in [87].

Compared to other robotic colonoscopes (such as [79], [26], [27]), InchIGRAB offers
several key advantages. First, unlike highly curved cable-operated robots, where friction
losses [105] can affect steering precision, the steering in InchIGRAB is unaffected by the
curvatures attained by the vine robot. Second, InchIGRAB does not require large equipment or
additional infrastructure like that required by magnetically driven robots [79], [80], [106]. Third,
compared to retracting tethered robotic colonoscopes, which risks complications due to the
potential of excessive traction and tension on the mesocolon during the pulling process [107],
the InchIGRAB-enabled vine robot retracts from its tip with minimal shear forces on the

environment.

2.7 Discussion

In this chapter, we presented a soft robotic system for colonoscopy that consists of the
InchIGRAB nested within a vine robot. An analytical model was used to design the InchIGRAB
to navigate the vine robot around tight curves, and the model was able to accurately predict
the position of the bending/elongating module with an average error and standard deviation
of 7.55 mm and 3.79 mm, respectively. The InchIGRAB’s actuators were found to endure at
least 1750 cycles, which is approximately 13 times more than what is required for the entire
colonoscopy procedure, when subjected to their respective operational pressures. Furthermore,
the presented robotic system successfully showcased its ability to safely traverse different
segments of the colon during both forward motion and retraction.

Future work can include the design of a pressurized chamber comprising spooling
mechanisms for the vine robot tail and silicone tubes. Sensors can also be integrated into the

InchIGRAB to enable its closed-loop control. In addition, a camera or other tools could be
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threaded through the vine tail to enable visualization or manipulation. In these scenarios, the
impact of the tool on the translation of the InchIGRAB should also be studied. Furthermore,
the diameter of the existing robotic system can be further reduced by designing novel actuators
capable of large forces, while occupying a small footprint, for the bending/elongating module.
All these improvements would further enhance the presented robotic system, bringing it closer

to enabling safer robotic colonoscopy.
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Chapter 3

Design of Soft, Positive-Pressure Actuated
Suction Cups for Anchoring in Minimally
Invasive Surgery
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3.1 Introduction

3.1.1 Background

Soft suction cups have been proposed for a wide range of applications, including for wall
climbing robots [108, 109], tissue manipulators [110], and grippers [111, 112], for example.
These suction cup designs can be broadly classified as active or passive based on the use or lack
of actuation mechanism, respectively [113]. While passive suction cups have relatively simple
designs, they require external forces to attach and detach from the substrate, making it difficult
to control their adhesion states. In addition, the attachment force provided by a passive suction
cup is difficult to regulate. In contrast, attachment and detachment states and attachment force
can be easily controlled in active suction cups, making them more well-suited for interactions

with fragile objects or in sensitive environments such as in Minimally Invasive Surgery (MIS).

3.1.2 Previous Work

Different actuation mechanisms, including dielectric elastomers [114], magnets [110],
vacuum pressure [115, 112, 116], and positive pressure [42], have been explored for actuating

soft suction cups.

Pneumatic
Channel

Main body
Rigid Substrate

Vacuum
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Figure 3.1. Schematic showing the cross-section of a positive-pressure actuated suction cup
on rigid and soft substrate before and after positive pneumatic load is applied to the pneumatic
channel.
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Among the several actuation mechanisms, vacuum actuation has been the most heavily
explored because these suction cups are simple in design [117] and can hold large loads [118].
However, vacuum actuated suction cups may pose a challenge for use in MIS where CO2
insufflation is commonly used to help expand the workspace and provide better visibility during
procedures [40, 41], since a vacuum could result in the loss of insufflation.

In contrast, recently developed positive-pressure actuated suction cups [42] offer several
potential advantages. These suction cups consist of a pneumatic channel embedded inside the
main body, and a cavity, or vacuum chamber, between the body and the substrate, as shown in
Fig. 3.1 and Fig. 3.2 . When positive pneumatic load is applied, the channel inflates, causing the
body to bend away from the substrate. The increase in volume in the vacuum chamber results
in a pressure difference that leads to a suctioning effect. Such suction cups operate without
drawing in fluid or contamination from the environment and do not buckle during actuation. The
switchable adhesion also allows them to easily attach and detach from the substrates [42]. These
advantages make positive-pressure actuated suction cups good candidates for use in demanding
applications such as surgical procedures.

In addition to recent progress in novel suction cup designs, there has also been develop-
ments in modeling their behavior [119, 120]. Finite Element Analysis (FEA) was used in [121]
to model the deformation of clingfish-inspired suction cups on a rigid substrate. Similarly, a
simplified analytical model was presented in [42] to model the adhesion of a positive-pressure
actuated suction cup to a rigid substrate. However, the presented model requires experimental
evaluation of a selected design to determine the parameters used in the model, and therefore
cannot be used for large-scale optimization studies. Moreover, while suction cup designs have
been presented for applications on soft substrates such as skin and tissues [111, 122], developed
models are limited to attachment to rigid substrates. In order to enable systematic design of soft
suction cups for many of these real-world applications, including MIS, it is therefore critical to

develop models for their interaction with soft substrates.
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3.1.3 Contributions

The contributions of this work are as follows. (1) We present an FEA model that enables
the simulation of the behavior of positive-pressure actuated suction cups on both rigid and soft
substrates. This model allows us to estimate the attachment force of the suction cups and to study
the non-intuitive behavior of a wide range of designs for optimization purposes. (2) We present
a case study of designing a positive-pressure actuated suction cup to anchor flexible surgical
tools to surrounding tissues to help stabilize them during procedures. We identify a design
that provides maximum attachment force and conduct experimental evaluations to characterize
its performance. We also demonstrate the ability of the suction cup to resist external forces
on rigid, soft, and live porcine substrates, thereby demonstrating the suction cup’s potential
as an anchoring unit for stabilizing surgical tools. The chapter is structured as follows: the
FEA modeling, optimization process, and fabrication method are described in Section 3.2.
The optimization results and experimental evaluations are then presented in Section 3.3, and a

conclusion is provided in Section 3.4.

3.2 Materials and Methods

In this section, we develop an FEA model of the positive-pressure actuated suction cups.
The developed model is used to characterize suction cup’s performance and optimize its design

to achieve the maximum possible attachment force for our selected case study.

3.2.1 Operating Mechanism

Positive-pressure actuated suction cups [42] consist of an embedded pneumatic channel
that, when pressurized, causes the main body of the suction cup to bend away from the substrate
(see Fig. 3.2). The volume of the vacuum chamber beneath the main body therefore increases

by AV, leading to a pressure difference, AP, between the vacuum chamber and the environment.
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Figure 3.2. Positive-pressure actuated suction cup before and after pneumatic load is applied
to the pneumatic channel. When actuated, the volume in the vacuum chamber increases from
an initial value, Vj, by an amount, AV and pressure increases from an initial value, Py, by an
amount, AP. AP introduces load to the walls encapsulating the vacuum chamber, as shown in
red. The base area of the vacuum chamber, A, is considered to remain approximately constant
during actuation.

This change in pressure is given by Eq. (3.1) as stated by Boyle’s law,

Vo

where P, is the pressure in the environment (i.e. the atmospheric pressure)and V,, is the initial
volume inside the unactuated vacuum chamber. In the absence of external loads, this AP gives

rise to an attachment force, which can be calculated as in Eq.(3.2)
F=AP-A, (3.2)

where A is the base area of the deformed vacuum chamber. We approximate the base area
of the vacuum chamber after deformation to be equal to that before deformation, which is a
valid assumption provided the base of the suction cup remains attached to the substrate during
actuation. We ensure that the base remains attached to the substrate by adding a thin lip at the
base of the suction cup to maintain a proper seal.

It is desirable to achieve a large attachment force so that the suction cup on its own, or as
a unit in an anchoring system with multiple suction cups, can resist the largest forces possible.

We hypothesize that the suction cup’s ability to resist external forces is directly correlated to its
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attachment force in the absence of any external loads. Attachment force, F, is thus the selected

metric considered for evaluating suction cup performance.

3.2.2 FEA Modeling

FEA can be accurately used to study the intrinsic nonlinear behavior exhibited by
soft materials [123]. We used COMSOL Multiphysics (COMSOL, Inc., Burlington, USA) to
develop an FEA model that estimates the achievable attachment force of a suction cup for a
given pneumatic load. The material selected for the suction cup is Ecoflex 00-30, a soft silicone
rubber, which we model using the hyperelastic Yeoh model with C; = 17 kPa, C; = 0.2 kPa,
and C3 = 0.023 kPa [124]. We used a Poisson’s ratio of 0.49 in our simulations to mimic the
incompressibility of the material [125].

For our simulation studies, we constrained the bottom surface of the suction cup to be

fixed relative to the substrate, assuming that the seal is maintained and does not deform during

Revolutions in
..... Spiral Channel

Channel
Width

Minor
Diameter

Figure 3.3. Top view (top) and cross-sectional view (bottom) of a suction cup with its geometric
parameters that were considered as design parameters for the FEA optimization study.
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actuation. The input pneumatic load, responsible for the bending of the suction cup, is applied
to the walls of the embedded channel. AP generated in the vacuum chamber during actuation
also results in a load on the encapsulated walls of the vacuum chamber, which is also included
in our simulation.

If the substrate is soft, it is also subjected to deformation due to the load resulting from
the pressure drop in the vacuum chamber. To account for the resultant deformation of the
soft substrate, an accurate material model of the substrate is required. Although hyperelastic
constitutive models have been developed for tissues like porcine liver [126], variances in the
model parameters are large and unpredictable between different specimens. Because Ecoflex 00-
30 has been found to have a similar stress distribution trend and shear modulus as published
values for porcine muscle [127] and has well-known material properties [124], it is used as the
soft substrate in our simulation studies and model validation. The resultant deformation of the
soft substrate along with the deformation of the encapsulated walls of the vacuum chamber
result in the corresponding increase in volume in the vacuum chamber, AV, which is different
to that obtained on a rigid substrate. Eq. (3.1) and Eq.(3.2) can then be used to calculate the

attachment force of the suction cup on the chosen soft substrate.

3.2.3 Design Parameters and Optimization Study

We focus here on improving the stabilization of flexible surgical tools during MIS. Large
forces can often be involved at the distal end of these tools, leading to unintended bending and
deflections of the surgical tool and target tissue that increase the control difficulty [128, 129].
The goal is to design a suction cup capable of providing the largest attachment force, while
remaining within the necessary size constraints of the application.

