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Chapter 1

Introduction

Continuum manipulators, defined as flexible devices that take on curvilinear shapes as

they are actuated, have proven useful in a variety of industries, from medicine to mili-

tary applications [1]. The design of these devices is often biologically inspired, with mo-

tions mimicking those of elephant trunks or octopus tentacles [2]. In comparison to tra-

ditional rigid robots, continuum robots possess several unique capabilities, such as whole-

arm grasping and manipulation [3], navigation through complex and unpredictable environ-

ments [4], and passive compliance, which can make them safer for interacting with humans

[5].

In the medical field, non-robotic versions of continuum devices have long been used

in the form of steerable catheters for cardiovascular interventions, flexible endoscopes for

inspecting the digestive tract and lungs, and surgical tools that provide access to remote sur-

gical sites via small openings and nonlinear pathways. When coupled with robotic actua-

tion, these devices can become more precise, more dexterous and easier to use. Continuum

robots for medical applications include robotic catheters [6], robotic flexible endoscopes

[7], multi-backbone snake robots [8], concentric tube robots [9], [10], [11], [12], and steer-

able needles [13], [14]. While the flexibility of continuum robots provides advantages for

minimally invasive surgery, many designs are still too stiff for certain clinical applications,

in which insufficient compliance of the manipulator increases the risk of inadvertent tissue

damage [15], [16].

As the demand for safer robots has increased, new compliant devices made of soft ma-

terials have started to populate the robotic field. These robots are composed primarily of

materials with comparable or lower Young’s modulus to those of soft biological materials,

such as muscles, tendons, and skin [17]. This includes materials such as silicone, rubber,
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or other elastomeric polymers that can be easily manufactured with varying form factors

and material properties [18]. This subarea of compliant mechanics called “soft continuum

mechanics” or “soft robotics” when the devices are coupled with robotic actuation, has

grown exponentially in recent years. The use of soft, elastomeric materials for the manu-

facturing of continuum devices has enabled researchers in this field to develop continuum

manipulators with variable stiffness [19] that can safely interact with highly unstructured

environments [20, 21].

The vast majority of soft continuum manipulators presented to date can be categorized

into two primary morphologies: (1) arms actuated through tension applied to tendons or

cables running along their length (e.g. [22], [23], [24]), and (2) arms composed of multiple

chambers that can be pressurized by air or fluid to produce bending as a result of pressure

differences within the robot’s cross-section (e.g. [25], [26], [27]). These two actuation

morphologies are similar in that they both involve distributed loads along a central “back-

bone”. While these actuation mechanisms maintain a high level of safety, the manufac-

turing process required to create these complex, miniature actuation geometries (through a

multi-step molding process) greatly increases the overall cost of the device. When the cost

of the device is high, reprocessing after each use is required, which further limits their use

in medical application where affordable, disposable devices are needed.

A possible solution to reduce cost and simplify the manufacturing process is to remove

the actuators from the body of the device and localize them at the tip. If the actuators are

not localized along the body (and thus the body is passive), the body can be manufactured

at low cost through extrusion or injection molding. In this dissertation, these manipulator

designs are referred to as soft continuum manipulators under tip follower actuation (TFA)

to highlight that the only source of actuation is a tip wrench and to differentiate them from

the other two categories described above. An example of TFA can be found in [28], where

the soft manipulator is steered via a tip wrench generated by a permanent magnet mounted

on and controlled by an industrial robot arm. More examples can be found in [29, 30]
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where the soft manipulator is actuated by water jets of controllable flow rates that spray

water out from the tip of the manipulator to produce its deflection.

Despite the advantages of soft continuum manipulators under TFA in terms of cost and

safety, their use still presents challenges in terms of modelling and control. These sys-

tems are highly affected by: (1) the non-linear response of the material, (2) manufacturing

impurities that can create a nonhomogeneous strain distribution, (3) misalignment during

assembly of the device, and (4) errors in calibration of material parameters [31]. All these

factors affect the modelling and control performance.

1.1 Clinical Application

The main clinical application addressed in this dissertation is affordable diagnostic en-

doscopy, which is a growing need worldwide. Gastric cancer is the fifth most common

malignancy in the world and the third leading cause of cancer death in both women and

men around the world, with approximately one million new gastric cancer cases arising

annually [32][33]. Low- and middle- income countries (LMICs) in regions such as East

Asia, Eastern Europe, and Central and South America, are disproportionately impacted by

gastric cancer due in large part to the high prevalence of infection with Helicobacter pylori

(H. pylori), which is the leading cause of gastric cancer [34]. Early detection of cancer and

related premalignant lesions has been shown to greatly reduce the morbidity and mortal-

ity associated with this disease [35]. The standard of care for gastric cancer screening is

inspection with flexible endoscopes (FEs). These devices consist of a long flexible probe

ending in an articulating tip that contains a camera, light, and a series of dedicated chan-

nels for irrigation, insufflation and insertion of procedural tools. The articulation of the

tip is controlled by a double knob mechanism that requires intensive training for efficient

and safe use. The inspection of the upper gastrointestinal (UGI) tract is achieved during

a procedure called esophagogastroduodenoscopy (EGD), which involves c endoscopic ex-

amination of the UGI tract typically to the second portion of the duodenum. While EGD
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is a very common procedure in the United States, with over 6.9 million annual procedures,

successful implementation of EGD screenings in areas with high gastric cancer incidence,

such as in LMICs, remains challenging [36].

The primary cause of low screening rates in these settings is the overall cost associated

with mass screening programs. Performing procedures such as EGD with traditional FEs

requires a dedicated endoscopy suite/area and highly trained personnel, due to the need

for sedation and monitoring equipment. On average, while a diagnostic procedure only

requires 5 or less minutes to complete, the total time spent by a patient in an endoscopy

facility can range between approximately 60 to 120 minutes, as this includes the preproce-

dure/sedation assessment, sedation recovery, and discharge. The high initial capital cost of

an endoscopic tower (about $80,000 USD) and flexible endoscope (about $20,000 USD)

also represents a major economic barrier in some settings. In addition, currently used FEs

are reusable devices that require specialized reprocessing and sterilization facilities. Lack

of proper sterilization facilities greatly increases the risk of cross-contamination between

patients [37], and the need for such specialized facilities limits screening access to patients

living in close proximity to regional or urban endoscopy centers. Such economic and lo-

gistical challenges greatly limit the availability of FE-based screening in many H. pylori

endemic areas.

The second clinical scenario discussed in this dissertation is endoscopic intervention

for pancreatic necrosis. Patients who suffer from acute necrotizing pancreatitis may de-

velop complications such as walled off necrosis (WON). Symptomatic pancreatic necrosis,

including infected necrosis, can result in significant morbidity. Endoscopic management,

consisting of transmural drainage and necrosectomy, has emerged as first-line therapy for

symptomatic WON. The lack of dedicated devices and accessories for pancreatic necrosec-

tomy currently present a major limitation for endoscopic intervention. Development of an

effective disposable device specifically designed for endoscopic debridement of pancreatic

necrosis would represent a major advance in the field and in patient care.
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1.2 Motivation and Contributions

This dissertation is motivated by a lack of existing medical technology that specifically

targets the two medical scenarios presented above, and by gaps in literature pertaining to

modeling and control of soft continuum manipulators under TFA. In detail, the deficiency

in existing medical technology is addressed by proposing two medical devices that use the

force generated by miniature waterjets to provide both diagnostic (i.e providing camera

articulation) and interventional capabilities for medical use. Preliminary work on waterjet

actuation for clinical use is thus far limited to those presented in [29, 30]. For the first time,

this work presents novel methods for controlling waterjet force to inspect and intervene in

the endoluminal enviroment. Gaps in modeling and control of TFA soft continuum manip-

ulators are addressed by proposing a unifying framework that addresses the unique issues

of soft continuum manipulators under TFA and is independent of the actuation mechanism.

While this work focuses on waterjet propulsion for TFA, which is required by the clini-

cal application chosen, the modeling and control frameworks presented can be applied to

various actuation morphologies (i.e. magnetic, soft pneumatic, tendons or cables) and con-

tinuum manipulator designs. The contributions of this work can be summarized as follows:

(1) Design improvements to the platform presented in [29] to target the clinical need for

affordable diagnostic endoscopy. These improvements are required to achieve controllable

waterjet actuation; (2) Kinematic model for TFA soft manipulators undergoing large de-

flections. This work introduces the use of a disturbance parameter that can be updated by

sensor feedback to address modeling inaccuracies that are inherent to continuum manipula-

tor designs; (3) Closed loop control framework for TFA soft manipulators undergoing large

deflections, which uses the combination of both actuator and pose feedback. The actuator

feedback is utilized to both regulate the follower load and to compensate for nonlinearities

of the actuation system that can introduce kinematic modeling errors. Pose feedback is re-

quired to maintain accurate path following; (4) Telerobotic operation scheme for TFA soft

manipulators and the introduction of a method for detecting contact with the environment.
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The work of the teleoperation scheme in conjunction with contact detection is crucial to

enable the use of these devices in confined space; and (5) Design and characterization of a

waterjet interventional soft continuum device that allows fragmentation of friable biologi-

cal tissue during endoscopic procedures.

1.3 Outline

A detailed overview of each chapter, with emphasis on the contribution, is as follows:

• Chapter 2 presents the design improvements that are needed to achieve controllable

waterjet actuation for an UGI endoscopic device that meets the needs for diagnos-

tic screening in LMICs. A suitable endoscopic platform should meet the following

requirements, 1) be easily controllable within both the esophagus and stomach, 2)

be portable to easily move from one remote location to the next, 3) be disposable

for sanitation purposes, and 4) be operable at minimal cost per procedure (i.e. 2-5

USD). With procedural costs in mind, any on-board system electronics should be

reclaimable and not require any further reprocessing. A soft capsule endoscope was

preliminarily introduced in [29], showing potential for enabling screening programs

in LMIC and rural or remote locations. It articulates by using the propulsion force

generated by waterjet actuators. In contrast to the Bowden cable actuation used in

traditional flexible endoscopes, waterjet actuation uses a simple flexible tether that

can be produced at low cost. The use of an incompressible liquid instead of air as

the jet medium allows less stress to be created on the internal environment, thus the

device can be used in contact with human tissue without causing damage. Water is

also readily available in remote locations and this type of actuation does not affect the

cost of manufacturing of the device. To maintain low cost (less than 2-3 USD) and

support primary screening programs, the presented device is specifically designed

as a purely diagnostic modality with the intent of identifying suspicious lesions and

then triaging and referring patients if needed to a regional or central urban endoscopy
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center for traditional interventional endoscopy with biopsies and/or endoscopic mu-

cosal resection. In this manner, the novel device can serve as a tool to enable primary

screening in settings where traditional endoscopy is limited. While the design pre-

sented in [29] addressed the sanitation and cost needs of LMIC, it did not provide

adequate controllability for a high quality screening procedure. The scope itself was

composed of a capsule attached to four separate, single-lumen tubes that were free to

move independently, which caused issues with result repeatability. In addition, the

control of jet actuation was confined to three discrete settings that greatly limited the

resolution of motion control. Lastly, the waterjet actuation force was generated us-

ing a peristaltic pump, that caused the waterjets to follow an oscillatory wave, which

created unstable behavior during the motion. Fixing the previous design issues for

both the platform and the endoscope, and presenting a new soft continuum endo-

scopic device that allows accurate control of the waterjet propulsion represent the

first contributions of this work.