Based on the selected application, which is stabilizing flexible sugical tools during MIS,
we determined the associated constraints on each design parameter as follows. The area of the
vacuum chamber’s base was selected to be equal to that of a circle with a diameter of 25 mm and

was constant for the entire design set investigated in our optimization study. This pre-selected
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Table 3.1. Design parameters and their corresponding dimensions considered for the FEA
optimization study.

Parameter Min Max Step size
Aspect Ratio 1.00 2.50 0.50
HI1 (mm) 1.00 4.00 0.50
H2 (mm) 1.00 4.00 0.50
H3 (mm) 1.00 4.00 0.50
H4 (mm) 1.00 4.00 0.50
Channel Width (mm) 1.00 1.30 0.15

area ensures that the suction cup is small enough to easily attach to the surgical tools, while
being able to generate larger attachment forces than designs with smaller base area. The channel
design was selected to be an Archimedean spiral with 2.75 revolutions for the entire design
set. The positive pressure suction cup designs introduced in [42] also considered Archimedean
spiral as the chosen channel design. For other design parameters listed in Table 3.1, a range of
dimensions is considered. The optimization study is conducted by running simulations for every
combination of selected dimensions for all the design parameters.

The aspect ratio, or the ratio between the major and minor diameters of the main body,
was selected as a design parameter. Slender suction cups are likely to better conform inside
tubular environments such as gastrointestinal tract compared to circular ones. Aspect ratios of 1,
1.5, 2, and 2.5 were selected for our study. The height of the material above the channel (H1),
height of the channel (H2), height of the material below the channel (H3), and height of the
vacuum chamber (H4) were also considered. The total height of the suction cup was constrained
to be 7 mm to ensure the suction cup could easily fit into both ports and tight spaces in natural
orifices while attached to the surgical tools. The minimum value of layer height and width was
selected to be 1 mm, as anything smaller can be difficult to fabricate, and the step size was set
at 0.5 mm. The constrained total height also dictated the limitations in the maximum heights

for the considered parameters. Finally, channel widths of 1 mm, 1.15 mm, and 1.3 mm were
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investigated. Each individual parameter’s effect on the suction cup’s performance was coupled
with that of the others because of the constrained total height and base area.

In order to find a suction cup that can maximize the attachment force, we performed an
FEA optimization study where the geometric parameters shown in Fig. 3.3 were varied over
the range of dimensions listed in Table 3.1. Pneumatic loads of 2 kPa, 9 kPa, and 16 kPa were
selected as representatives for small, medium, and large applied loads. Larger loads were not
considered in order to prevent ballooning effects [130] caused by large strains.

A total of 1008 suction cup designs was obtained based on the combination of all design
parameters under the defined constraints. The entire design set was used for an FEA optimization
study on a rigid substrate at the 3 selected pneumatic loads, for a total of 3024 designs. The
time required to complete the study was 61 hours on a Intel(R) Core(TM) 17-8700K CPU with
16 GB RAM.

3.2.4 Fabrication

Suction cups are fabricated using Ecoflex 00-30. The two part liquid mixture is combined
with a 1:1 weight ratio, degassed using a vacuum container, and poured into 3-D printed molds,
as seen in Fig. 3.4a. The liquid mixture is left to cure for 3 hours at room temperature before
being removed from the molds. Mold 1 (Fig. 3.4a) consists of the spiral channel pattern, and the
associated Part 1 consists of a negative spiral space (Fig. 3.4b), which will eventually act as the
pneumatic channel. Mold 2 is used to fabricate the base of the suction cup, and the associated
Part 2 consists of the vacuum chamber and a thin surrounding lip. The two cured parts are
then attached together with a thin layer of Ecoflex 00-30 (Fig. 3.4c) and left to cure for 3 hours.
Finally, a silicone tube for supplying air to the pneumatic channel is attached using a silicone

adhesive (Smooth-on Sil-poxy), resulting in a final functional suction cup, as shown in Fig. 3.4d.
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Figure 3.4. The process for fabricating a positive-pressure actuated suction cup includes (a)
pouring Ecoflex into the two molds, (b) removing the two soft parts after they are cured, (c)
assembling the two parts together using Ecoflex, and (d) attaching a silicone tube used for
supplying air to the pneumatic channel.

3.3 Results

In this section, we present results of the optimization study, along with results from
experiments evaluating the performance of the optimized design on rigid, soft, and in-vivo

porcine substrates.

3.3.1 Optimization Results

The attachment force generated based on the three different pneumatic loads was an-
alyzed for the set of studied suction cup designs. We observed three distinct behaviors, as
illustrated by Design 1, Design 2, and Design 3 in Fig. 3.6. For Design 1, which is also the
best performing design, the attachment force increases with the increase in pneumatic load.
The attachment force produced by Design 2, on the other hand, decreases with the increase in

pneumatic load. This is due to the fact that for Design 2, the suction cup’s main body bends
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Figure 3.5. Results showing parameter dimensions and generated attachment force for 1008
designs at the pneumatic load of 16 kPa on a rigid substrate. Each design is represented by lines
connecting the dimensions of individual geometric parameters and corresponding values of F.
The lines are color coded based on the anchoring force F' generated for the studied designs,
where the best performing design is shown in black, designs producing F between 0.860 N and
0.496 N are shown in green, those producing F between 0.496 N and 0.133 N are shown in
blue, and designs producing F below 0.133 N are shown in orange.

1 I I I
-@-Design 1
—— Design 2
0.5 | | B Design3

Attachment force (N)

2 4 6 8 10 12 14 16
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Figure 3.6. Three representative behaviors observed for the studied suction cup designs at the
selected pneumatic loads. Design 1 has Aspect ratio = 2.5, Hl = 1 mm, H2 =4 mm, H3 = 1 mm,
H4 = 1 mm, and Channel width = 1.3 mm. Design 2 has Aspect ratio =2.5, Hl =4 mm, H2 =
I mm, H3 = 1 mm, H4 = 1 mm, and Channel width = 1.3 mm. Design 3 has Aspect ratio = 1,
H1 =2.5 mm, H2 =2 mm, H3 = 1 mm, H4 = 1.5 mm, and Channel width = 1 mm.

in the direction opposite to that observed in Design 1, resulting in the volume of the vacuum
chamber to decrease with the increase in pneumatic load. Finally, the attachment force produced

by Design 3 remains relatively unchanged across the three studied pneumatic loads because of
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the inability of applied pneumatic loads to change the volume of the vacuum chamber. Since it
is desirable for the suction cup to generate a large attachment force, the designs that behaved
similarly to Design 2 and Design 3 — which generated attachment forces close to or less than
0 N across all three pneumatic loads — did not meet the needs of our intended applications. For
the designs that exhibited behavior similar to that of Design 1, the maximum attachment force
was generated at the maximum pneumatic load, enabling us to select the best design from the
simulation performed at 16 kPa.

The impact of individual design parameters on the performance can be inferred from
the optimization study results shown in Fig. 3.5. It can be seen that the performance improved
with larger H2, or larger volume of the spiral channels. Larger values of H1 led to decreased
performance, possibly due to the fact that larger values of HI means it is more difficult for
suction cups to bend away from the substrate given smaller heights of other layers. The
performance also worsened with larger values of H4, and the effect of H3 is not clearly evident
from the results.

The best performing design at a pneumatic load of 16 kPa had an aspect ratio of 2.5,
channel width of 1.3 mm, and heights of I mm, 4 mm, 1 mm, and 1 mm for H1, H2, H3, and

H4, respectively.

3.3.2 Model Validation on Rigid and Soft Substrates

Experimental evaluations were conducted using the setup shown in Fig. 3.7 in order
to measure and compare the performance of the selected suction cup with the developed FEA
model. Pressure sensors (Adafruit MRPLS) were used to measure the output pneumatic load in
the vacuum chamber and the input pneumatic load, which was manually applied using a 12 mL
syringe. This experiment was performed on both acrylic and Ecoflex 00-30. The Ecoflex 00-30
substrate was 120 mm x 120 mm X 5 mm and was mounted on an acrylic frame, as shown in
Fig. 3.7b.

Three suction cups with the same selected parameters were fabricated, and experiments
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Figure 3.7. (a) Experimental setup for measuring the suction cup behavior and comparing it to
that predicted by the FEA simulations on both rigid and (b) soft substrates.

were repeated three times per substrate for each suction cup. The attachment forces were then
calculated based on the measured pneumatic load generated. As seen in Fig. 3.8a and 3.8b,
behavior of the fabricated suction cups matched that predicted in the simulation for both the
rigid and soft substrates, respectively. Although there were slight differences in behavior among
the suction cups, which is expected for structures manually fabricated from soft materials,
the general trends remained consistent. The attachment force generated increased almost
linearly with an increase in the pneumatic load in the channel until a critical pneumatic load —
approximately 17 kPa and 16 kPa for the rigid and soft substrate, respectively — was reached.

Beyond this load, there was an exponential increase in the generated force, an excessive
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Figure 3.8. Suction cup behavior predicted by FEA simulations versus experimental results for
(a) rigid and (b) soft substrates.

ballooning that could lead to structural damage, and an increase in the difficulty to control the
generated force.

For the same set of initial conditions, we found that the attachment force generated
on the soft substrate was smaller than that on the rigid substrate. This phenomenon can be
explained by the decrease in volume in the vacuum chamber that occurs due to the deformation
of the soft substrate during suctioning, as shown in Fig. 3.1. It should also be noted that if
accurate material properties of tissues were known, the developed model could also be used to
predict the behavior and to select the geometry that maximizes the performance on a selected

soft tissue.
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Figure 3.9. Experimental setup for measurement of maximum (a) normal forces and (b) shear
forces that the suction cups can resist.

3.3.3 Performance Evaluation With External Loads

The goal of this experiment was to measure the maximum normal and shear forces that
the suction cups could resist. As shown in Fig. 3.9, a linear actuator consisting of a stepper
motor (Nema 23) and a lead screw was used to pull on the suction cups in a controlled manner.

The suction cups were mounted horizontally and vertically for normal (Fig. 3.9a) and shear
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(Fig. 3.9b) force measurement, respectively, on both rigid and soft substrates. The pull rate was
fixed at 4 mm/s, and the pulling force was measured using a load cell (Makerhawk digital load
cell with HX711 ADC module). A pressure regulator (QB1X) was used to control the pneumatic
load, which was fixed at 16 kPa. Three experiments for each suction cup were performed and
repeated on both the rigid and soft substrates.

The results for the maximum normal and shear forces that the suction cups could resist
are shown in Fig. 3.10. The average peak normal force that the suction cups could resist was
1.45 £+ 0.28 N and 0.77 £+ 0.10 N for the rigid and soft substrates, respectively. It was also
observed that the seal between the suction cups and the substrates was easily disturbed when
the suction cups were pulled in the normal direction, resulting in their premature failure through
detachment.