• Chapter 3 covers modeling of soft continuum manipulators under TFA. In this chap-

ter two modeling frameworks, a kinematic-based model (Pseudo Rigid Body Chain

(PRB-C) Model) and a mechanics-base model (Cosserat Model) are presented. These

frameworks can account for non-constant curvature and out-of-plane bending which

are two common effects in soft continuum manipulator under TFA. This chapter

also explores calibration issues that are common in any CM designs and proposes

a method for compensating for unmodeled effects such as friction, nonlinear elas-

tic and/or spatially varying material properties, and manufacturing imprecision. The

proposed method corrects for these modeling inaccuracies by using a disturbance pa-

rameter that can be calibrated with the other model parameters, and then updated in

real time by sensor feedback. Presenting modeling for SCM under TFA and improv-

ing the local model accuracy using a disturbance parameter are additional contribu-

tions of this work.
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• Chapter 4 covers control of soft continuum manipulators under TFA. The control

challenges of SCM ( i.e. delays in signal propagation, high sensitivity to changes

in actuator wrench, non linear behavior of the actuation system) are addressed by

proposing a control strategy based on the Cosserad rod framework, which incorpo-

rates both actuator and pose feedback. Actuator space feedback is used to account for

the nonlinearities of the actuation system that can lead to incorrect tip wrench esti-

mation, which would produce error in the kinematic model. Pose feedback is utilized

to maintain accurate path following. The presented control strategy limits the com-

plexity of the kinematic model (i.e. no need to integrate complex constituitive laws)

and mitigates the disturbance effects arising from both incorrect calibration and im-

perfect assembly, which are common issues in soft continuum manipulators designs.

The addition of sensing does not increase the overall cost of the device thanks to

the integration of inexpensive orientation sensors. Presenting and experimentally

validating the proposed closed loop control for TFA soft continuum manipulators is

another contribution of this work.

• Chapter 5 presents the teleoperation scheme and introduces a method for contact de-

tection of soft continuum manipulators under TFA. Both components are important

to show the possible use of soft continuum manipulators under TFA in the proposed

medical scenario of endoscopy. Teleoperation and contact detection for the proposed

application were not explored previously in literature and present an additional con-

tribution of this work.

• Chapter 6 presents the design and characterization of an interventional waterjet de-

vice. In addition to providing an articulation method for soft devices, waterjets have

the advantage of being capable for use as an interventional tool to fragment friable

biologic tissue during surgical or endoscopic procedures. Necrotic tissue, for exam-

ple, presents a friable, low bonding material that could be targeted during endoscopy.
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Figure 1.1: Overview of the HJ endoscopic device: a soft continuum endoscope for use in
LMIC and remote locations. The endoscope articulation system consists of a portable in-
terface and a pressurized water tank. The articulation of the endoscopic camera is obtained
through bending caused by waterjet propulsion on a soft elastomer body.

The proposed interventional tool can be passed through the channel of a standard

endoscope to assist during minimally invasive procedures. While interventional wa-

terjet tools exist for surgical procedures [38, 39], the application for gastrointestinal

endoscopic intervention represents a need that has not been previously explored in

the literature.

In summary, a detailed overview of the two medical devices that are presented in this dis-

sertation are as follows:

The first device is the HydroJet (HJ) endoscopic device, which is a soft continuum en-
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Figure 1.2: Overview of the WAter-jet Necrosectomy Device (WAND): an interventional
device for fragmenting low bonding material such as necrotic tissue through use of directed
waterjet pressure. The device is articulated through the manual rotation of an articulation
knob, while the waterjet pressure is controlled by a foot pedal.

doscope that addresses the need for upper GI cancer screening in LMIC and rural/remote

locations (Fig. 1.1). The HJ uses three waterjets spaced 120 degrees around the diameter of

a camera-containing capsule to articulate the endoscopic device within a confined environ-

ment. Compared to traditional Bowden cables present in standard endoscopes, the waterjet

actuation allows the HJ endoscope to be swallowed and disposed after the procedure with

exception of the camera, which is extracted and reused with each new procedure. This is a

significant advantage for LMIC as the endoscope does not require expensive repair or spe-

cialized reprocessing facilities. The propulsion and mechanical bending of the endoscope

are designed to perform the typical diagnostic tasks while avoiding damage to the tissue by

waterjet pressure. Tissue preservation is achieved by finding the optimal balance between

bending and the force generated by the waterjet system.

The modelling and control strategies presented in each chapter for soft continuum ma-

nipulators under TFA are experimentally validated on the HydroJet. Ultimately, results

show the ability of the device to inspect key areas within a geometrically accurate stomach
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phantom to perform gastric cancer screening.

The second device proposed is an interventional WAterjet Necrostomy Device (WAND)

(Fig. 1.2). The mechanism for tissue fragmentation by the WAND consists of a highly

focused waterjet delivered through a 2 mm steerable catheter. The device offers adjustable

levels of water beam intensity controlled through a foot pedal, as well as 180 degrees of

articulation that is independent of the endoscope tip. The use of waterjet pressure serves

the dual purposes of dissecting/fragmenting necrotic tissue and facilitating irrigation of the

necrotic cavity. The prototype was entirely fabricated using a Stereolithography 3D printer

that uses ultraviolet light to cure photosensitive polymers. The articulation consists of a one

degree of freedom push-pull mechanism operated by rotating a knob located on the device

handle. Results show successful fragmentation of multiple densities of material including

freshly explanted human pancreatic necrosis, at pressure and flow rates well below the

threshold necessary to cause tissue damage.
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Chapter 2

Hydrojet Endoscopic Device: A Waterjet Actuated Soft Continuum Endoscope for Upper

GI Screening in Low-resource Settings

2.1 Introduction

Gastric adenocarcinoma is the fifth most common malignancy in the world and the

third leading cause of cancer death in both women and men. In 2012, its estimated global

incidence was of 952,000 new cases with an estimated 723,000 deaths worldwide [40, 32,

34]. It is projected to rise from fourteenth to eighth in all-cause mortality in the near term,

primarily due to the growing and aging populations in the high incidence areas, such as

Latin America and eastern Asia [41, 42]. Unlike any other major cancer, gastric cancer

demonstrates marked geographic variability in regions and within countries, with more

than 70% of incident cases concentrated in low- and middle-income countries (LMICs)

[40, 32].

Gastric adenocarcinoma is a multifactorial process, which progresses through a series

of histopathology stages: normal mucosa, non-atrophic gastritis (NAG), multifocal chronic

atrophic gastritis (CAG), intestinal metaplasia (IM), and finally to dysplasia and adenocar-

cinoma [43, 44]. The substrate leading to early gastric mucosal inflammation and chronic

gastritis is driven by H. pylori infection, host genotypes and responses, and dietary and en-

vironmental factors [45]. Over 80% of the general population in LMICs of Central America

(i.e., Honduras, El Salvador, Guatemala, and Nicaragua) are infected with H. pylori [43].

H. pylori eradication may help prevent gastric cancer in individuals with chronic gastritis,

but is an inadequate strategy in patients with precancerous lesions. CAG, IM, and dysplasia

are considered premalignant lesions, and are also highly prevalent (20-25%).

Early detection of premalignant lesions effectively reduced the mortality rate associ-

ated with gastric cancer in Japan and Korea [46]. Gastric cancer screening procedures are
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conducted at regional or urban medical centers using flexible endoscopes, which provide

high definition video and a tool channel for interacting with the tissue (e.g., tissue biopsy,

endoscopic mucosal resection). After a procedure, the flexible endoscope needs to be re-

processed in order to sanitize it for the following case [47].

Despite the high incidence of gastric cancer and the critical need for early detection,

screening programs with flexible endoscopy are not common in LMICs and remote loca-

tions. The high initial cost of an endoscopic tower (e.g., about 80,000 USD), the cost and

the time associated with repairing the instrument (flexible endoscope repairing centers are

rarely located in LMICs), and the need for specialized equipment for reprocessing the en-

doscope in between procedures are the most relevant roadblocks to screening programs in

LMICs. The limited portability of flexible endoscopes also limits screening to patients near

regional or urban endoscopy centers.

An endoscopic platform for upper gastrointestinal (UGI) cancer screening programs in

resource-limited and/or remote areas of LMICs would ideally need to be simple to control

within the esophagus and stomach, easy to transport between remote locations, mechani-

cally robust, disposable for sanitation, and ultra-low-cost (2-5 USD per procedure).

Alternative endoscopic screening technologies that could potentially be used in LMIC

include capsule endoscopes and robotic endoscopy. Capsule endoscopes provide sanitary

screening through disposability without the need for reprocessing [48], but they lack con-

trollability and have a high cost-per-procedure (about 500 USD) [49]. Robotic endoscopy

still at the stage of preclinical [50, 51] or pilot clinical [52] trials provides a highly control-

lable option, but also comes with a high cost-per-procedure that is not suitable for LMICs.

Despite the considerable need for endoscopic screening technologies suited to low resource

settings, there are currently no options that meet the unique needs of LMICs.

The HydroJet endoscopic platform was previously introduced in [29], showing poten-

tial for enabling screening programs in LMICs and rural or remote locations. The HydroJet

(Fig. 2.1) is a soft continuum robot that is maneuvered using three water jet actuators. In
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contrast to the Bowden cable actuation used in flexible endoscopes, jet actuation allows

for a simple flexible tether that can be produced at a low cost. This solution is intended

as a pure diagnostic device (i.e., no therapeutic or instrument channel) with the intent of

identifying suspicious lesions optically and then triaging patients to a regional or central ur-

ban endoscopy unit for traditional therapeutic endoscopy with biopsies/mucosal resection.

Thi technology is targeting a population that would otherwise not be screened and subject

to high disease incidence and mortality due to the numerous barriers to standard flexible

endoscopic screening in rural/remote areas of Central America.

Despite addressing the sanitation and cost needs of LMIC, the HydroJet design pre-

sented in [29] did not provide adequate controllability for a high-quality screening pro-

cedures. Due to the use of On/Off valves, the jet actuation control was confined to three

discrete settings (high, medium and low throttle), greatly limiting the resolution of motion

control. Additionally, in the previous system, water for jet actuation was pressurized by

a diaphragm pump, which both relies on external power and has a wetted path that is not

inert. Non-inert parts corrode after long-term exposure to water, affecting system operation

and potentially contaminating water used for the procedure, which endangers patients.

This chapter presents the current platform and discusses the implications of the design

optimization for the clinical efficacy of the device. First, the pump was replaced by the

series of dispensing vessel and an air pressure tank. A pressure regulator connected to the

dispensing vessel allows precise regulation of the overall pressure, without requiring water

to constantly flow within the system. On/off valves were replaced by proportional valves

which allow selective control of the flowrate at each waterjet. Next, the four full-length

single lumen tubes were replaced with a multilumen catheter connected distally to a low

stiffness section, which is constituted by a soft elastomer sleeve that wraps around single

lumen flexible tubing. This allows the tip of the scope to achieve high bending angles while

maintaining a uniform body. In this case, the force generated by waterjets is not dependent

on the constitutive mechanical strain relationships of the sleeve but instead is uniquely
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Figure 2.1: Diagram of the HydroJet system: (a) Air pressure tank, (b) Dispensing pressure
vessel, (c) Inlet flowmeter, (d) Manifold, (e) Pinch valves, (f) Control system, (g) Suitcase,
(h) Multi-lumen tether, (i) Capsule, (j) Suction pump, (k) Suction flowmeter.

dependent on the fluid flow rate passing through the tubing and the geometry of the nozzle.

The mechanical deflection can be determined independently by choosing the geometric

and material properties of the sleeve based upon the desired application. The number of

actuating jets was reduced to three, enabling smaller capsule and tether diameters. Finally,

the platform was redesigned to fit inside a suitcase the size of an airline carry-on, thus

improving portability. The power consumption of the entire platform was optimized to be

easily adapted to battery operation. These improvements make the HydroJet well suited as

a screening aid to complement flexible endoscopes in LMIC.

2.2 Platform Overview

The HydroJet is an endoscopic platform (Fig. 2.1) designed for upper gastrointestinal

cancer screening. The capsule (10 mm diameter by 32 mm length) carries a camera within

a hermetically sealed shell (Fig. 2.2). The camera, which contains embedded light emitting

diodes (LEDs) for illumination, is loaded into the back half of the capsule shell and con-

nects through a four prong snap connector. The front half of the capsule is then attached to
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Figure 2.2: HydroJet platform designed to be easily transportable. The HydroJet endo-
scopic device is completely disposable with exception of the camera module that can be
reused for a different procedure.

restrain the camera and seal the capsule. The capsule body contains three jet ports, spaced

at 120 each around the diameter, which serve as actuators when pressurized water is ejected

from the capsule. Jet actuation force is controlled externally by the components in the suit-

case, resulting in a mechanically simple capsule design. The HydroJet is designed with

disposable and reusable components (see Fig. 2.1). After completion of a cancer screen-

ing procedure, the HydroJet outer shell and tether are discarded and the capsule’s camera

(preserved from patient contact by the outer shell) is reclaimed without reprocessing.

The capsule and tether form a system that is similar to traditional endoscopes. Through

selectively throttling each of the water jets, the HydroJet can autonomously pan the cap-

sule with two degrees of freedom (DoF). Linear control of the capsule is accomplished by

pushing/pulling the tether. Adjustment of the tether pivot length can be varied as needed to

visualize the entire esophagus and stomach. By combining the 2 robotic DoFs, and a man-

ual DoF given by pushing and pulling the tether, the HydroJet can achieve 3-DoF motion

to explore the gastric cavity. Suction to remove the excess of water from the stomach is

provided through the tether by a dedicated line, which does not require an additional port

on the capsule.
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The hydraulic system, part inside the suitcase, is designed to precisely regulate flow to

each of the capsule jets, and in turn control jet actuation force. Compressed air is used to

pressurize water in a dispensing pressure vessel (Fig. 2.1). The water is delivered from

the vessel (b) to a distribution manifold (c). Throttle control of the jets is achieved using a

set of proportional pinch valves (d), which independently regulate the flow rate of each jet.

These valves use a specialized piston to pinch the line closed without contacting the water,

and provide a simple and responsive way to control the flow. Suction is provided through

the multi-channel tether into a hygienic receptacle. Similarly to traditional endoscopy,

a button can be depressed at the endoscopists discretion to trigger the pump and begin

suction. In case of suction lumen obstruction, backflow flushas in traditional endoscopy,

can be performed to clean and clear the suction port. Two flowmeters (c and k in Fig. 2.1)

monitor the rate of fluid flow to and from the stomach, in order to maintain a safe balance

(typically around 1.3 liters).

2.3 System Design and Fabrication

2.3.1 Dispensing Vessel and Air Tank

The dispensing pressure vessel (Millipore, Model: 6700P05, Volume: 5 Liters, Max

operating pressure: 100 psi) is responsible for providing the pumping power for the jet

actuators. The vessel contains enough water for approximately two screening endoscopies,

and can be refilled without stopping the procedure. Compressed gas is used to pressurize

the vessel, and water is expelled from the vessel through a dip tube (Fig. 2.1). The use of

the dispensing pressure vessel greatly simplifies the pumping system so that only inert parts

contact water, favoring long-term system reliability and patient safety. Alternative pump

options such as peristaltic pumps are often used when an inert wetted path is needed, but

despite this and resistance to occlusion, the output pressure and flow rate fluctuates drasti-

cally over a pumping cycle. These fluctuations result in an unsteady jet force and unstable
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capsule motion, interfering with visual diagnostics. In contrast, pneumatic pressurization

does not rely on reciprocating parts, and can provide an inherently stable delivery pressure

to enhance capsule stability. Another notable advantage of pneumatic pressurization is the

independence from electrical power. Since compressed air can be carried in commercial

tanks, this approach offers unique advantages in terms of portability and utility in LMIC.

2.3.2 Suitcase

The platform was developed for easy transport and storage in a compact and durable

suitcase that contains all of the components of the system (Fig. 2.1). The suitcase is di-

vided into hydraulics, control electronics, and visualization sections. Each of the three

sections was designed to be hermetically separated thus allowing for protection from po-

tential water damage. In keeping with the design goals of the water distribution system, the

pinch valves (Resolution Air, model: MPPV-2) provide flow control without exposing the

valve parts to the water. This inert wetted path is an advantage in LMIC due to the lack of

training and other resources necessary for routine maintenance. This design ensures that

corrosion from exposure to potable water will not occur with long-term use, and that the

water will not be contaminated prior to delivery to the patient. This makes the HydroJet

platform inherently safe, as lack of proper maintenance or operation will not present any

health complications to the patient. The operator controls the HydroJet through a custom

user interface implemented on an Arm A8-Cortex processor running Linux. The images

streaming from the capsules camera and the opening level for each of the pinch valves are

shown on the monitor in real-time, together with the amount of water currently present in

the patients stomach, as measured by the flowmeters.

2.3.3 HydroJet Endoscopic Device

The first step in the design of a soft continuum scope that articulates using waterjets,

is correct sizing of the hydraulic system to ensure that the waterjet propulsion can be used
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safely in close contact with internal tissue. The design for medical use is also subject to lim-

itations of workspace articulation (high bending angles within relatively small workspace)

and overall diameter of the scope (less than 10mm in diameter to be able to pass through

the esophagus). These factors are balanced through the selection of appropriate material

and geometric properties of the sleeve (such as elasticity, density, length etc.) that produce

the desired bending based on a tip force.

2.3.3.1 Capsule

The capsule components are made from a durable plastic (Objet Verowhite Plus) via

3D printing (Objet Geometries Ltd., Model: OBJET 30). Suction is provided by a dedi-

cated port off-board the capsule, thus eliminating the need for additional suction ports on

the capsule. The reusable inner core (Fig. 2.2) contains the camera module (Aidevision,

Model: AD- 3915): an ultra-mini endoscopic camera (Diameter: 3.9 mm, Length: 14.5

mm, 54 field of view, 65 USD), which is used for diagnostics and control of the capsule,

and two ultra-bright LEDs. The inner core is hermetically sealed within the outer shell,

which snaps together to facilitate easy loading/unloading between procedures. A four-pole

female connector, located on the rear of the inner core, provides electrical connectivity

through the multi-channel tether. The inner core module is easily inserted or removed from

the outer shell, allowing on-board electronics to be reclaimed and reused.

The jet ports feature a converging nozzle design, and jet actuation force is controlled

by the hydraulic system. The purpose of the converging design is to accelerate the flowing

water as it leaves the capsule, thus producing a reaction force in the opposite direction. The

nozzle entrance is 1.6 mm to match the internal diameter of the jet tubes, and the nozzle

exit diameter is 0.75 mm. The smooth transition between the inlet and outlet diameters

contribute to an efficient nozzle design by eliminating regions of recirculating flow.
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2.3.3.2 Multilumen Catheter

A custom-made multilumen tether connects the capsule to the water distribution system

and is composed by seven total lumens, one centrally located and the remaining six divided

equally around the diameter. The cross section is designed so that it incorporates channels

for actuation, suction, and wiring. All outer channels are equally spaced and identical in

shape and dimensions. Three of these channels are used for actuation and the other three

are used for suction. Although it would be possible to have only a single channel available

for suction, and thus having only four outer channels, this could cause undesirable bending

behavior. By using six channels, the nozzles for the jets always line up with the channels

supplying them with water. Additionally, with the current design the bending stiffness in

each jets bending direction is identical, which would not be the case with only four outer

channels. The central channel is used for the wiring of the capsule. This way all wires are

close to the neutral axis of the tether, limiting their effect on the bending stiffness of the

total tether. Additionally, strains near the neutral axis are low during bending, reducing the

chance of damage to the wires. In order to extrude the multi-lumen tether, a custom pin

and die set was fabricated. The medical-grade silicone material, Nusil 4080, was used for

the extrusion.

2.3.3.3 Soft Elastomer Sleeve

To work as an effective endoscopic device for upper gastrointestinal inspection, the

HydroJet is required to achieve high bending angles within a relatively small workspace.

To facilitate greater range of motion, a low stiffness bending section was developed and

integrated between the capsule-shaped tip and the multi-lumen catheter, as shown in Fig.

2.3. The low stiffness bending section is composed of two main parts: 1) three thin-walled

tubes (35D Pebax 6fr 0.008” wall, Apollo Medical Extrusions), responsible for carrying

pressurized water from the multi-lumen catheter to the water jet nozzles, and 2) a custom

elastomeric bellows for setting the stiffness of the soft body and for constraining the internal
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Figure 2.3: Manufacturing process for the soft elastomer sleeve

tubes to prevent their relative motion or buckling. The internal tubes were twisted around

themselves to achieve a relatively even stiffness in all bending directions. The bellows was

manufactured of soft silicone (Ecoflex 00-30, Smooth-On, USA) through injection molding

and has a maximum and minimum outer diameter of 10.5 mm and 6.5 mm, respectively,

with wall thickness of 0.7 mm (under zero strain). The internal tubing and bellows were

assembled as shown in Fig. 2.3. The resulting body allows bending relative to the base

connector if actuated under TFA.

2.4 Experimental Analysis

2.4.1 Waterjet Force Characterization

Water jet actuation leverages a pressurized liquid ejected through propulsion nozzles to

obtain thrust. The reaction thrust characteristic of a propulsion system has been extensively

studied in the past [53, 54]. Two internal profiles with different aspect ratio (A/R) were

designed in order to quantify the relationship between reaction thrust and nozzle cross-

sectional area under the condition of different flow rates. Each profile has an exponential

convergence along the cross-sectional axis.