The shear forces were measured along the direction of the major axis of the oval suction
cups. The average peak shear forces that the suction cups could resist was 1.93 £ 0.48 N and
2.73 £ 1.02 N for the rigid and soft substrates, respectively. The seal between the suction cups
and the substrates was less vulnerable to detachment when under a shear force due to friction.

When the suction cups are pulled away from the substrate during the application of
external forces (normal and shear), the volume of the vacuum chamber increases beyond the
change due to the actuation mechanism itself. This increase in volume continues until the
suction cups detach. The larger change in volume results in the suction cups resisting larger
external forces than predicted by Eq. 3.2, which gives the attachment force in the absence of

external forces.

3.3.4 In-Vivo Demonstration

Finally, the selected suction cup design was tested on live porcine tissues, namely
liver and spleen, as a preliminary demonstration towards clinical evaluations. The federal
and institutional guidelines for the care and use of laboratory animals were followed (IACUC

protocol: S06253). A force gauge (Baoshishan Z-50N) was used to measure the forces that the
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Figure 3.10. Results showing the maximum normal and shear forces resisted during each trial,
along with the mean of these maximum forces, as measured on (a) a rigid substrate and (b) a
soft substrate.

suction cup could resist when actuated on the tissues, for both normal and shear forces. As
shown in Fig. 3.11, when placed on the liver, the suction cup could resist up to 3.34 N and
1.59 N of normal and shear forces, respectively, without experiencing the ballooning effect.
Similarly, when placed on the spleen, it could resist 1.05 N and 1.13 N of normal and shear
forces, respectively. The differences in performance between the two tissues may be due to
differences in surface and mechanical properties of the tested tissues. For example, differences
in the amount of viscous fluid present, the concavity of the tissue, and the stiffness may all
play a role, and further study is required to fully characterize the possible phenomena. These

preliminary tests on live tissues demonstrate the potential of the proposed positive-pressure
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Figure 3.11. Results showing (a) normal forces and (b) shear forces the suction cup resisted on
porcine tissues.

suction cups for anchoring to tissues during surgical procedures.

3.4 Discussion

In this chapter, an FEA model that enables the simulation of the behavior of positive-
pressure actuated suction cups on both rigid and soft substrates was presented. The geometry of
a positive-pressure actuated suction cup was optimized using the developed model to maximize
its attachment force for use in the target application as a stabilizing unit for flexible surgical
tools during surgical procedures. Experiments were conducted to successfully test the validity

of the developed model and for assessing the ability of the selected suction cups to resist
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external forces. An in-vivo demonstration on live porcine tissues was conducted to showcase
the applicability of these suction cups as anchoring units for surgery.

As a continuation of this work, multiple units could be integrated to create a functional
soft system to meet the anchoring demands of surgery. Future work could also expand the
study on channel designs besides Archimedian spiral and their effects on the suction cup’s
performance. The suction cup design can also be modified to include features, such as micro
patterns and switchable adhesives at the interface between the suction cup and the tissue, which
could increase the maximum attachment force by improving the seal. The vacuum chamber
design can also be improved to restrict the deformation of soft substrates in the chamber during
actuation. Similarly, the effect of lip at the base, which is added to maintain proper seal, on the
anchoring force achieved by a suction cup can be further studied. Since deformation of the soft
substrate can be correlated to the pressure generated in the vacuum chamber, future research

can exploit this ability for studying the material properties of different soft substrates.
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Chapter 4

PneuSIC Box: Pneumatic Sequential and
Independent Control Box for Scalable
Pneumatic Demultiplexing
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4.1 Introduction

4.1.1 Background

The inherent compliance of soft robots make them well-suited for a wide range of appli-
cations, such as medical robotics, haptics, wearable robotics [1]. Despite the variety of available
actuation methods, including magnetic [45], electric [44], and thermal actuation [46, 47], pneu-
matic actuation largely remains the dominant choice for operating soft robots. Pneumatic
actuation offers fast response times, large force output, wide accessibility of required electro-
mechanical components, and the robots remain lightweight [48, 49, 50]. However, the need
for a dedicated pressure regulator and associated electro-mechanical components [51] for each
actuator makes the pneumatic control system bulky, expensive, and unsuitable for untethered
applications. Therefore, simplifying pneumatic control systems for soft robots is crucial for

their future commercialization and widespread adoption [43].

4.1.2 Contributions

In this chapter, we introduce PneuSIC Box, a novel pneumatic demultiplexer inspired by
the music box. PneuSIC Box operates with just a single pneumatic input paired with a motor to
allow independent control of a large number of outputs. Additionally, PneuSIC Box enables
simultaneous control of multiple actuators while supporting pneumatic memory retention (i.e.
allowing the actuators to retain their pressurization states) without any additional energy. We
also introduce and experimentally validate an FEA model for guiding the design of soft kink
valves, which represent the fundamental control components of PneuSIC Box.

The chapter is structured as follows. The working principle of the presented system is
discussed in Section 4.2. The design of the presented proof-of-concept PneuSIC Box is detailed
in Section 4.3. Section 4.4 discusses the FEA model used to estimate behaviors of soft kink
valves for PneuSIC Box. In Section 4.5, we present the experimental validation of the FEA

model and the results of the device characterization. Finally, in Section 4.6 we showcase the
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features and applicability of PneuSIC Box by controlling an inchworm-inspired robot and a

robotic hand with soft fingers.

4.2 Working Principle

The working principle of PneuSIC Box is inspired by that of a music box. A music box
typically includes a rotating cylinder with rigid bumps arranged in rows and columns along its
circumference, as seen in Fig. 4.1(a). A music box also features a column of metal tines that are
fixed at their bases. As the inner cylinder rotates, the rigid bumps strike the adjacent metal tines,
causing them to vibrate and thereby produce a pre-programmed melody. Similarly, PneuSIC
Box consists of an inner rotating cylinder with sets of individual ramps and holes arranged in
rows and columns. The inner cylinder is housed within a sealed outer cylinder, which features
soft kink valves that are considered to be “open” when air can flow through them. The kink

valves are arranged in a single column (similar to the tines in a music box), with a dedicated
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Figure 4.1. (a) The inside of a music box, which inspired the working principle of PneuSIC
Box. (b) A schematic showing the top view of a single row of an inner cylinder within a sealed
outer cylinder. A closed kink valve prevents airflow to the actuator (I and II). The inner cylinder
can be rotated to allow the ramp’s flat surface to guide the kink valve into the adjacent hole (IIT
and IV). Air flows to the actuator (IV) when the kink valve is open. Rotating the inner cylinder
in the counterclockwise direction can push the kink valve back to its closed state, preventing air
from escaping the actuator regardless of the PneuSIC Box’s pressure (V). (¢) A schematic of
a PneuSIC Box with an inner cylinder featuring three rows (R, R, R3) and three kink valves
inside a pressurized outer cylinder. Three columns (Cy, C;, C3) with ramps and holes are visible
in the inner cylinder, which can be rotated by a motor at the base to open or close the kink
valves.
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kink valve for each row in the inner cylinder. When bent, or kinked, at a sharp enough angle,
the kink valves are considered to be “closed” and air flow through them is blocked [131]. By
controlling the state (open or closed) of a kink valve, pressurization and depressurization of an
actuator attached to the fixed end of the kink valve can be controlled.

Figure 4.1(b) shows a schematic representing the top view of a single row of an inner
cylinder within a sealed outer cylinder. The depicted inner cylinder contains a single ramp and
hole. A closed kink valve attached to the inside of the outer cylinder blocks the airflow to the
attached actuator, even if the pressure inside PneuSIC Box increases to P. Similarly, when the
inner cylinder is rotated counterclockwise, the kink valve slides over the ramp and remains
closed, as shown in Fig. 4.1(b)-IL. As a result, the pressure inside the connected actuator remains
unchanged. However, when the inner cylinder is rotated clockwise so that the ramp guides
the kink valve into the hole, as shown in Fig. 4.1(b)-III, the kink valve opens. As a result, the
attached actuator is pressurized, as depicted in Fig. 4.1(b)-IV. Following the pressurization of
the actuator, if the inner cylinder is rotated counterclockwise, the kink valve is pushed back
to its closed state. Since the kink valve prevents the air from flowing to and from the actuator,
changes in pressure inside the outer cylinder do not affect the pressure inside the actuator, as
seen in Fig. 4.1(b)-V. The pressure inside the actuator can only be adjusted by changing the
pressure within the PneuSIC Box while the kink valve is open.

To control n actuators, n rows are needed in the inner cylinder. Similarly, if the inner
cylinder has sets of ramps and holes arranged in m columns, all attached actuators can be
independently controlled as long as m>n, and n columns feature single sets of ramps and holes.
The remaining m-n columns can have multiple sets of ramps and holes, which allow simultaneous
control of multiple actuators, as required by the target set of applications. Figure 4.1(c) shows a
simplified schematic of PneuSIC Box with an inner cylinder featuring three rows (R, R», and
R3), three visible columns (Cy, C,, and C3), and three kink valves, one dedicated for each row.

By aligning the kink valves with C; (Fig. 4.1(c)), the bottom two kink valves can be opened
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to allow airflow through their respective outlets. In this configuration, the top kink valve stays
closed because of the absence of a ramp or hole at R;. Similarly, if all three kink valves must be
opened simultaneously, the kink valves must be aligned with C,. Finally, the top kink valve can
be controlled independently by aligning the kink valves with Cs.

The dimensions of PneuSIC Box, specifically its outer diameter and height, depend on the
diameter of the kink valves (d), as well as the parameters m and n. The height of PneuSIC Box,
H, can be expressed as H = n (d + a;)+ ap, where ay is a constant accounting for the clearance
between the wall of the hole and the outer diameter of the kink valve, and the gap between
holes in adjacent rows. a, is the height needed to accommodate the rotating motor. Similarly, a
PneuSIC Box’s outer diameter, Doy, can be simply expressed as Doy = m [(d+b)/7] + 2¢. The
minimum distance between the walls of two holes in the same row but in adjacent columns
is represented by the constant b. Similarly, the constant ¢ represents the sum of the clearance
between the inner cylinder and the outer cylinder (designed to accommodate the kink valve in
its closed state), and the wall thickness of the outer cylinder (selected to handle the maximum

working pressure inside PneuSIC Box).

4.3 Design

Based on the working principle outlined in Section 4.2, we designed and fabricated a
proof-of-concept PneuSIC Box (Fig. 5.2(a)) with five kink valves, allowing it to support five
outlets. Each kink valve was made using a 25 mm long latex rubber tube with outer and inner
diameters of 5.56 mm and 3.18 mm, respectively. The free end of each kink valve was cut at
approximately a 20° angle to help it slide easily into the holes when guided by the ramps. The
geometry and bend angle of the kink valves were empirically selected to ensure that they could
block sufficiently large pressures when closed.

An inner cylinder was 3D printed using polylactic acid (PLA) filament and features a

slender cylindrical extension with a 4 mm magnet attached to its tip. The angular position of
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Figure 4.2. (a) Exploded view of the designed PneuSIC Box with all of its components. (b)
A schematic of an inner cylinder that has been cut and rolled out, displaying the arrangement
of ramps and holes in six distinct columns (C; — Cg). (¢) PneuSIC Box with its supporting
electronics, including a micro controller, a motor controller, and a pressure regulator.

the magnet, and thus the inner cylinder, is sensed using an AS5600 absolute encoder, which is
secured to the center of a clear acrylic lid. The base of the inner cylinder is attached to the shaft
of a Pololu Micro Metal Gear motor (298:1 gear ratio), which is housed inside a 3D printed
base. An outer cylinder, with a wall thickness of 5 mm, was 3D printed using FormLabs Grey
Pro resin. To complete the assembly, this outer cylinder was securely fastened to both the base
and the lid using screws, with soft gaskets sandwiched in between.

Figure 5.2(b) shows a schematic representing the rolled out inner cylinder used in the
designed PneuSIC Box. Each hole in the inner cylinder has a diameter of 8 mm, with the
ramp height set at 5.56 mm, matching the outer diameter of the kink valve. Sets of ramps
and holes are arranged in six evenly spaced columns (C; to Cg) and allows for independent
control of each of five actuators, while also enabling simultaneous control of three actuators
(as demonstrated in Section 4.6.1). Lastly, Fig. 5.2(c) shows PneuSIC Box with its supporting
electronics, which include an Arduino Uno and an L298N motor controller for the DC motor. A
QBX Series Proportional Air pressure regulator, capable of regulating pressures between 0 psi
to 50 psi, served as the only pneumatic input source. The designed PneuSIC Box setup was used
for performing experimental characterizations (Section 4.5) and in one of the two presented

demonstrations (Section 4.6.1).
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4.4 FEA Model of Kink Valves

A kink valve blocks airflow when the inside of its tubular wall presses onto itself at the

kinked region, as detailed in [131]. However, a sufficiently large input pressure can deform the
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Figure 4.3. (a) The proposed workflow for using the FEA model to predict the breakthrough
pressure based on the kink angle for a given kink valve. During the Initialization step, the kink
valve’s geometry is selected. During Step I, the kink valve is bent to an initial kink angle of 90°.
During Step II, the kink valve is bent to its final kink angle (6), and the contact pressures on
the inner surface are recorded. (b) Contact pressures at different positions on the inner surface
of the kink valve, along with cross-sectional views of the kinked region at three different kink
angles.
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material around the kinked region, causing air to leak out. The minimum pressure at which
this leakage occurs is called the breakthrough pressure [131], and it represents the maximum
pressure PneuSIC Box can support in the attached actuators without leakage. Breakthrough
pressure is largely affected by kink valve geometry, material selection, and the angle to which
the kink valve is bent. To inform the design of PneuSIC Box and the maximum pressure it can
support in the attached actuators, we developed a Finite Element Analysis (FEA) model that
estimates the relationship between breakthrough pressures and kink angles for any given kink
valve design.

We use Abaqus 2022 to perform a multi-step FEA that starts with defining the geometric
parameters of the kink valve to be studied (Fig. 4.3(a)). We use a hyperelastic Yeoh material
model with parameters based on the kink valve material. The tube is fixed at its base with a zero
displacement boundary condition along the length Lgy, which corresponds to the kink valve’s
attachment length to the outer cylinder. To ensure that an applied tip displacement causes the
kink valve to bend rather than locally stretch, a small section (Lyg) located at the tip of the kink
valve is made rigid. To ensure convergence, the tip is displaced in two steps. In Step 1, the kink
valve is bent to 90° by applying a displacement boundary condition to the free end of the rigid
part. In Step 2, the kink valve is further displaced until the desired angle (0) is reached. The
kink angle is measured as the angle between the lines passing through the centers of the kink
valve’s two ends.

As the kink angle decreases, the gap between the inner surfaces at the kinked region gets
narrower, resulting in an increase in contact pressure. The model outputs the contact pressure at
each node, which represents a corner of each individual mesh element around the kinked region.
Since pressures higher than the contact pressure would cause the contact to break, allowing
air to flow through, the minimum contact pressure is equal to the breakthrough pressure for
that kink angle. This process can be repeated for a range of angles to establish a relationship

between the final kink angles and the breakthrough pressures for a given kink valve design.
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To understand the behavior of the specific soft kink valves used in PneuSIC Box (Sec-
tion 4.3), we first designed a corresponding kink valve in Abaqus. The angle cut at the kink
valve’s tip was not modeled because it did not affect the kink valve’s bending behavior. We
chose a global mesh size of 0.4 mm using a hexagonal element with 4 elements along the radial
direction, and used a sweep meshing technique. In addition, C3D8RH, an eight-node mesh
element from the standard element library, with hybrid formulation and reduced integration, was
used as the mesh element type for the kink valve, with default settings. The Yeoh parameters
(C10=0.185164 MPa, Cyy = 0.002785 MPa, and C3y = 0.000038 MPa) corresponding to latex
rubber [132] were used to simulate the kink valve material. The contact pressures at three
example values of 0 are plotted in Fig. 4.3(b). At a kink angle of 60°, the contact pressures at
the nodes surrounding the center are zero, indicating that the kink valves are not fully closed at
this position, as shown in the adjacent schematic. However, as the kink angle was decreased
to 40°, the minimum contact pressure, and therefore the breakthrough pressure, increased to

10.4 psi.

4.5 Experiments

In this section we present the experimental characterizations of the designed PneuSIC
Box, including: validation of the FEA model, demonstration of pneumatic memory reten-
tion in attached actuators, and characterization of the actuation time required for initializing

pressurization in any attached actuator.

4.5.1 Model Validation

Figure 4.4(a) shows the setup used for validating the FEA model. The setup consisted of
an assembled PneuSIC Box with an overhead camera that had visibility through the clear lid.
An example image showing the camera view of the top kink valve is shown in Fig. 4.4(a). Since

only the top kink valve was visible, the other kink valves were removed, and their corresponding
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Figure 4.4. (a) Experimental setup for validating the FEA model. The setup includes an
overhead camera to capture the angle of the top kink valve, which is connected to a pressure
regulator at its outlet. A digital pressure regulator is connected to the inlet of the PneuSIC Box.
(b) Experimentally observed breakthrough pressure versus kink angle behavior closely matches
the predictions from the FEA model.

outlets were sealed. A pressure regulator supplied a known air pressure to the top outlet,
simulating an attached pressurized actuator. Finally, a digital pressure gauge (SSI Technologies
Inc., MGA-30-A-9V-R) was connected to PneuSIC Box’s inlet.

During the experiment, the inner cylinder was first positioned so that the kink valve
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was guided into a hole at an angle of approximately 140°, the largest possible angle without
the kink valve falling out. The kink angle was measured using screenshots from the recorded
video as the angle between the straight center lines drawn through the tip and base of the kink
valve. The kink angle was then gradually decreased by changing the angular position of the
inner cylinder in 10° increments until the kink valve was positioned over the ramp. At each
kink angle, the supplied pressure was increased in 0.1 psi increments until the pressure gauge
showed a positive reading greater than the smallest measurable pressure of 0.01 psi, indicating
airflow through the kink valve. The pressure at which this reading was obtained was recorded
as the breakthrough pressure for that kink angle. This process was repeated three times. The
experimentally measured results, along with the model-predicted breakthrough pressures, are
presented in Fig. 4.4(b).

The observed relationship between breakthrough pressures and kink angles closely
matched the predictions of the FEA model, as seen in Fig. 4.4(b). The FEA model could
not predict the breakthrough pressures for kink angles smaller than 36° due to convergence
issues. However, it can be inferred that the breakthrough pressures at the smallest observed kink
angles slightly deviated from the path of the predicted linear relationship. This may be due to
differences in boundary conditions in the FEA model compared to the actual scenario when
the kink valve ascends the ramp. Nonetheless, the results validate the method for modeling
kink angle behavior. As seen in Fig. 4.4(b), the kink valve began to block airflow at kink
angles smaller than 60°. Around a kink angle of 40°s, the angle at which the kink valve
rests on the inner cylinder, the breakthrough pressure was found to average 9.8 psi, closely
matching the estimated 10.4 psi. Thus, any connected actuator in the designed PneuSIC Box can
accommodate a maximum pressure of around 9.8 psi without leakage through the kink valve.
This information informed the selection of actuators used in the demonstrations presented in

Section 4.6.
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4.5.2 Actuation Time

The pressurization or depressurization of any subset of actuators is accomplished by
rotating the inner cylinder to align the kink valves with the correct column. The time required to
initiate control of these actuators depends on the angular distance to be rotated and the speed of
the motor. To characterize the actuation time for the designed inner cylinder, the kink valves
were first aligned with column C; (Fig. 5.2(b)). The inner cylinder was then rotated to align the
kink valves with the target column. Once aligned, the inner cylinder was rotated in the opposite
direction to open the targeted kink valves. The time was recorded, and this process was repeated
three times for each target column from C; to Cg.

Figure 4.5 shows that the time required for the kink valves to open at any target column
is dependent on the angular distance between that column and the kink valves. As expected,
a relatively linear relationship was observed between angular distance travelled and required
time, with the time to complete the process for the farthest column averaging 1.60 seconds.

The time required to align any column in the inner cylinder with the kink valves was largely
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Figure 4.5. The mean and standard deviation of the time required for rotating the inner cylinder
to align each of its columns with the kink valves and open them.
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determined by the motor speed, which was reduced due to friction between the kink valves and
the inner cylinder, and by the angular distance between two subsequent columns in the inner
cylinder. Therefore, the time needed to initiate control of the target actuators could be improved
by selecting a motor with higher speed and greater torque capability, or by reducing the size of

gaps between subsequent columns.
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Figure 4.6. (a) Experimental setup used for measuring the memory retention capabilities. The
setup includes a pressure regulator connected to the inlet of PneuSIC Box and a pressure sensor
connected to an outlet. (b) At set pressures of 5 psi and 10 psi, the pressure readings remain
fairly stable with minimal decay over 120 s. At a set pressure of 15 psi, the readings initially
drop sharply to the breakthrough pressure before stabilizing with slight decay thereafter.