Considering the fluid conservation of mass and assuming a time invariant laminar flow,

the thrust depends uniquely on the internal geometry of the capsule jet as follows:
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F =−ṁ(vin− vout)+
∫

Aout

poutndAout (2.1)

where ṁ is the mass flow rate through the cavity, vout and vin the outlet and inlet velocity,

pout the pressure acting on Aout and n is the unit vector normal to the inner wall surface. The

analytical model obtained by integration over the two different contours was then validated

using experimental data. An upper limit pressure of 3 bar was implemented to prevent

potential damage to the tissue [29].

Characterization of water actuation force was performed to establish the relationship

between valve position and jet force, and to examine hysteresis in jet control. Jet force

was measured using a calibrated load cell (ATI Industrial Automation, Model: NANO17,

resolution 0.318 gram-force). The capsule was connected to the load cell using a 265 mm

rod and jet force was measured using a cantilever arrangement (Fig. 2.6). Five trials were

conducted showing good repeatability of results. At a standard system pressure of 80 Psi,

the maximum measured actuation force was 0.128 N with the valve fully opened. The

measured jet force as a function of valve position exhibits a linear region in the center of

the input range, which is favorable for capsule controllability.

Although control is repeatable, hysteresis is present between the opening (unloading)

and closing (loading) of the valve. This discrepancy is likely due to positional inaccuracies

in the pinch valves themselves, rather than a fluid dynamical hysteresis.

The waterjet experimental testing aimed to: i) characterize the relationship between

thrust (with changes in outer diameter) and flow rate and ii) estimate the error due to rapid

prototyping. Pressurized water was provided to the proximal opening of the jet using a

PVC plastic tube (Shore hardness A90, 1.6mm inner diameter) before being expelled out

through the smaller external opening. In order to compare the two different shapes, the

upstream pressure was fixed at 70 psi and the flow was controlled using a fixed-step valve.

The average of three experiments on the same profile, for each different A/R and diam-

eter, was compared to the analytical model in order to find a shape calibration coefficient
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Figure 2.4: Average measured thrust on five experiments with different A/R, compared
with the analytical model with outer diameter (d) and inner diameter (1.6mm).

(Fig.2.4). The results show that the experimental data follow the general thrust equation

trend thus the actual thrust can be calculated at each time.

In order to understand the error due to rapid prototyping, the same nozzle profile was

fabricated five times and the data was compared to obtain the absolute and relative error of

the process (Fig.2.5). The maximum absolute error is 10 mN obtained for an effective thurst

of 70 mN. This correspond to a relative error of 18% with respect to the average value.

However, these plots show that the trend due to the process is linear, thereby allowing for

easy compensation and effective thrust estimation at each time.

2.4.2 Flowrate Characterization

Volumetric flowrate was estimated starting from the energy conservation equation:

p2− p1

γ
+

v2
2− v2

1
2g

+hl = 0 (2.2)
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Figure 2.5: Absolute (εa) and relative (εr) error due to rapid prototyping calculated with
respect to the average thrust. εai = Fi−µi; εri =

Fi−µi
µi

where Fi is the ith thrust sample and
µi is the average thrust in the ith experiments.

where p2 and p1 are pressures at two location on the hydraulic system, v2
2 and v2

1 are

fluid velocities, γ = ρg is the specific weight of the fluid and hl is the head loss in the tubing

that can be calculated as:

hl = f
L
D

v2

2g
(2.3)

where f is the Darcy friction factor, L and D are the length and internal diameter of the

tube, v is the velocity of the fluid and g is the gravitational constant.

Jet flow rate was measured during jet force testing using an ultrasonic flowmeter (Atrato,

Model: Titan 760), which provides the instantaneous flow rate through the jets. As expected

from the jet force measurements, hysteresis in flow control is present in the experimental
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Figure 2.6: (a) Experimental setup during the force characterization experiment. (b) Jet
flow rate as a function of valve position. (c) Jet actuation force as a function of valve
position.

data (Fig. 2.6). Although fluid flow should show no hysteresis, pinch valves rely on a

mechanical drivetrain and show some error in control. The hysteresis is seen to increase as

the valve clamping force increases, due to the greater forces imposed on the valve drive-

train. When loaded, both frictional forces and motor dynamics contribute to hysteresis in

the drivetrain. Using a fixed upstream pressure of 80 Psi, the maximum measured flowrate

was 410 mL/min that agrees with classical fluid modeling equations.
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Figure 2.7: (a) Custom experimental test-bench: The capsule was held vertically using an
aluminum metallic arm with a custom 3D printed holder to provide a well-defined pivot
point. (b) Programmed sweep operated controlling onlyone pinch valve sending one-step
forward command every 5 seconds until valve is completely open.

2.5 Feasibility Study

As a first step towards the development of the platform, the feasibility study was per-

formed using a version of the scope composed exclusively of a capsule connected directly

to the multilumen catheter (Fig. 2.7). The deflection using the soft sleeve is characterized

starting from chapter 3.

2.5.1 Range of Motion Using Single Jet Actuator

This experimental trial aimed at understanding the controllability of the capsule while

throttling a single jet from fully closed to fully open. Camera stability for internal visual-

ization is the main requirement for any endoscopic platform. This trial was carried on to

quantify the number of stable positions the capsule can reach and the maximum displace-
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Figure 2.8: Single jet motion result: A total number of 13 stable points (dots) were found
after the trial for each tether length. Maximum lateral displacement of 56% with respect to
the tether length corresponds to 6.60mm or 50 degree angle with respect to the vertical.

ment that can be obtained with respect to the free length of the tether. To be considered

a stable position, the capsule must be still enough to use the camera for visual inspection.

The capsule motion was monitored using a 6-DoF magnetic coil (0.9 mm diameter, 12 mm

length) embedded in the capsule and excited with an electromagnetic transmitter (North-

ern Digital Inc. (NDI), Model: AA138). During the study, the tether was secured and

held vertical using an aluminum metallic arm with a custom 3D printed holder to provide

a well-defined pivot point (Fig. 2.7). Water was fed to the capsule internal nozzles using

the multi-lumen catheter described in section B.2. Three different tether length (L) 6 cm,

9 cm, and 12 cm were tested in order to obtain the relationship between lateral and vertical

displacement and therefore quantify the maximum motion with respect to the vertical po-

sition. A single sweep motion was programmed using the suitcase control electronics. The

sweep consisted of gradually controlling the jet pinch valve, sending the capsule one step

forward command every 5 seconds, until the valve was completely open.

A plot of the stable positions reached by the capsule is shown in Fig. 2.8. Thirteen sta-

ble position were found for each tether length that correspond to 2197 positions using the

combination of three jets. The experiment shows repeatability of the results despite vary-
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ing the tether length. The motion was constrained, as expected, in a semi-hemispherical

workspace. The maximum lateral displacement was 56% , 38% and 28% of the 12 mm, 9

mm and 6 mm free lengths, respectively. These results show maximum angle of 50 from

the vertical that can be adjusted changing the tether length without losing controllability.

This is the most important result since controllability is guaranteed even with changes in

the anchoring point, and means that many common tasks, such as retroflexion, can be ob-

tained by pushing more tether inside the stomach while adjusting the position using jet

propulsion.

2.5.2 Full Workspace Characterization

To obtain the full hemispherical capsule workspace, multiple jets must be actuated at

once. The full workspace was explored using the custom test-bench of Fig. 2.7 and the

system was programmed to follow a pre-planned path. The path consisted of the following

steps: (1) starting from the free vertical position, one jet was throttled up until the full

power was reached, then the capsule starts travelling around in a circle using combination

of jets. The path continued by throttling up the second jet until the maximum power was

reached while the first one was still active (2). Then, the first jet was decreased gradually to

zero (3) and the same pattern was followed with the remaining jet until the capsule returned

to the initial position (4).

By controlling the actuation force of each jet individually, the jets can produce a re-

sultant motion in 2-DoF. As in the previous trial, three different tether lengths were tested,

12 cm 9 cm and 6 cm, and each one was restrained from rotating. The resulting capsule

motion demonstrated maneuverability in a quasi-hemispherical workspace, and a bidimen-

sional side view of the capsule workspace is given in Fig. 2.9. There are six peaks in Fig.

2.9 that correspond to the characteristic travelling motion of the HydroJet. They are due

to the geometric location of the nozzles on the capsule. Once a second jet couples with an

active jet, the capsule is pushed down and recovers the original height only when the two
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Figure 2.9: (a) Full semi-hemispherical workspace using different tether length (L) (Top
View). (b) Full semi-hemispherical workspace using different tether length (L) (Lateral
View).

jets provide an equivalent reaction thrust. The workspace shows repeatability and symme-

try with respect to change in tether length. In addition, the capsule was able to return to the

initial position after traveling along the path. The maximum lateral displacement recorded

for the 12 cm tether was around 6 cm, corresponding to an equivalent hemispheric diameter

of 12 cm, the same length as the tether.

2.5.3 Stomach Phantom Retroflexion Trial

To validate the feasibility of retroflexing the capsule within a confined space, an anatom-

ically realistic human stomach phantom was used for this trial. The phantom, having the

size of an average adult stomach (internal volume of 1000 cm3 [55]), was fabricated at

Vanderbilt University Medical Center using a 3D mold from a human stomach CT scan

reconstruction and a mixture of silicone rubbers (Dragonskin30 and Ecoflex10: 1-2 ratio,

Smooth-On, USA) to match the original tissue properties. As briefly introduced before,

retroflexion can be performed by advancing the tether further into the stomach while us-

ing the opposite wall of the cavity to deflect the movement (similar to the mechanics of

retroflexion when using a traditional endoscope). The different phases of the procedure

can be seen in Fig. 2.10. As illustrated, the capsule is initially directed toward the greater
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Figure 2.10: Different phases of a retroflexion maneuver.

curvature wall by throttling one jet (a). The operator, maintaining the same throttle, pushes

the tether until the capsule hits the stomach wall (b). By looking at the image from the

camera, the operator now uses the wall to pivot the capsule by controlling the amount of

tether inserted (c). Once the capsule is lying against the wall, water jets are again used to

complete retroflexion (d). During this set of trials, an expert endoscopist (attending physi-

cian who has performed more than 2,000 lifetime endoscopies) attempted retroflexion ten

times with both the HydroJet and with a standard upper endoscope (Karl Storz, Tuttlingen,

Germany). All trials were successful. The average time to perform the maneuver was 32

seconds with the HydroJet and 5 seconds with the flexible endoscope.

2.5.4 Comparative Trial

A bench top trial was performed to compare the controllability of the HydroJet with a

traditional flexible endoscope (Storz, Model: Pediatric Gastroscope), shown side by side

in Fig. 2.11. A small opaque bucket was used to simulate the workspace of the stomach,

and 3 sets of 6 points were marked on the inner wall for visual identification. The sets

were differentiated by using a shape designator, either a circle, star, or square. Trials were

then conducted with 4 novice users and 1 expert user (attending with more than 1,000
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Figure 2.11: Results of comparative trials between the HydroJet and a standard flexible
endoscope. Total time refers to the cumulative time to complete all three trials with a given
endoscopic device, while average time and standard deviation refer to the time needed to
identify a single point. Time data given in minutes:seconds format.

lifetime endoscopies), in which each user identified and navigated to each point within the

set of points. Each user conducted three trials with the gastroscope and three trials with the

HydroJet, and the total time of the procedure and time between points were recorded. The

sets of points and endoscopic device for each trial were chosen in a randomized order to

prevent memory bias from affecting the results. The results of this trial are reported in Fig.