71



Linear Ring HF ,
actuators  actuators - e ¢
I

-

Stick Spring Silicone
t

I ubes

printed
palm

(b)

Figure 4.7. (a) Demonstration of PneuSIC Box controling an inchworm-inspired robot (I). The
robot starts at the base of a clear tube (II). PneuSIC Box enables inchworm-like movement by
first pressurizing the bottom ring actuator (III), followed by the linear actuators (IV), and then
the top ring actuator, in sequence, until the robot reaches the end of the tube (V). Subsequently,
one of the three linear actuators is pressurized to steer the robot to strike a randomly selected
post (VI). (b) PneuSIC Box controls a mock hand with soft fingers. For this demonstration, a
new inner cylinder (I) with a revised arrangement of ramps and holes (II) is used. PneuSIC Box
allows the mock hand (IIT) to form the characters “I” (IV), “L” (V), and “Y” (VI) in American
Sign Language, sequentially.

4.5.3 Pneumatic Memory Retention

PneuSIC Box can actively control pressures in target actuators, while other actuators
retain their pneumatic memory without external energy or input. This ability enables the
presented demultiplexer to operate with a single pneumatic input. To experimentally validate
the device’s pneumatic memory retention capability, the setup shown in Fig. 4.6(a) was used.
A proportional air pressure regulator (QBX series, 0 psi-50 psi) was connected to the inlet of
the PneuSIC Box, and a Tru-Stability pressure sensor was used to record the pressures at each
outlet (one at a time). For each trial, the inner cylinder was first rotated open the kink valve. The
pressure inside PneuSIC Box was then set to a desired value, and the inner cylinder was rotated
to close the kink valve. The pressure inside PneuSIC Box was then reduced to zero, and the
resulting pressure was recorded for the next 120 seconds. The process was repeated for 5 psi,
10 psi, and 15 psi, where 10 psi approximately equalled the breakthrough pressure and 15 psi

was known to be above the breakthrough pressure. Five trials were conducted for each pressure,
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with the pressure sensor connected to a different outlet for each trial.

As seen in the Fig. 4.6(b), the pressure readings remained fairly consistent, with a minor,
steady pressure decay for the set pressures of 5 psi and 10 psi. After 120 seconds, the average
readings decreased to 92.8% and 88.8% of the set pressures for 5 psi and 10 psi, respectively.
As expected, at 15 psi the pressure first dropped to an average of 10.53 psi, matching closely
with the kink valve’s estimated breakthrough pressure of 10.4 psi. Subsequently, it decreased
steadily to 9.61 psi (91.3% of 10.53 psi) by the end of 120 seconds. The observed small and
steady pressure decay likely stemmed from minor leaks in the experimental setup, specifically
at the connection interfaces between PneuSIC Box and the pressure sensor. We note that any
pressure loss over a long period can be compensated with closed-loop control of the actuators.
However, the observed pneumatic memory retention is expected to be sufficient for most soft
robots, including the two demonstrated in Section VI, as they do not require the actuators to

hold pressure for extended durations.

4.6 Demonstrations

In this section, we demonstrate the ability of PneuSIC Box to actuate soft robots with
multiple actuators using only one pneumatic input and a motor. In our first demonstration,
the designed PneuSIC Box is used to control a soft inchworm-inspired robot, highlighting its
ability to execute a pre-programmed gait sequence, pneumatic memory retention of the attached
actuators, independent control of any actuator during its operation, and regulation of pressure in
the actuators. In the second demonstration, the designed PneuSIC Box is used to control five
soft fingers in a mock hand, highlighting the interchangeability of the inner cylinder to enable

simultaneous control of a new set of actuators.
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4.6.1 Inchworm Robot

PneuSIC Box was first used to control a soft inchworm-inspired robot, referred to as
the Inchworm (Fig. 4.7(a)-I), which resembles other soft inchworm-inspired robots designed
for minimally invasive surgical applications [133, 34]. The inchworm was positioned at one
end of a tube, selected to represent a tubular environment, such as a pipe or the colon. PneuSIC
Box was then used to control pressures in the Inchworm’s five actuators. PneuSIC Box first
facilitated the robot’s translation through the tube, using an inchworm-like gait. It then enabled
the Inchworm to steer and strike a randomly selected target (orange or green post).

The Inchworm was fabricated using five thermoplastic polyurethane (TPU) actuators
arranged around a 3D printed structure. Two of these actuators are ring-shaped, wrapping around
3D printed cylinders at the top and bottom of the robot. When pressurized, these ring actuators
expand radially and anchor the robot inside the tubular environment. Sandwiched between the
the ring actuators are three equally spaced TPU linear actuators. Simultaneous actuation of all
three linear actuators results in the Inchworm’s elongation, while actuation of a subset of the
three linear actuators allows steering. At the center of the three linear actuators is a stainless
steel spring that restores the Inchworm to its original length when actuators are depressurized.
Finally, a thin stick with a 3D printed cylindrical base is attached to the Inchworm’s tip.

The robot’s inchworm-like gait begins by pressurizing the bottom ring actuator, cor-
responding to kink valves in Cy, to 8 psi. The three linear actuators are then simultaneously
pressurized (kink valves in () at 6 psi, while the bottom ring actuator retains its pneumatic
memory, ensuring forward elongation (Fig. 4.7(a)-1V). Subsequently, the top ring actuator is
pressurized at 8 psi (kink valves in C;). All actuators are then depressurized in sequence by
aligning the kink valves with Cy, C,, and C3 in the inner cylinder, with pressure reduced to zero
inside PneuSIC Box. Sequential repetition of this gait results in the Inchworm traversing the
length of the clear tube (see Fig. 4.7(a)-V). The Inchworm’s forward motion was made possible

by the ability of PneuSIC Box to control the sequential actuation of the actuators and to retain
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pneumatic memory.

After the Inchworm reached the end of the clear tube, a simple MATLAB program
randomly selected the green post to be knocked over. The linear actuator responsible for steering
the Inchworm towards the green post was then commanded on-the-fly to be pressurized at 6 psi
(kink valves in Cs), causing the green post to be struck down (Fig. 4.7(a)-VI). The pressurization
of a random linear actuator successfully demonstrated the PneuSIC Box’s ability to control any

individual actuator in real-time during operation.

4.6.2 Mock Hand for American Sign Language

In American Sign Language (ASL), accurately displaying characters can require simul-
taneous positioning of multiple fingers into their correct configurations. We fabricated a mock
hand with soft fingers that was designed to display “I”’, “L”, “Y”, an abbreviation for “I Love
You.” The mock hand, as shown in Fig. 4.7(b)-111, consisted of two main components: a rigid
palm and a set of soft fingers. The palm was 3D printed using PLA, while each of the five
fingers was made from a soft TPU actuator with a curved rigid backbone, 3D printed using TPU.
When pressurized, each TPU actuator inflates into a straight cylinder, simulating the raising
of a finger. The rigid backbone ensures that the fingers return to their curved positions when
depressurized. In addition, the original inner cylinder of PneuSIC Box was replaced with the
one shown in Fig. 4.7(b)-I and Fig. 4.7(b)-11, customized for this demonstration. The new inner
cylinder was specifically designed with columns that enable simultaneous pressurization of
multiple fingers necessary to display the characters “I”, “L”, and “Y”".

The new inner cylinder was sequentially rotated to align the kink valves with columns
C,, (3, and Cy, in that order. For each step in the sequence, the pressure in PneuSIC Box
was increased to 4 psi for 5 seconds before being depressurized, allowing the mock hand
to sequentially display the target characters (Fig. 4.7(b)). This demonstration successfully
highlighted a key feature of PneuSIC Box: the ability to easily swap the inner cylinder to enable

simultaneous control of new sets of actuators.
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4.7 Discussion

PneuSIC Box is a novel pneumatic demultiplexer that enables independent control of
multiple actuators using just one pneumatic input paired with a motor. We presented and
validated an FEA model of the soft kink valves, a key-component of PneuSIC Box, that can be
used to guide the design for target applications. Furthermore, we characterized the pneumatic
memory retention and the dependency of actuation time on the angular position of the kink
valves with respect to the target column in the inner cylinder. Finally, we demonstrated the
ability of PneuSIC Box to control an inchworm-inspired robot and a robotic hand with soft
fingers.

In addition to the many desirable features of PneuSIC Box, we also note a few properties
inherent to its architecture. First, while PneuSIC Box can theoretically control an unlimited
number of pneumatic outputs, achieving independent control of a large number of actuators
would require increasing its size and weight, which could pose practical challenges. Furthermore,
using a single pressure source prevents simultaneously controlled actuators from acquiring
different pressures. Additionally, PneuSIC Box’s rigid construction makes it unsuitable for
applications requiring a fully soft system. Finally, to make PneuSIC Box extremely compact, for
instance for untethered applications, the kink valves would need to be scaled down, reducing the
flow rate and slowing any attached robot. Several limitations could be addressed through design
improvements. For instance, custom-designed kink valves with small diameters and optimized
cross-sections could achieve high breakthrough pressures at any given kink angle. Such custom
kink valves could significantly reduce the size of PneuSIC Box while greatly increasing the
number of outlets. Additionally, enhancing the manufacturing process could make the device
lighter and more robust. Further studies could also explore the operation of PneuSIC Box using
vacuum pressure or using other working fluids. These advancements would further enhance the
ability of PneuSIC Box to control numerous actuators with a single input and enable lightweight,

untethered operation.
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Chapter 5

Hapstick: A Soft Flexible Joystick for
Stiffness Rendering via Fiber Jamming
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Figure 5.1. Hapstick (left) is used to teleoperate a continuum robot (right). Hapstick acts as the
leader device and its configuration, i.e curvature and angle of the plane containing the curvature,
is directly mapped to that of the robot’s distal segment. Hapstick can also display information
about the stiffness of the robot’s environment to the users by modulating its stiffness via fiber
jamming.

5.1 Introduction

5.1.1 Background

Continuum robots are long, slender robots that can adjust their shape at any point along
their length, similar to octopus tentacles and elephant trunks [134]. These robots offer many
potential benefits for applications in highly sensitive and constrained environments, such as
minimally invasive surgery, due to their inherent compliance and ability to navigate through
curved paths [135]. These robots are typically controlled using a human-in-the-loop teleopera-
tion scheme. However, the degree-of-freedom mismatch and kinematic dissimilarity between
conventional input devices and continuum robots can result in less intuitive control [136] and
introduce the need for complex mappings between the input devices and teleoperated robots [99].
In addition, many input devices lack the ability to provide users with haptic feedback, which

can make certain tasks, such as tissue palpation, particularly difficult.
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5.1.2 Contributions

In this work, we present Hapstick (Fig. 5.1) — a soft, flexible haptic interface based on
fiber jamming and designed to render stiffness information to users teleoperating a continuum
robot. Jamming is a method of stiffening a system comprised of an external membrane and
fillers, by collapsing the membrane onto the fillers, thereby increasing the density of the entire
system [137]. To date, jamming-based interfaces have been shown to be lightweight, have low
inertia, and provide passive stability [138]. Although various types of jamming materials have
been proposed, in order for an input interface to be kinematically similar to continuum robots,
it must be slender in structure. Granular jamming based slender structures cannot withstand
large flexural loads [139], preventing them from acquiring configurations similar to flexible
continuum robots. Similarly, layer jamming-based devices can only be bent in the direction
perpendicular to the sheets, which limits such devices to allowing motion and generating forces
in just a single direction [140]. Unlike granular jamming and layer jamming-based devices,
fiber jamming-based interfaces can be bent in any direction and can also withstand large flexural
loads [139]. While previous works ([139] and [141]) performed detailed analyses of fiber
jamming technology, these studies mostly focused on material selection, modeling, and design
optimization. The ability of fiber jamming-based devices to provide haptic feedback in the form
of tunable stiffness has yet to be explored.

The contributions of this work are as follows. (1) Hapstick is the first fiber jamming-
based input interface that can provide tunable stiffness feedback to the user. In addition to the
ability to provide haptic feedback in any direction, the fiber jamming mechanism also allows
Hapstick to have a kinematically similar structure to continuum robots, enabling potentially
more intuitive control. (2) We present results showing the effect of the number of fibers on the
ability of the device to provide uniform feedback to the users, as well as results characterizing the
relationship between the applied vacuum load and the device stiffness. (3) We present a detailed

user study performed to measure the just noticeable difference (JND) in the stiffness information
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that the users can perceive while using Hapstick. (4) We demonstrate Hapstick’s applicability
as a bidirectional interface with tunable stiffness for teleoperating a tendon-driven continuum
robot in order to identify tumor positions and their development stages during colorectal cancer
screening. Overall, Hapstick demonstrates the potential of jamming-based mechanisms as novel

input interfaces that can provide effective haptic feedback to users.

5.2 System Design

In this section, we detail the working principles of Hapstick as a stiffness rendering

device and as an input interface. We then present its design, fabrication, and overall workflow.

Cross section

Base

________________ (On)

, \

: envelope  pipor pressed E Soft

E against each other ' envelope
! Loosely . deformed
‘IR E spacked fibers S ELLGULE -

Figure 5.2. Hapstick consists of a soft tubular envelope filled with flexible fibers and can be
bent in any direction like a joystick. (a) When no vacuum load is applied, the fibers are loosely
packed, and Hapstick is in a low stiffness state. (b) When a vacuum load is applied, the fibers
are pressed tightly against each other, and the stiffness of Hapstick increases.
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5.2.1 Working Principle

Hapstick is a fiber jamming-based device. Like other fiber jamming mechanisms, it
consists of a soft tubular envelope that encloses flexible fibers that have a high coefficient of
friction during mutual contact [141, 139]. When a vacuum load is applied inside Hapstick, its
soft tube deforms inwards. The deformation compresses the fibers in the radial direction as
shown in Fig 5.2, resulting in an increase in the friction force between the fibers. This increase
in the friction force causes the fiber jamming-based structure to stiffen [139], and the resultant
stiffness is dependent on the applied vacuum load. Users hold Hapstick with a power grip and

as they bend it, they can feel the changes in Hapstick’s stiffness as the vacuum levels are varied.

5.2.2 Design and Fabrication

Hapstick consists of a soft silicone sheet enveloping a set of abrasive, infill fibers. The
silicone sheet is 0.80 mm thick and is first rolled into a tube with an outer diameter of 25 mm
and a height of 110 mm. The outer diameter was selected to ensure it was within the range
recommended for ergonomic cylindrical handles [142], and the height allows Hapstick to be
comfortably bent into a single curve. A known number of abrasive fibers are then filled inside
the silicone tube, running along the entire length. Mitchell abrasive fibers (aluminum oxide 180
grit, 0.76 mm diameter) are selected since they have previously been shown to provide a large
flexural stiffness to slender structures when subjected to large vacuum loads [139]. The two
open ends of the joystick are then sealed with circular silicone discs using a silicone adhesive
(Smooth-on Sil-poxy). Hapstick’s fabricated body is then inserted 10 mm into a 3D printed base
that is rigidly attached to a rectangular acrylic sheet. The acrylic sheet has four suction cups,
which help stabilize the setup. Finally, a tube is routed through the 3D-printed base and attached
to the bottom of Hapstick to supply the fiber jamming-based device with a vacuum load. An
IMU (Pololu MinIMU-9 v5) sensor is then mounted on top of the fabricated Hapstick and is

used to map Hapstick’s tip orientation to the teleoperated robot’s configuration as detailed in
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the subsequent section. A Proportional Air (QBX Series) vacuum regulator, which is capable
of regulating 0 kPa to -100 kPa, is used to provide the vacuum load to Hapstick. An Arduino
Uno and a computer are used to control both Hapstick’s input and feedback capabilities. Fig 5.2

shows a fabricated and assembled Hapstick in the unjammed and jammed states.

5.2.3 System Workflow

The overall system workflow is illustrated in Fig 5.3a. Without any vacuum load,
Hapstick has a low bending stiffness. It can therefore be easily bent in any direction to mimic a
segment of a continuum robot, physical or virtual. When a user bends Hapstick, Euler angles
representing the tip orientation can be tracked using the IMU. Assuming constant curvature
bending, the orientation information can be converted into the curvature (k) and the angle
of the plane containing the curvature (¢y) [143], as shown in Fig 5.3b, in order to obtain its
configuration.

Hapstick’s configuration is then mapped to the desired configuration of a follower
continuum robot as follows: kg = otk and Pr = ¢y, where kg is the distal segment of the
continuum robot, & is a scaling factor selected to accommodate for length differences between
Hapstick and the robot, and ¢r is the angle of the plane containing the robot’s curvature.

Alternative mappings for coupling Hapstick with other continuum robots, such as tip extending

User Hapstick Hapstick Hapstick IMU frame

input N orientation Hapstick configuration Teleoperation

Kinematics mapping

Robor
Vacuum K configuration

load Desired Environment | Ropot +

Vacuum Vacuum | vacuum load | Pressure- stiffness | Epvironment
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Figure 5.3. (a) Schematic showing the workflow for teleoperating a robot and rendering stiffness
feedback using Hapstick. (b) Schematic of Hapstick in a bent configuration with the geometric
parameters, ki and ¢y, used in the employed mapping technique.
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robots and concentric tube robots, can be explored.

Based on the interaction — physical or virtual — of the teleoperated robot with the
environment, stiffness information can then be conveyed to the user via Hapstick. This stiffness
information can be obtained using robots that are equipped with sensors capable of measuring
stiffness [144], or by robots operating within virtual environments [145]. The vacuum load
required for Hapstick to achieve the desired stiffness is obtained using results from Section 5.3.2.
This desired vacuum load is fed into the vacuum regulator as a digital signal, and the regulator
then controls the vacuum load being drawn from Hapstick. Hapstick’s stiffness varies depending
on the level of vacuum being drawn, resulting in changes in its ability to resist motion. The
user can perceive the stiffness of the environment through this resistance to motion, which is
analogous to the resistance experienced by the teleoperated robot when interacting with the

environment.

5.3 Device Characterization

The range of stiffnesses that Hapstick can achieve is dependent on its physical design
parameters (i.e. diameter, fiber material, number of fibers, etc.) and the applied vacuum load. In
this section, the effect of the number of fibers on Hapstick’s mechanical behavior, specifically
the force versus deflection behavior during bending, is presented. The results of the study
help to inform the number of fibers required to provide uniform stiffness feedback to the users
regardless of Hapstick configuration. In addition, the relationship between the applied vacuum
and the resulting stiffness of the final Hapstick design is characterized in order to facilitate
the design of controllers and haptic rendering algorithms. It should be noted that although
fiber-jamming based structures have been shown to have motion hysteresis in their force versus
deflection behavior [141], only loading (and not unloading) conditions are considered for the
following experiments and characterization, based on previous studies [146] and [147]. These

studies have shown that humans may detect stiffness during only the pushing motion, which
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corresponds to the loading of Hapstick.

5.3.1 Effects of Fiber Number

It has been shown that the fibers in fiber jamming-based structures, similar to Hapstick,
experience slipping with respect to each other when subjected to large deflections. This
phenomenon occurs because of the inability of the friction forces between the fibers to hold
their relative motion [141]. Using cantilever loading, a force versus deflection curve can be
generated and its slope can be measured to observe the slipping transition [141, 139]. After
the slipping transition, the slope of this curve decreases, which causes the stiffness of the bent
fiber jamming-based structure to significantly drop when deflected further [139]. It is also to
be noted that when a fiber jamming-based structure is subjected to a smaller vacuum load, the
slipping transition occurs at a smaller deflection [139].

For a given vacuum load, Hapstick would ideally be able to render uniform stiffness to
the users regardless of its configuration, i.e. its state of deflection. The desired uniformity in
rendered stiffness can be achieved by minimizing the effects of the slipping transition between

the fibers for a large range of deflections, even at small vacuum loads. In [139], the FEA-based

MOILSdVH

Direction of}
deflection

Figure 5.4. Hapstick in a cantilever beam configuration for the characterization study of its
force versus deflection behavior.
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Figure 5.5. (a) Force versus deflection plots with their standard deviations generated for
Hapstick with the largest and the smallest studied number of fibers, 289 and 89 respectively, at a
large vacuum load (70 kPa) and no vacuum load (0 kPa). For Hapstick with 289 fibers, the slopes
of the obtained plots are consistent for tip deflections between 0 mm and 40 mm.(b) Average R?
values calculated from the obtained force versus deflection plots for Hapsticks with different
numbers of fibers at the vacuum loads of 70 kPa and 0 KPa. R? values generally increased with
the increase in the number of fibers. (¢c) The obtained linear relationship between the applied
vacuum load and average Hapstick stiffness for the final Hapstick design with 289 fibers.

model that is presented to predict the force required for the slipping transition suggests that
by sufficiently increasing the area moment of inertia of a fiber jamming structure, its slipping
transitions can be avoided for large deflections. One way to increase the area moment of inertia
of a fiber jamming-based structure of a given dimension is to increase the number of equally
dimensioned fibers.