2.11 for both expert and novice users. With novice users, the HydroJet took approximately

50% longer than the flexible endoscope to complete a procedure. With the expert user,

the difference between the HydroJet and flexible endoscope was much larger due to the

users expertise in using traditional endoscopes. This time discrepancy is mainly due to

the waterjets being directly controlled by the operator, and confirms that a modelling and

control strategy, that allows to send motion comands with respect to the camera view, is

required to achieve intuitive control of the device. Although the HydroJet takes longer than

the flexible endoscope to complete a screening procedure, it still can provide screening

care in a reasonable amount of time, and shows potential for improvement with operator

training.

It is worth also comparing the optical capabilities of the HydroJet to that of the flexible

endoscope to better understand the results. The endoscope used for comparison has a 140
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deg field of view, and a focal distance of 2 mm-100 mm. In contrast, the camera used

in the HydroJet has a 54 deg field of view and a focal distance of 10 mm - 50 mm. As

such, the discrepancy in the quality of camera used in each device is expected to give the

endoscope a baseline advantage, regardless of capsule controllability. Thus, these results

can be considered to be a conservative estimate of the capabilities of the HydroJet. Of

course, using a camera with a wider field of view would definitely reduce the time required

to complete a procedure.

While these experiments showed that the inspection performed with the HydroJet tend

to take a somewhat greater amount of time than those performed with a conventional endo-

scope, this increase in time is negligible in comparison with the amount of time a patient

spends in a clinic or hospital for pre- and post-procedure care. A typical diagnostic proce-

dure takes just 4-12 minutes, while the total time the patient spends with the medical staff

is 60-120 minutes when sedation, recovery and discharge are included [56]. More impor-

tantly, the reduced cost of the HydroJet device stands to make gastric cancer screenings

available to patients with little or no access to gastroscopies performed with conventional

endoscopes. In addition, the disposable HydroJet represents a potential solution to the

problem of inter-patient cross-contamination in settings where FEs are available but access

to proper sterlization facilities are limited [37].

2.6 Conclusion

The HydroJet endoscopic platform addresses the need for a low cost, portable system

for upper gastrointestinal cancer screening in LMIC. In this chapter, a novel water dis-

tribution system is introduced, which addresses many of the deficiencies of the previous

design. Open-loop and throttle control of the actuating jets are examined and show good

controllability of the reaction thrust. The range of stable positions the capsule can reach

was further examined and is invariant on the tether length, depending only on the resolu-

tion of the pinch valve. This allows full controllability and stable spatial resolution with
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differing tether lengths. Finally, comparative trials were conducted to evaluate the medical

practicality of the platform.
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Chapter 3

Modelling of Soft Continuum Manipulators Under Tip Follower Actuation

3.1 Introduction

The choice of modeling approach for modelling a specific manipulator, whether soft

or hard, depends on a number of factors, including the mechanism of actuation, the sig-

nificance of the effect of external loads like gravity, the required level of accuracy, and

in some cases computation speed. The simplest modelling method for tendon-driven and

pressurized chamber-actuated devices is the constant curvature (CC) model (see [57] for

a review). This approximation is based on the assumption that each DoF is independent

and the deflected shape can be modelled as a perfect circular arc. Depending on the robot

design and the required level of accuracy for the application, this modelling approach may

suffice. However, as the device stiffness decreases and deflection increases, accuracy of the

CC approximation is typically reduced, making it unsuitable for many applications. An ex-

tension of the CC approximation is to discretize the manipulator into many short constant

curvature sections, ([58], [59]). In this approach, finer discretization provide more accurate

models, but also present many more parameters in need of calibration.

A Pseudo Rigid Body (PRB) approach [60] has been extensively used for describing

the deflection of end-loaded beams [61, 62, 63]. An extension of the PRB approach, de-

fined as Pseudo Rigid Body Chain (PRB-C), was introduced in [64]. In this approach the

beam is divided into chain elements constituted of three superimposed pseudo-rigid-body

models acting orthogonally in relation to each other [65]. This approach has been used

for magnetically steered catheters [66, 67] and devices such as soft-tethered endoscopic

capsules [68, 69], whose body is characterized by a passive flexible tether attached to a

capsule experiencing a point wrench. These devices, proposed as an alternative to endo-

luminal endoscopes, provide access to remote surgical sites by entering the human body
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via natural orifices. In [69], the device is steered within the colon through the application

of a magnetic wrench on the capsule. For this application, the spatial configuration of the

soft-tether is not modeled, and the forces generated by the presence of the tether are treated

as an external disturbance to the pose of the capsule’s body and compensated through the

use of pose feedback. This has proven effective for motion in a closed lumen, where tissue

interaction forces dominate over the loads applied on the capsule by the tether; however,

when tip motion due to a TFA is controlled in free space, the forces applied on the capsule

by the tether become relevant.

Nonlinear finite element analysis (FEA) has also proven useful for modeling the kine-

matics of soft continuum manipulators. In [70], the authors show that this method can

accurately predict the displacement of a pressurized chamber-actuated soft continuum ma-

nipulator based on pre-computed strain maps for varying input pressures. However, this

method proves to be highly sensitive to uncertainties in model parameters, as well as exter-

nal disturbances, such as a change of the robot orientation with respect to gravity, making

it challenging to apply this approach in a variety of practical applications.

Forward kinematic models based on Cosserat rod theory have emerged as some of the

most accurate models available for continuum manipulators. This approach involves in-

tegrating the constitutive differential equations for a rod-type structure subject to certain

boundary conditions, as described for soft pressurized chamber-actuated robots in [71].

Since Trivedi’s work, Cosserat rod theory has been applied to tendon-actuated robots ([72]),

concentric tube robots ([12], [11]), and elastic rods with permanent magnets at the tip sub-

ject to spatially varying magnetic fields ([73], [74]).

All of these modeling approaches include parameters which typically require calibra-

tion, including material properties and geometric/structural characteristics of the robot [75].

However, even after calibration of these parameters, kinematic accuracy may still be less

than desired, due to unmodeled effects such as friction, nonlinear elastic and/or spatially

varying material properties, and manufacturing imprecision.
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One option for further improving kinematic accuracy is to incorporate some of these

effects into the model. For example, for certain designs, researchers have integrated more

complex, nonlinear constitutive laws within the models [76]. However, accurately deter-

mining these constitutive laws requires tedious material testing processes. Friction and

manufacturing uncertainties can also be modeled in principle, but for many designs, these

are extremely difficult to accurately describe in practice [77, 78]. In addition, incorporating

these effects increases overall model complexity and can significantly increase the number

of parameters, thereby requiring an even more complex calibration procedure.

Another approach to improving kinematic accuracy is to incorporate feedback from

sensors. One of the most commonly used method is to embed strain sensors along the

principal bending directions and then use the kinematic model to predict the shape of the

manipulator based on strain measurement [79, 80]. This approach, however, is not suitable

for all types of continuum manipulators, as these sensors do not scale down well to small

designs and require precise alignment, complicating the fabrication process. Another com-

mon method is to use fiber optic shape sensors [81, 59]. However, this method begins to

lose accuracy at high curvatures due to propagation losses, and cannot be implemented for

many low-stiffness designs, as the fiber optic sensor is often stiffer than the manipulator it-

self. As an alternative which does not require any mechanical interaction between the robot

and the sensors, much work has focused on reconstructing the shape from an external cam-

era [82, 83]. The use of an external camera, however, can become problematic when direct

visualization is limited by occlusions, such as during operation in a confined environment.

To address the previous limitations, a new method is presented to improve the accuracy

of the kinematic model for CMs by utilizing sensory information from two inclinometers,

one at the base of the manipulator and one at the tip. These sensors avoid the problem of

occlusions associated with camera-based sensing modalities, while remaining compatible

with low-stiffness CMs undergoing large deflections, as the sensors themselves do not need

to bend with the structure of the CM. In addition, this type of sensor is inexpensive, making
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it well-suited to cost-sensitive applications. Utilizing this sensor feedback, the approach

presented in this chapter is to include a “disturbance” parameter in the model, which can

compensate for a variety of unmodeled effects, and then calibrate this parameter in real

time, based on the sensor data. The disturbance is in the form of an external point wrench,

which is not meant to describe any particular external loads or actuation forces, both of

which are considered separately within the CM modeling framework. The update of the

disturbance can be performed by iteratively sensing the end effector’s orientation through

the inclinometers. Since the disturbance represents a set of additional model parameters, it

is possible to numerically evaluate a sensitivity matrix that expresses how changes in the

disturbance affect the end effector’s angular velocity. The sensitivity matrix can then be

inverted to update the disturbance estimate. This can then be applied back to the model,

with the process being repeated iteratively to find a disturbance wrench that minimizes

orientation error.

This chapter is organized as follows: first, the kinematic modeling of soft continuum

manipulators under TFA is presented using both Pseudo Rigid Body Chain (PRB-C) Model

and Cosserat Model approaches. These frameworks can account for non-constant curvature

and out-of-plane bending which are two common effects in soft continuum manipulators

under TFA. In addition, a disturbance parameter able to compensate for unmodeled effects

such as friction, nonlinear elastic and/or spatially varying material properties is incorpo-

rated in both frameworks. Then, a procedure to improve the calibrated value of the distur-

bance parameter through sensor feedback is presented. Lastly, the proposed methods are

applied to the HydroJet device, and show improvements in kinematic model accuracy in

both modeling frameworks.
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Figure 3.1: Mechanical deflection for the HydroJet endoscopic device expressed in both
PRB-C and Cosserat frameworks. The waterjet actuators are spaced 120 degrees around
the capsule diameter and modeled as a tip follower force.

3.2 Kinematic Modelling for TFA Soft Continuum Manipulators

3.2.1 PRB-C Kinematics

The PRB-C model is based on the approximation of subdividing the elastic body of

the continuum manipulator into a series of rigid links connected by conventional revolute,

universal, or spherical joints. In this case, the continuum structure is modeled as n+ 1

uniformly spaced rigid links connected by n spherical joints (Fig. 3.1 (B)) [67]. The

rotation of each joint i with respect to the orientation of the previous joint i−1 is described

using a rotation vector ωiθi = ωixθix +ωiyθiy +ωizθiz, where ωix, ωiy, ωiz are the three

38



orthonormal axes attached to the ith joint and θix, θiy, θiz are the rotation angles around

each axis. The resulting rotation axis and magnitude of rotation are indicated with ωi and

θi respectively. Considering that the magnitude and the direction of rotation of the ith joint

can be calculated as φi = ‖θi‖ and ωi = θi/‖θi‖, the corresponding twist, ξ̂i ∈ se(3) results

in:

ξ̂i =

ω̂i ωi×qi

0 0

 (3.1)

where qi is a vector pointing from the origin to any location on the axisωi, and ˆboldsymbolωi ∈

so(3) is the skew-symmetric matrix:

ω̂i =


0 −ωiz ωiy

ωiz 0 −ωix

−ωiy ωix 0

. (3.2)

The homogeneous transformation matrix of each joint can be determined using the

twists of equation 3.1, the rotation angle φi and the product of exponentials formula [84]:

gsi(θ) = eξ̂1φ1eξ̂2φ2...eξ̂iφigsi(0) (3.3)

where gsi(θ) ∈ SE(3) is the configuration of joint i in the space frame for joint angles[
θ1 θ2 ... θi

]T

and gsi(0) represents the initial configurations of joint i.

The relationship between the internal bending moment and deflection angle at each

joint i can be modeled as:
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τ i = Kiωiθi

=


ki,x 0 0

0 ki,y 0

0 0 ki,z



ωixθix

ωiyθiy

ωizθiz


. (3.4)

where τ i ∈ R3 is a vector representing the internal bending moment and Ki is the stiffness

matrix of joint i with components in x, y and z directions. The effective torsional spring

constant can be found in terms of the elastic material properties by comparing spring energy

and strain energy due to bending, as explained in [59]:

ki,x = lc/L
2EL,xI

ls
+(1− lc/L)

2E0,xI
ls

(3.5)

where ls is the length of the ith link, lc ∈ [0,L] is an incremental counter with ls incre-

ments, and E is varying along the length of the body, with E0,x and EL,x representing the

Young’s modulus of the joints i in the direction x at l = 0 and l = L, respectively. A similar

expression can be found for y and z directions.

The Jacobian matrix can be calculated using [67, 84]:

Jsi(θ) =

[
ξ

†
1 ... ξ

†
i 0 ... 0

]
(3.6)

where

ξ
†
1 =

[
ξ

†
i,x ξ

†
i,y ξ

†
i,z

]
ξ

†
i, j = Ad−1

(eξiφi ...eξnφngsi(0))
ξi, j

(3.7)

The Jacobian for the end-effector can be expressed as:
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Jsn(θ) =

[
ξ

†
1 ... ξ

†
n−1 ξ †

n

]
. (3.8)

The mapping of forces applied on the body (i.e distributed loads and actuations) are

modeled through the manipulator Jacobian. The effect of a distributed load on the body

can be modeled as:

τ f =
n

∑
i=1

Jsi(θ)
T

 w

03×1

 (3.9)

where w represents a distributed force expressed in body frame at the ith joint. The effect

of the actuators can be modeled as

τa = Jsn(θ)
T

 Fa +wd| f

Ma +wd|m

 (3.10)

where Fa represents force and Ma moment due to the actuators, wd| f represents the distur-

bance force at the tip and wd|m represents the disturbance wrench.

The quasi-static configuration of the soft continuum manipulator given external forces

and moments as well as the TFA can be obtained in closed form using elliptic integrals

[85, 86, 87]. In this work, the configuration vector θ is obtained by equalizing internal and

external moments applied on the body using the chain algorithm as described in [88]. The

solution to this equation cannot be obtained analytically, and is thus obtained through the

following minimization:

minimize
θ

Kω(θ)− τ f (θ)− τa(θ ,q) (3.11)

The first term in the objective function is the internal moment due to the stiffness of

the body, where Kω(θ) is the internal bending moment of the whole body. The second

and third terms represent the external moments acting on the body, which are related to the
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configuration vector θ through the manipulator Jacobian, and q represents the actuation

forces (e.g. forces applied by the water jets). The SLSQP method is used to solve the

minimization problem.

3.2.2 Cosserat Rod Kinematics

Based on Cosserat rod theory, a deflection model for continuum manipulators with

configuration space parameters q, and under a six DoF follower wrench w, can be written

in the following form ([89]; [12]):

g′(s) = g(s)ξ̂(y)

y′(s) = f(s,y,g,q,w)

(3.12)

where g(s) ∈ SE(3) describes the homogeneous transformation defining the position and

orientation of an arc-length parameterized reference frame along the arc coordinate s (Fig-

ure 3.2), ξ̂ ∈ se(3) is a body frame twist describing how g evolves in s ([84]), and the

operator ′ denotes a derivative with respect to s. A set of variables y describe the equilib-

rium equations governing the behavior of the manipulator.

Solving for the deflection of a generic soft continuum manipulator requires the knowl-

edge of a subset of elements of y that is usually in the form of boundary conditions at the

base (s = 0) and at the tip (s = l). These may be expressed in the form of [90], with the

conditions at the base being:

g(0) = H(yu(0),q,w)

yk(0) = Π(yu(0),q,w)

(3.13)

where yu represents a set of unknown elements of y and yk represents a known set of

conditions at s = 0. Similarly, at the tip of the robot (s = l) the boundary conditions assume

a more general form:
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Figure 3.2: Soft continuum manipulator spatial configurations using the Cosserat model
approach. In the ideal unloaded configuration the rod is perfectly straight. The unloaded
configuration is pre-curved due to the existence of internal strain. The loaded configuration
shows the rod bending under distributed and point loads.

Γ(y(l),g(l),q,w) = 0 (3.14)

Equation (3.14) is in a generic form and may account for multiple connected continuum

elements, each with different properties. Assuming a single continuum element whose

spatial configuration can only be altered through the application of a follower wrench, as

in Figure 3.2, the boundary conditions can be simplified to:

g(0) = H(yu(0),w∗)

yk(0) = Π(yu(0),w∗)

Γ(y(l),g(l),w∗) = 0

(3.15)

where w∗ = wa(q)+w represents the effect from both a time-varying localized wrench

which is a function of the joint parameters, wa(q), and an external constant wrench w, e.g.
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gravity. By integrating equations (3.12) using the boundary conditions (3.15) (i.e solving

the forward kinematic model), it is possible to estimate the deflection of the rod caused by a

wrench applied at a specific location along its body. The solution of the forward kinematic

model represents a geometric configuration in which all forces and moments applied on

the body are in equilibrium. In order to accurately control tip motion with a soft structure,

it is advantageous to apply a wrench in close proximity to the tip while constraining the

base. A schematic representation of a soft continuum manipulator under these constraints

is presented in Figure 3.2, and the associated boundary conditions can be expressed as:

g(0) = g0

yk(0) = Π(yu(0))

Γ(y(l),g(l),wa(q),w(l)) = 0

(3.16)

where it is assumed that the deformation of the soft body is caused exclusively by a wrench

wa generated by the actuators and a tip load w(l). The next section presents the static

equations describing the equilibrium of the rod under the boundary conditions (3.16).

3.2.2.1 Derivation of Cosserat-Rod Kinematic Model for TFA Soft Manipulators

As introduced in [91], the centerline of an unloaded precurved rod can be described

by an arc-length parameterized space curve p̃(s) ∈ R3, expressed with respect to a base

coordinate frame attached at the proximal end of the rod. A frame is assigned to each

point on the rod p̃(s), with the orientation of the frame represented by a rotation matrix

R̃(s) corresponding to the rotation of the base frame unit vectors
[

ẽx ẽy ẽz

]T

. Under an

external load, the parametric curve p̃(s) deflects to the curve p(s) and R̃(s) rotates to R(s).

The homogeneous frames are assigned so that the z-axis of each frame is tangent to the

curve. By differentiating the arc-length parameterized curve with respect to the parameter

s, we obtain:
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p′(s) = ez (3.17)

where ez = R(s)k, and k =

[
0 0 1

]T

is the versor associated with the z-axis of the base

coordinate frame. The continuous homogeneous transformation for the deflected rod may

be defined as:

g(s) =

R(s) p(s)

0T 1

. (3.18)

A similar expression may also be defined for the initial state g̃(s). The rotation of each

point on the rod may be expressed in terms of a local curvature vector u(s), which can be

found using the relationship [84]:

u(s) = (RT (s)R′(s))∨ (3.19)

where the operator ∨ denotes conversion of an element of so(3) to its corresponding el-

ement in R3. The curvature at each material point with respect to the initial state ũ(s)

represents the local strains within the rod, and can be obtained using4u(s) = u(s)− ũ(s).

The constitutive relationship between the curvature vector and internal moments, expressed

in the local coordinate frame at s, is:

Mb(s) = K(s)(u(s)− ũ(s)) (3.20)

where Mb(s) is the internal moment and K represents the stiffness matrix, defined as:
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K(s) =


E(s)Ix(s) 0 0

0 E(s)Iy(s) 0

0 0 G(s)J(s)

 (3.21)

where E is the Young’s modulus, Ix and Iy are the second moment of area of the tube

cross-section, G is the shear modulus and J is the polar moment of inertia of the tube cross-

section. The equilibrium equations for the rod under external forces and moments were

derived following a similar process to that described in [12]. The resulting equations that

govern the distribution of forces and moments along the rod can be expressed as:

Q′(s)+w(s)+Pδ (s− l) = 0

M′(s)+m(s)+p′(s)×Q(s) = 0
(3.22)

where Q(s) is the internal force, M(s) is the internal moment, w(s) represents the dis-

tributed force, m(s) represents the distributed moment along the rod and Pδ (s− l) repre-

sents the concentrated force due to the tip concentrated mass at s = l. Since the follower

wrench is geometrically located at the tip of the manipulator, remaining always fixed with

respect to the tip frame, it is convenient to express equations (3.22) with respect to the local

coordinate frame. Thus,

Q′b(s) =−ûQb(s)−wb(s)−Pbδ (s− l)

M′b(s) =−ûMb(s)−mb(s)− êzQb(s)
(3.23)

where wb(s) = R(s)T w(s), Pb = R(s)T P and êz is the skew-symmetric matrix associated

with the vector ez. The effect of both the distributed force and of the weight at the tip can

be easily estimated by knowing the orientation of the base and tip frames with respect to a

global frame aligned with gravity:
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w(s) = Rg


0

0

−mb(s)g



P = Rg


0

0

−mtg


(3.24)

where mt is the total concentrated mass at the tip and mb is the distributed mass of the body

and Rg represents the rotation of the base frame with respect to gravity. Substituting (3.20)

in (3.23) and then solving for u′ yields

u′(s) = ũ′(s)−K−1
(
(ûK +K′)(u(s)− ũ(s))

+mb(s)+ êzQb(s)
) (3.25)

Equations (3.17), (3.20), (3.23) and (3.25) represent the model equations that need to be

integrated from s= 0 to s= l in order to determine the state variables
[

p(s) R(s) u(s) Qb(s)

]
in the form expressed by (3.12). A summary of the Cosserat rod equations that govern the

rod shape expressed in local frame coordinates are:

g′(s) = g(s)ξ̂ (s)

Q′b(s) =−ûQb(s)−wb(s)

u′(s) = ũ′(s)−K−1
(
(ûK +K′)(u(s)− ũ(s))

+ êzQb(s)
)

(3.26)

where Qb is the internal force, wb is the distributed force and û and êz are the skew-

symmetric versions of vectors ez and u, respectively. In the previous equations we have

ignored the contribution of distributed moments along the body.
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To allow the body to bend sharply as the arch length parameter s increases, the Young’s

modulus is considered to be linearly varying along the length of the body going from a value

E0 at the base to El at the tip following the equations: E(s) = sEl +(1− s)E0 and G(s) =

E/2γ . Boundary conditions for systems constrained at the base with TFA are expressed

with respect to the proximal and distal ends of the soft body. Therefore, at s = 0, the

position of the rod and the rotation of the attached frame at its base are defined respectively

as:

p(0) =
[

0 0 0

]T

R(0) = Rg

. (3.27)

The boundary condition applied to the distal tip contains the discrete point wrench gener-

ated by the actuators, wa. The generic form for this boundary expression is:

Qb(l)−wa| f −wd| f = 0

u(l)− ũ(l) = K−1(wa|m +wd|m)
(3.28)

where wa| f and wa|m respectively represent the force and the moment components of the

follower wrench generated by the actuators expressed with respect to the tip frame and

wd| f and wd|m the contribution of the disturbance force and moment, respectively.