In this study, we perform an experiment to find the number of fibers required to obtain a
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linear force versus deflection curve, which signals minimal slipping, at least up to the studied
maximum deflection. Five different amounts of fibers — namely 89, 139, 189, 239, and 289
fibers — were studied under two vacuum loads, 0 kPa and 70 kPa. The largest number of fibers
used in the study represents the maximum possible number of fibers that could fit inside the soft
silicone envelope. Similarly, 70 kPa was the largest vacuum load that could be obtained using
the vacuum pump employed in this study. A Mark-10 tensile tester with an acrylic probe was
used to deflect the tip of Hapstick, which was positioned in a cantilever beam configuration as
seen in Fig 5.4. Cantilever loading is a simple representation of the loading case that Hapstick
is subjected to during its usage. Hapstick was deflected up to 40 mm, which is the largest
deflection at which the probe consistently remained in contact with the Hapstick tip, at the rate
of 2 mm/s. The forces and deflections measured using the tensile tester were recorded, and the
corresponding force versus deflection curves, such as those in Fig 5.5a, were generated. Three
trials were run for each fiber count at each vacuum load.

Fig 5.5b shows the results of the average R? values observed in the generated force
versus deflection plots. The force versus deflection curves for Hapsticks with the studied number
of fibers were fairly linear when Hapsticks were subjected to large vacuum loads. However, for
Hapsticks without any vacuum load, the linearity of the force versus deflection plots substantially
improved with an increase in the number of fibers. The pre-stretch in the soft envelope, when
filled with a large number of fibers, may have contributed to the linear force-deflection behavior,
even without any vacuum load. At the largest studied number of fibers, the R? values for the
force versus deflection plots at both 0 kPa and 70 kPa were ~ 0.99. Therefore, when the number
of fibers in the designed Hapstick is maintained at 289, the slipping transition has negligible
effects on Hapstick’s stiffness for up to at least 40 mm of tip deflection for any vacuum load
between 0 kPa and 70 kPa. We note that one downside of using a larger number of fibers is that
the base stiffness of Hapstick (i.e the stiffness when the vacuum load is absent) is increased,

meaning that the lowest stiffness value that can be rendered is also increased. Ultimately, we
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selected to use the maximum number of fibers in the final design to ensure that, for a given

vacuum load, it can display uniform stiffness to the users regardless of its configuration.

5.3.2 Stiffness Characterization

After fabricating a Hapstick with 289 fibers, we performed an experiment using the
same setup as that used in Section 5.3.1 to calculate the stiffness of the final Hapstick design
when it is subjected to vacuum loads of 0 kPa to 70 kPa in step sizes of 7 kPa. The goal of the
study was to characterize the physical stiffnesses that the fabricated Hapstick can acquire when
different vacuum loads are applied. An established relationship between Hapstick stiffness and
applied vacuum load can facilitate the design of appropriate haptic rendering algorithms and
controllers. Three trials were run at each vacuum load, and the resulting stiffness values were
calculated by measuring the slopes generated from the obtained force versus deflection plots.
In order to respect the criteria of force acting perpendicularly at the tip of the cantilever beam
during the measurements, deflections up to only 8.75 mm, which corresponds to the deflection
angle of 5°, were considered during these stiffness calculations. The mean stiffness values
and standard deviations are plotted in Fig 5.5¢ for each vacuum load. A linear relationship is

observed between the Hapstick stiffness (Ky) and the applied vacuum load (P) as given by:

Ky =2.20-P+38.63. (5.1)

Stiffnesses corresponding to any vacuum loads between 0 kPa and 70 kPa can be interpolated
using the obtained relationship, given by Eq. (5.1). Based on these results, the Hapstick stiffness
when no vacuum load is applied is 38.63 N/m and the stiffness measured at the vacuum load of
70 kPa is 192.63 N/m. Therefore, the maximum jamming ratio, defined as the stiffness at the

maximum vacuum load divided by the stiffness when no vacuum load is applied, is 4.99.
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5.4 Psychophysical Study and Stiffness Perception

A psychophysical experiment was conducted to obtain the just noticeable difference
(JND) in stiffness that users can perceive using Hapstick, given any reference stiffness. Mea-
surements were obtained from users bending Hapstick in leftward and rightward directions to
observe potential differences in user perception when using the device during pronation and
supination of the wrist. This experimentally obtained JND for the chosen reference stimulus is
used to compute the constant Weber Fraction (WF). According to Weber’s Law, the WF is a
constant ratio between the JND and a reference input stimulus [148]. The linear relationship
given by the WF thus allows for estimating the JND for any reference stiffnesses displayed by

Hapstick (i.e. JIND = WF X Ki.¢).

5.4.1 Participants

Twelve participants aged 18-29 were recruited for the study (6 female and 6 male).
Out of the twelve users, eleven were right-hand-dominant, and five reported having had prior
experience with haptic devices. All participants gave informed consent, and the experiment was

approved by the University of California, San Diego, Institutional Review Board.

5.4.2 Methods

To obtain the JND at a reference stimulus, the method of constant stimuli was used,
whereby a set of comparison stimuli are compared against a reference stimulus [149]. A two-
alternative forced-choice (2AFC) procedure was used, where users responded yes or no to the
question “was the second stiffness greater than the first stiffness?”

Before beginning the study, all participants were trained on how to interact with Hapstick.
Users were instructed to grasp the device using a power grip and were asked to displace it left or
right until it stiffened. Once the device stiffened, users were instructed to palpate the stiffened

Hapstick within a 20 mm region, in order to simulate a tissue palpation task. All participants
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were given 2 minutes to familiarize themselves with the device. They then completed a training
session that consisted of 14 trials that were conducted identically to those in the actual study,
except that they were notified of the correct response after each training trial.

During each trial, participants stood in front of Hapstick and were provided with a
sequence of instructions via the Arduino serial monitor. Users were required to center Hapstick
for 3 seconds, then were instructed to bend the device either left or right. After bending
Hapstick such that its tip was displaced more than 20 mm, a reference stiffness of 104.8 N/m
(corresponding to 30 kPa applied vacuum load) was provided. Users were given 5 seconds to
palpate the device in order to perceive its stiffness. After palpating, users were instructed to
return Hapstick back to its center for 3 seconds. Subjects then repeated the above sequence but
were instead given one of the following comparison stiffness values: 60.7, 82.7, 104.7, 126.8,
148.8, 170.9, or 192.9 N/m. The order and direction in which these comparison stimuli were
provided were randomly pre-generated and presented to all users. All participants performed
70 total trials, 5 times per comparison stimulus in leftward and rightward directions. Users
recorded their responses into the Arduino serial monitor by entering “y” to indicate that the

second stimulus was stiffer than the first, or “n” otherwise. Additionally, participants wore

4 Left Movement
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Figure 5.6. Representative psychometric curves obtained for one participant for movement in
both the left and right directions.
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active noise-canceling headphones playing white noise in order to prevent them from hearing

any relative difference in noise generated by the vacuum regulator.

5.4.3 Results and Discussion

Representative psychometric curves are shown in Fig. 5.6 for leftward and rightward
movement. These curves were generated using the Psignifit toolbox for MATLAB [150]. The
toolbox plots the proportion of “yes” responses against the corresponding comparison stiffness
values and fits a psychometric curve to the data points. The point of subjective equality (PSE)
(i.e. the comparison value that over a large number of trials is perceived by users to be equivalent
to the reference [149]), along with the 25th and 75th percentile comparison values, are obtained
from the psychometric curve. The JND is computed using the PSE as well as the 25th and 75th

percentile comparison values (P»5 and Pys) as follows:

P;s —PSE PSE —P
IND — (P75 —PS )er( S 25). (5.2)

The Weber Fraction is estimated using the empirically determined JND and PSE measures as

follows:
__JND

WF = —.
PSE

(5.3)

A summary of the experimental results is shown in Table 5.1. An outlier detection test
was used to identify anomalies in the psychometric data, which can often occur in psychophys-
ical studies due to the study design or instruction, or due to participants becoming bored or
fatigued [151]. The method used to identify these outliers was S, [152], as it was shown to
be suitable for detecting outliers in data obtained from psychometric experiments [151]. The
method was performed on the PSE values because these measurements provide an indication of
the constant error, or the error between what users perceive to be the reference stimulus and
the true reference stimulus [149]. Out of the twelve initial users, three users were classified as

outliers. Psychophysical studies relating to haptic perception tend to be lengthy [149], and it
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is suspected that the lengthy nature of this study caused these users to become fatigued or to
become distracted.

Given a reference input stimulus of 104.75 N/m, the average JND was 64.1 N/m for
leftward movement and 59.8 N/m for rightward movement. The Weber Fractions obtained
for leftward and rightward movements were 51.6% and 55.9%, respectively. Although pre-
vious studies have shown that WFs related to stiffness discrimination typically range from
15-28% [153, 154], studies investigating the WF for the moment of inertia have shown signifi-
cantly higher values, ranging from 10-113% [155] [156]. Given that the stimuli provided by
Hapstick involve changes in both the stiffness and moment of inertia, the resulting WFs seem
reasonable.

User responses were taken for movements in leftward and rightward bending directions
to observe potential differences in stiffness perception. A Shapiro-Wilk test (5% significance

level) was used to verify that the PSE measurements in both directions were normally distributed.

Table 5.1. Summary of results obtained from the performed psychophysical study for a reference
stimulus of 104.63 N/m.

‘ Left Movement Right Movement
PSE JND WF PSE JND WF
Subject (N/m) (N/m) (%) | (N/m) (N/m) (%)
1 105.6  49.7 47.1 | 129.7 494  38.1
2 1204  70.8 589 | 1364 775 56.8
3 1346 70.7 525 | 1198 729 609
4 1147 50,5 44.0 | 903 473 524
5 1435 951 663 | 95.0 79.7 839
6 1206  46.8  38.8 | 93.7 46.2 493
7 1290 59.6 46.2 | 103.7 49.7 479
8 96.4 645 669 | 914 634 694
9 159.0 69.0 434 | 1169 51.8 443
Mean 1249  64.1 51.6 | 108.5 59.8 559
STD 19.2 149 103 17.6 13.7 140
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A two-sample t-test (5% significance level) revealed that there was no statistical difference in
PSE measurements for the leftward and rightward movement. This result implies that users are

able to perceive the stiffnesses generated by Hapstick equivalently in both directions.

5.5 Demonstrated Tumor Identification Task and Results

In this section, we demonstrate the ability of Hapstick to be used as a haptic interface
for teleoperating a continuum robot and its ability to provide tunable stiffness feedback in
multiple directions. We focus here on colorectal cancer screening, where the inside of the
colon tissue is palpated to identify cancerous tissues, which are stiffer than their non-cancerous
counterparts [157]. In particular, users are asked to identify three development stages of colon
tumors, namely T2, T3, and T4, since their correct evaluation influences surgical and therapeutic

approaches taken for treatment of colorectal cancer [158].