3.3 Disturbance Estimation Approach

This section describes the estimation procedure used to find a disturbance wrench which

minimizes the tip rotation error associated with the kinematics. This problem is approached

by first calibrating geometric and material properties of the manipulator with the additional

disturbance wrench parameter to find a solution for the manipulator parameters which is
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Figure 3.3: Iterative disturbance estimation algorithm. [A] Block Diagram illustrating the
iterative update of the disturbance based on inclinometer data. The initial value for w(i)

d is
obtained after initial calibration. [B] The compliance matrix Swd is used to minimize the
orientation error between current estimated orientation R(i) and the measured value from
the sensors Rm.

optimal across the initial calibration data set. Then, during robot operation, the calibrated

value of the tip disturbance is iteratively changed by using sensory information to minimize

the orientation error at the current position within the workspace.

The disturbance estimation approach is described by first assuming a general kinematic

model for continuum robot which can be expressed in the form:

g = f (q,ζ ) (3.29)

where g represents the pose of the end effector as a function of the actuation inputs q,

and a set of manipulator’s parameters ζ =

[
η wd

]T

composed by geometric and mate-
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rial properties of the manipulator η , (such as length, Young’s Modulus, etc.), and by the

disturbance wrench wd . The nominal mapping between end effector pose and actuator in-

puts can be used to calibrate the manipulator’s parameters by using the scalar product of

end effector absolute orientations as the error metric [92]. After calibration, the resulting

parameters (indicated as ζ ∗) are used to estimate the equilibrium pose of the end effector

that corresponds to the inputs q.

3.3.1 Iterative Disturbance Estimation

The sensing of absolute orientations can help to correct the rotation error iteratively

through the use of the sensitivity matrix:

Sζ ∗ = (g−1 ∂g
∂ζ
∗ )
∨ (3.30)

which maps body frame end-effector velocities to changes in the manipulator’s calibrated

parameters ζ ∗. Independent of which kinematic modelling approach is used, the sensitivity

matrix can be computed numerically using a finite difference approximation [90]. Each

column can be computed as:

S j ≈ (g−1 g j−g
∆ζi

)∨ (3.31)

where g j is the homogeneous transformation describing the end effector pose obtained after

perturbing g with a small change in the ith calibrated parameter by ∆ζi. Using this method,

each column of the sensitivity matrix can be obtained after 2 solutions of the kinematic

equations.

The rotation error is iteratively minimized by using a gradient descent approach where

the change in the disturbance wrench ẇd|m is calculated by:

ẇd|m = λ
(
ST

wd
(Swd ST

wd
−µI3)

−1)
ωdes (3.32)
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where Swd represents the columns of the sensitivity matrix which map changes in the dis-

turbance parameter to changes in the tip orientation, ωdes can be calculated by using the

orientation error between the current estimated rotation Ri and the measured value from the

sensors Rm expressed in body coordinate, λ represent a gain correction coefficient which

can be experimentally tuned using the calibration dataset, µ is a damping factor and I3 is

the identity matrix (Fig. 3.2). The calculated change can then be added to the previously

estimated value of the disturbance and applied to the model w(i+1)
d = w(i)

d + ẇd where

ẇd =

[
ẇd| f ẇd|m

]T

and ẇd| f = 0.

3.4 Experimental Validation

3.4.1 HydroJet System Testbed

The testbed was assembled as depicted in Fig. 4.4. The capsule was manufactured from

a durable plastic (Clear resin, FormLabs, Sommerville, MA, USA) through rapid prototyp-

ing. The capsule’s outer diameter and length are 9.8 mm and 28 mm, respectively. A 6

DoF electromagnetic sensor (EM) (Northern Digital Inc., Canada) was integrated within

the capsule, with its frame aligned to the capsule in a known orientation. The wire of

the electromagnetic sensor runs through the soft elastomer sleeve together with the three

single-lumen water lines connecting the tip to the base connector. The base was connected

to three solenoid water valves (A352273, Asco Numatics, USA) using standard hydraulic

tubing (1/16”ID X 1/8”OD Tygon E-3603, Cole-Parmer, USA). The base connector was

held in the desired orientation using a custom 3D printed holder. The assembly was se-

cured in place through attachment to an aluminum frame (Rexroth, Bosch, Germany). A

second 6-DoF EM sensor was attached to the base holder to sense the orientation of this

frame as well and compute the direction of gravity with respect to the capsule and tether.
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3.4.2 Initial Calibration

The purpose of calibration is to find values for the parameters of the model that best

describe the deflection of the manipulator for a set of N poses distributed throughout the

workspace of the manipulator. This means that the intrinsic parameters found during cali-

bration may not be the optimal for a single actuation value. The parameters of both models

are optimized such that the rotation at the tip and at the base closely approximate those of

the experimental data under the same set of actuations. In these experiments, the data used

for calibration consist of a set of 40 randomly distributed equilibrium configurations within

the workspace. The parameter optimization problem is defined as follows:

minimize
ζ

40

∑
i=1
||(< hm(qi,ζ ),hi >)||2 (3.33)

where hm = a+ bi+ cj+ dk represents the quaternion associated with the rotation of the

tip with respect to the base, as computed by solving for the equilibrium configuration (eq.

(3.11) for the PRB-C model and eqs. (3.26), (4.9), (3.27) for the Cosserat model) with

inputs qi and manipulator parameters ζ . Similarly, hi represents the quaternion associated

with the measured experimental rotation, which is obtained by calculating the relative ro-

tations of the two inclinometer sensors. The operator < ·> represents the scalar product of

two vectors and is chosen as the distance metric between two elements of SO(3) [92].

Assuming the soft elastomer body to have a cylindrical shape with radially isotropic

properties results in EL,x = EL,y = EL, E0,x = E0,y = E0 and GL = EL/2γ and G0 = E0/2γ ,

where γ is the Poisson’s ratio. The manipulator’s parameters that we seek to calibrate are

then ζ =

[
E0 El L wd

]T

. The results of calibration using both models are summarized

in Table 4.1.
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Figure 3.4: Experimental bench test setup consisting of the Hydrojet Endoscopic Device.
A 3D printed holder anchors the base of the device while the waterjets at the tip cause
deflection of the soft elastomer body.

3.4.3 Constant Disturbance Results

The optimal value for the manipulator parameters ζ
∗ was obtained for both PRB-C

and Cosserat models using the calibration procedure described in the previous section. To

validate the accuracy of both models after calibration, the soft manipulator was moved

throughout its workspace by gradually increasing the actuation force of one waterjet at

a time until the maximum force was reached. This resulted in three sweeping motions,

shown in different colors in Fig. 3.5. During this motion, the orientations of the base and

the tip of the manipulator were recorded through the EM sensors. The force generated by

the waterjet was directly controlled by input signals to the solenoid valves. To facilitate

quasi-static motion, each command was sent with a delay of 5 seconds, which is higher

than the settling time of the body to its equilibrium. The sweeping motion corresponding
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Figure 3.5: Experimental validation of the calibrated coefficient ζ ∗. Each sweep is marked
with a different color. The experimental deflection (dots) is projected on xy, xz, yz planes
together with the corresponding position estimated from both PRB-C (black dashed line)
and Cosserat (black continuous line) frameworks.

to each of the three jets was repeated three times, for a resulting total of nine separate

motions. For each actuation force, each model was evaluated with the parameters obtained

during calibration (ζ ∗) to compute the end-effector pose. The results are shown in Figs.

3.5 and 3.6. The position error (||ε||2) is defined as the Euclidean norm of the difference

between model-predicted tip position and measured tip position obtained from the EM

sensors, while the rotation error ∆ψ is calculated as in section 3.4.2. To enable similar

discretization of the body of the manipulator for both frameworks, the length of the links

for the PRB-C model was chosen to be the same as the integration step size used for the
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Figure 3.6: Box Plot Comparison of PRB-C and Cosserat Models. Position and orientation
errors with constant disturbance wrench.

Cosserat model. The root-mean-square (RMS) and standard deviation (SD) position and

orientation error resulting from the nine sweeps was 0.69 cm ± 0.20 cm with 6.85 deg ±

3.41 deg for the PRB-C and 0.51 cm ± 0.20 cm with 5.66 deg ± 4.21deg for the Cosserat

model, showing similar behavior of the two modelling frameworks.

3.4.4 Iterative Disturbance Estimation Results

The same sweeping motions described in the previous section were used with online

adjustment of the disturbance wrench based on sensor orientation. The disturbance wrench

was iteratively adjusted following the gradient descent minimization approach described

in Section 3.31 using a gain correction coefficient of λ = 0.4. The local minimum was

generally reached after one to two iterations per time step. Results are shown in Fig. 3.7.

Compared to the constant disturbance approach, the iterative estimation reduces the orien-

tation error by 43%, going from an average error of 6.85 deg to 3.96 deg in the case of
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Table 3.1: RMSE Position and Orientation of Iterative Disturbance Estimation compared
to Standard Geometric Calibration

Bending Angle 10◦ 25◦ 50◦ 75◦

PRB-C
Model

Position
RMSE (cm)

Ref. 0.44 0.75 1.16 1.34

Proposed. 0.66 0.69 0.74 0.79

Orientation
RMSE (deg)

Ref. 9.06 9.89 10.02 10.75

Proposed. 1.74 3.18 5.18 7.07

Cosserat
Model

Position
RMSE (cm)

Ref. 0.52 0.78 1.01 1.25

Proposed. 0.37 0.47 0.56 0.75

Orientation
RMSE (deg)

Ref. 9.17 9.81 9.27 10.04

Proposed. 0.82 2.46 3.96 7.18

PRB-C model, and by 42%, from 5.66 deg to 3.29 deg for the Cosserat model. While the

error in orientation is significantly reduced, there is no significant variation in positional

error, which remains confined within the same range of the values observed for the PRB-

C model without online disturbance estimation, and is slightly improved for the Cosserat

model.

In Table 3.1, the RMS errors calculated using the iterative estimation method (Pro-

posed.) are compared to the standard geometric calibration (Ref.). The proposed method

significantly improves both positional and orientation error over the standard calibration

method showing 42% positional error reduction and 32% orientation error reduction for

75◦ deflection of the end effector.