5.5.1 Setup

Users sit facing Hapstick and are asked to wear noise-canceling headphones. Their
interactions with Hapstick are measured and mapped to the movements of a two-segment
tendon-driven robot. Ky is mapped to kR after being scaled by a factor of 0.2 and ¢y is mapped
directly to ¢r, as described in Section 5.2.3. The robot is centered inside an acrylic tube,
designed to mimic a section of a colon. The colon model itself is lined with images of the colon
wall, however, cancerous tissues cannot be visually identified. When the robot’s tip position,
computed using the forward-kinematics, coincides with the known position of the wall of the
colon model, Hapstick’s stiffness is changed based on the tissue to be rendered in that region. In
the future, a probe with a force sensor, such as the one presented in [144], could be attached at
the tip of the follower continuum robot for real-time tissue stiffness measurement. Finally, an
Accfly Mini Pinhole 3.6 mm camera is mounted to the tip of the robot and is used to capture

real-time video inside the colon model during the task. The setup consisting of the robot and
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Figure 5.7. (a) During a simulated colorectal cancer screening task, the surgeon-side interface
consists of Hapstick and a screen for viewing real-time video streaming from a camera at the tip
of the robot. (b) The patient-side setup consists of a tendon-driven continuum robot inside a
colon model.

colon model shown in Fig 5.7b is hidden from the user, who can only view Hapstick, the button,

and the video stream as shown in Fig 5.7a.

5.5.2 Procedure and Results

Three right-handed users, who were all previously trained to use Hapstick (either through
pilot studies or the previously described JND study) were recruited for this demonstration. The

participants were trained to identify the three studied tumor stages and to teleoperate the tendon-
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Figure 5.8. A representative trajectory of the tendon-driven robot’s tip over one trial. Grey lines
indicate the trajectory of the robot’s tip during exploratory palpations, and colored lines show
the trajectory as the robot palpates on identified tumors, for the duration the button is pressed.

driven robot, whose tip motion could be observed via real-time video displayed on the computer
screen. Regions representing T2, T3, and T4 tumors were randomly positioned, with the only
constraints being that there should not be tumor regions directly adjacent to one another and each
tumor should span a 45° interval, as shown in Fig. 5.8. The stiffnesses displayed by Hapstick
for the cancerous tumors are selected such that they fall within the range of stiffnesses that can
be displayed by the final Hapstick design, as described in Section 5.3.2. These stiffness values
are proportional to the median elastic moduli of the cancerous tumors at the given development
stages, as presented in [157]. The stiffness values displayed by Hapstick for T2, T3, and T4
tumors are therefore 44 N/m, 113 N/m, and 177 N/m, respectively. For non-cancerous tissue
regions, stiffness was not actively displayed, and users simply felt Hapstick’s implicit stiffness
of 38.63 N/m.

During the task, users were told to first palpate the tendon-driven robot clockwise
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around the circumference of the entire model. Users were then allowed to freely explore the
environment to identity the tumor regions and the corresponding development stages. Once
users were ready to report their responses, they were instructed to palpate clockwise around the
colon model as before, and to press and hold a button in the regions where they encountered a
tumor. As users entered into these regions, they were also instructed to verbally report whether
they were feeling a T2, T3, or T4 tumor. It should be noted that the robot’s tip could not
actually move past the colon model’s rigid wall, due to the physical constraint. However, the
user could still use Hapstick to teleoperate a virtual representation of the robot tip up until the
tissue displacement limit, shown in Fig 5.8, to simulate pushing against a deformable tissue.
Three users performed three trials of the task. A representative trajectory of the tendon-
driven robot’s tip position over one trial is shown in Fig. 5.8. Participants were able to suc-
cessfully identify the position and the development stage of the cancerous tumors with 92.6%
accuracy (i.e 25 out of 27 responses were correct) using the stiffness feedback displayed by
Hapstick. One user misidentified T3 as T4, and vice versa. This can be attributed to the JND
being larger for larger stiffnesses corresponding to T3 and T4 tumors, as determined by the
WE. Despite the small difference in stiffnesses between T2 tumors and non-cancerous tissue,
T2 tumors were correctly identified in all trials. The cutaneous feedback resulting from defor-
mation of the soft envelope, along with kinesthetic feedback, could have potentially aided this

distinction.

5.6 Discussion

In this chapter, we proposed and characterized Hapstick, a flexible input device that can
provide tunable stiffness feedback via fiber jamming. We found that by increasing the number
of fibers, Hapstick could display a more uniform stiffness feedback even at small vacuum
loads and large deflections. Hapstick’s final design exhibited a linear relationship between the

achieved stiffnesses and the applied vacuum loads. The final Hapstick design can acquire any
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stiffness between 38.63 N/m and 192.63 N/m. Users’ ability to perceive the stiffnesses that
can be displayed by Hapstick was also characterized in the Just Noticeable Difference (JND)
study. The average Weber Fraction (WF) was found to be 51.9% =+ 10.3% during the leftward
movement and 55.9% = 14.0% during the rightward movement. JND at any reference stimulus
can be calculated using the obtained WF. Finally, the applicability of Hapstick for teleoperating
a tendon-driven robot for colorectal cancer screening was demonstrated. Users could correctly
identify the cancerous regions along with their development stages with 92.6% accuracy.

As a continuation of this work, improvements in the device design, along with extensions
to the performed studies, can be completed to further enhance Hapstick’s capabilities. For
example, given that the abrasive coating on the fibers can wear off after repeated usage, the device
durability can be characterized and possibly improved. Future work can include the investigation
of alternative fibers that enable fiber jamming-based devices to attain large stiffnesses even after
repeated usage. Similarly, Hapstick’s design can be refined to be more ergonomic in order to
enable ease of motion regardless of the bending direction. As an extension of the performed
psychophysical study, the JND can also be characterized for directions other than the already
studied left and right directions. Finally, future studies can investigate the effectiveness of novel
mapping techniques for teleoperating other types of continuum robots for a range of applications.
Overall, Hapstick has illustrated the potential of jamming-based mechanisms as bidirectional

interfaces capable of providing effective haptic feedback.
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Chapter 6

Conclusions
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6.1 Summary

This dissertation introduced four novel robotic systems designed to address the chal-
lenges of using soft robots in minimally invasive surgeries (MIS). Chapter 2 introduced the
InchIGRAB, a novel soft robot designed to enable steering and retraction of vine robots, or
growing robots, for colonoscopy. The chapter detailed the design, modeling, fabrication, and
experiments showcasing the robot’s capabilities. The presented system was demonstrated to suc-
cessfully traverse the entire length of the colon during both forward motion and retraction, while
minimizing interaction with the delicate colon environment. Therefore, the InchIGRAB has the
potential to facilitate safe colonoscopy by minimizing the normal and shear forces exerted by
the vine robot on the delicate colon environment. Similarly, Chapter 3 presented an FEA model
and the design of a positive pressure suction cup, developed to anchor soft and flexible robots
during MIS applications. The designed suction cup was demonstrated to be capable of resisting
over 3 N of normal force and more than 1.5 N of shear force on in-vivo porcine tissues. The
anchoring capability of the presented positive pressure suction cup can enable soft continuum
robots to perform tasks like tissue manipulation, where exerting significant forces at the robot’s
distal end is essential. Chapter 4 introduced PneuSIC Box, a novel pneumatic demultiplexer
inspired by the working principle of a music box. PneuSIC Box enabled independent control of
multiple pneumatic actuators using just a single pneumatic input and a motor. PneuSIC Box
was demonstrated to control an inchworm-inspired robot, similar to the InchIGRAB, as well
as a soft robotic hand. The presented pneumatic demultiplexer greatly simplifies the control
hardware for pneumatically actuated soft robots, including those used in minimally invasive
surgical applications. Finally, Chapter 5 presented the Hapstick, a soft and intuitive joystick that
was kinematically similar to a single-section soft continuum robot. The Hapstick was also able
to convey stiffness information about the teleoperated robot’s environment using fiber jamming.
In addition, the Hapstick was demonstrated to allow users to identify the position and stage

of cancerous tumors during a mock colorectal cancer screening task. Therefore, the Hapstick

99



presents an approach to enable intuitive control of soft continuum robots during MIS, while

conveying useful information about the surgical environment to surgeons.

6.2 Future Work

As a direct continuation of the work presented in this dissertation, robust sensing and
control methods need to be integrated to enable closed-loop control of the presented systems.
The integration of appropriate sensors that can monitor the states of the InchIGRAB and the
surrounding colon environment could enable the InchIGRAB to operate effectively within a
colon in-vivo without prior knowledge of the environment. The use of pressure sensors for
closed-loop control would also allow the positive-pressure suction cup to provide consistent
anchoring forces during operation. Similarly, closed-loop control of the pressures in the actuators
attached to the PneuSIC Box would enable these actuators to precisely reach and maintain the
target pressures. Additionally, the Hapstick would benefit from closed-loop control of its vacuum
load, allowing it to consistently maintain the target stiffnesses. Subsequently, the mechanisms
presented in Chapters 2 through Chapter 5 could be integrated to develop a comprehensive
soft robotic system for MIS applications. Such a comprehensive robotic system could provide
patients with enhanced safety through a soft surgical robot actuated using simplified control

hardware, along with offering surgeons intuitive control of the robot.

6.3 Broader Impact

This dissertation addressed several often-overlooked challenges, including the design of
soft robots based on anatomical and procedural needs of the taget MIS application, stabilizing
soft robots during tasks such as tissue manipulation, simplifying the control hardware for
complex pneumatically actuated soft robots proposed for MIS, and developing intuitive input
interfaces for controlling these robots. The presented approaches, combined with advancements

in well-established areas of soft robotics such as control and sensing, manufacturing, actuation,

100



and material science, can help fully realize the potential of soft robots for MIS applications.

Furthermore, although the robot described in Chapter 2 was specifically designed
for colonoscopy, a similar design approach — one that carefully considers anatomical and
procedural requirements — could be adapted for other MIS applications, such as bronchoscopy
and endoscopy. The positive-pressure suction cup, PneuSIC Box, and Hapstick would need
only minor modifications to be suited for different MIS procedures. Additionally, PneuSIC Box
and the Hapstick, with only minor modifications, are also capable of enabling the operation of
general soft robots and continuum robots, respectively.

Overall, we hope the methods and approaches presented in this dissertation will inspire
new ideas that will propel efforts to advance soft robots for MIS applications and enable safer

and simpler surgical procedures.
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