3.5 Discussion

In this chapter, a new method for using sensory feedback from orientation sensors to

improve the kinematic modeling accuracy for continuum manipulators is presented. This
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Figure 3.7: Box plot showing error distribution and variability over the nine sweeping
motions. The iterative estimation of the disturbance wrench using sensor data allows for
significant reduction in the rotation error for both modelling frameworks.

is achieved by incorporating a “disturbance wrench” to account for unmodeled phenom-

ena, which is continually updated based on the sensor data. Future work will focus on the

integration of this method into a Jacobian-based motion controller; the improved modeling

accuracy demonstrated in this work is expected to improve trajectory following abilities

as well. The improved modeling and control accuracy which this approach can enable is

expected to be highly valuable, as improving kinematic modelling accuracy is still a very

active area of research for CMs in particular. For the HydroJet System, this improved accu-

racy will enable medical providers to more precisely control the device within the stomach

during upper gastrointestinal endoscopy. As a result, this highly cost-effective system may
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also prove easier to use than conventional endoscopes, facilitating its widespread use in

resource-limited settings. It is expected that this approach could provide similar benefits

for a wide range of soft robotics applications, both in and outside of the medical field. EM

sensors are used in this chapter to calculate absolute orientations, however these sensors can

be replaced by inertial motion units (IMUs) without changing the proposed disturbance es-

timation method. Absolute orientation can be obtained from IMUs through an orientation

filter as the one proposed in [93].

3.6 Conclusion

This chapter presents two modelling approach for TFA soft manipulators and a method

for augmenting the kinematic models for continuum manipulators with information from

orientation sensors in order to improve model accuracy. The method is based on online

calibration of a “disturbance wrench” used to account for various unmodeled phenomena.

This method is applied in particular to a soft continuum manipulators actuated by a tip

follower wrench and experiencing external loading, and demonstrated that the method is

effective in improving kinematic model accuracy for both PRB-C and Cosserat rod model-

ing frameworks.
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Chapter 4

Closed-loop Control of Soft Continuum Manipulators Under Tip Follower Actuation

4.1 Introduction

The choice of a control approach for CM depends on factors such as: the mechanism

of actuation, the significance of the effect of external loads like gravity, the required level

of accuracy, and computation speed. Model-based static controllers are currently the most

widely used and studied strategy for control of continuum robots. While the majority of

model-based controllers rely on the CC approximation, this assumption breaks down when

out of plane bending occurs, whether due to the actuation itself, such as in the case of

non-linear tendon-routing, or due to external loads, such as those due to gravity ([72]).

Control methods based on the Cosserat framework have emerged thanks to their ability

to easily incorporate more complex effects such as: varying longitudinal stiffness, non-

linear constitutive behaviour and effects of various loading on the continuum structure.

While Cosserat rod theory can be directly adapted to compute forward kinematics of these

manipulators, it typically does not allow for direct inversion. Instead, a differential kine-

matics approach is typically used, in which the Jacobian matrix is used to map desired task

space velocities into desired actuator space velocities. This forward kinematic model and

resolved rates approach has proven effective, even without pose feedback, for continuum

robots [94], [95], [96]. However, many of the simplifying assumptions used to make cali-

bration and real-time control via this model feasible (such as linear elastic materials, uni-

form precurvature, and uniform and isotropic material properties) do not hold up well for

soft elastomeric manipulators. Challenges arise when applying the resolved rates approach

to continuum robots as the stiffness becomes extremely low, such that the singular values

in the Jacobian matrix mapping tip wrenches to tip motion are very large. This implies
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that for soft robots, small changes in actuation forces can result in very large changes in

manipulator pose. As a result, effective control of the robot’s task space requires extremely

precise control of the actuator space, which may be difficult to achieve for certain TFA

designs, depending on the mechanism used to generate the tip wrench. For example, in the

case of the HydroJet, the system used to deliver water through the jets possesses its own

nonlinear dynamics, making it difficult to accurately control flow rate without actuation

feedback.

Alternatively, model-less controllers have been presented and applied to CM morpholo-

gies [97, 98, 99]. These methods rely on sensor data to build arbitrarily complex kinematic

models that can accommodate for highly non-linear systems that are too complex to de-

scribe with traditional deflection models. In [100] the CM configuration is calibrated using

a vision system. In [101], camera feedback is incorporated within the controller to update

the Jacobian Matrix from tracking data. However, for well-behaved manipulators in known

environments, model-based controllers are still more accurate and reliable [98].

This chapter proposes a control framework designed to address the unique challenges

of low stiffness TFA soft continuum manipulators being actuated in free space, under qua-

sistatic deployment conditions. This is achieved through a combination of a kinematics

model based on Cosserat rod theory with known external loads due to gravity, closed loop

control with respect to the manipulator pose, and closed-loop control with respect to the

actuators. A similar mixed feedback controller was used to enhance the control perfor-

mance of multi-backbone continuum robots [102]. The use of Cosserat rod model provides

a more accurate description of the kinematics when compared with simpler models such

as CC-based models, though due to many simplifying assumptions used to reduce the cali-

bration problem and increase computational speed (such as uniform precurvature, isotropic

stiffness, linear elastic material, etc.), it is still not sufficiently accurate in the absence of

feedback. Manipulator pose feedback is utilized to account for these modelling approxima-

tions, while actuator space feedback is used to account for nonlinearities of the actuation
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system that can lead to incorrect tip wrench estimation that would produce errors in the

kinematic model. This drastically improves accuracy for the case of TFA manipulators of

extremely low stiffness.

4.2 Closed-loop Control in Task Space

In this section, a control scheme that can be applied to a soft manipulator actuated by

a follower wrench in free space si presented. During the motion, the body of the soft ma-

nipulator is acted upon by various forces and moments, including the tip follower actuation

wrench, external distributed and point loads due to gravity, and internal forces and mo-

ments within the elastic structure. The goal of the control scheme is to select and apply

the tip follower wrench required to produce a static equilibrium corresponding to a desired

manipulator pose. In addition to achieving a desired pose, reducing oscillations enough to

smoothly transition from one desired equilibrium state to another is challenging for soft

continuum robots under TFA. These oscillations result primarily from two factors: 1) un-

modeled dynamic effects that result from the acceleration of the body, and 2) the sentitivity

of the manipulator pose to small changes in applied follower actuation, both of which are

significant for soft compliant bodies. In addition, intrinsic model error due to inaccuracies

in model parameters precludes accurate open loop control, even in the case of very slow

accelerations.

To address these challenges, the proposed quasi-static control scheme includes feed-

back from both the actuators and the tip pose. The actuator feedback is utilized to both

regulate the follower load, in order to reduce any noise or overshoot in the input signal

which can produce oscillations in the soft manipulator, and to compensate for nonlinear-

ities of the actuation system that can lead to incorrect tip wrench estimation, and thereby

introduce kinematic model error. Pose feedback is required to compensate for modelling

uncertainties and approximations in order to achieve the desired pose. In addition, only

small accelerations are commanded to the system in order to keep dynamic effects negligi-
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Figure 4.1: Block diagram representation of the proposed control system.

ble. All three of these features work in conjunction with one another to enable quasistatic

path following.

A block diagram of the proposed control system is shown in Figure 4.1. The first

feedback line senses the state of the actuator, while the second indicates the current config-

uration of the rod. Actuator feedback is used to estimate the current tip wrench to compute

the forward kinematics model and the Jacobian matrix which maps changes in the wrench

applied by the actuators to changes in the body configuration. The sensed configuration of

the rod is used to calculate the error xerr between the current pose xobs and the desired input

pose xdes. The pose error and actuator feedback are utilized within the linearized controller

in order to solve for the desired actuator states q.

Figure 4.2 shows the linearized controller in detail. The control signal xcntr is obtained

using a proportional-derivative feedback control scheme such as

xcntr = Kpxerr +Kd
dxerr

dt
(4.1)

where Kp and Kd are the proportional and derivative feedback gains and xerr is the pose

error defined as:

xerr = xdes−xobs (4.2)
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Figure 4.2: Block diagram detail of the linearized controller.

where xobs =

[
p(l) θe ψe γe

]T

and θe, ψe, γe represent the orientation of the tip with

respect to the base frame. The control signal is then converted into change in tip wrench by

using:

ẇb = (Rh(l)Cb)†xcntr

= (

R(l) 03×3

03×3 R(l)

Cb)†xcntr

(4.3)

where Rh(l)Cb is inverted with a least-squares method such as the Moore-Penrose pseu-

doinverse, indicated by † ([103]), Cb is the body Jacobian matrix that maps changes in tip

pose with changes in tip wrench (Cb =

[
(g−1 ∂g

∂wb
1
)∨ ... (g−1 ∂g

∂wb
6
)∨
]

as described in [90]),

and Rh(l) represents the hybrid transformation between body frame and base frame. The

hybrid transformation is required exclusively for the purpose of commanding desired tip

trajectories expressed with respect to the base frame. This transformation can be removed

if the application requires tip frame velocities to be commanded. A resolved motion rate

approach (Whitney, 1969) is then used to obtain the required wrench to be produced at the

tip.

The DoF that can be controlled depend on the mapping between configuration pa-
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Algorithm 1 Closed-loop Motion Control.
RobotMove[xdes, xobs, qobs]

1: xerr← xdes−xobs
2: repeat
3: wa← Aqobs
4: xcntr← PD(xerr)
5: Cb← SolveFK(wa) {Eqs (3.17),(3.20),(3.23),(3.25).}
6: ẇb← (Rh(l)Cb)†xcntr
7: if A is invertible then
8: q← A−1(wa + ẇb)
9: ROBOT ← q {Send Command}

10: else
11: q← RedundancyOpt(wa, ẇb) { Eq.5.4 }
12: ROBOT ← q {Send Command}
13: end if
14: until xerr <= Threshold
15: return =0

rameters and generated wrench. In general the wrench can be expressed as a system:

wa,des(q) = Aq, where A is a matrix constituted of either linear or non-linear terms. If

A is directly invertible then the configuration parameters can be found analytically by

q = A−1wa,des. If the actuator values are redundant or the matrix is not directly invert-

ible, quadratic programming methods can be used to find the configuration parameters that

minimize the norm squared of the error between the desired follower wrench to be applied

by the actuators wa,des(q) and the applied follower wrench detected by the sensors wa, as:

minimize
q

∥∥∥Aq− (wa + ẇb)
∥∥∥2

+‖q‖2

subject to qmin ≤ q < qmax

(4.4)

where qmin and qmax represent respectively the lower and the upper limit of the actuator

value. The Levenberg - Marquardt algorithm is used to solve the minimization problem.

The pseudo-code of the closed-loop motion control algorithm is shown in Algorithm 1.
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4.3 Stability

As previously described, a change in the applied TFA wrench causes the manipulator to

move into a new equilibrium configuration where internal body forces and moments are in

balance with the applied wrench, as long as the robot remains in a stable static equilibrium.

If the manipulator equilibrium configuration is close to an energy bifurcation point, small

perturbations in the applied wrench can cause the manipulator to rapidly “snap” from one

equilibrium configuration to another, spatially distant configuration ([10], [104]). In order

to prevent the manipulator from reaching an unstable region of the workspace, the effective

stiffness matrix S is analyzed, which relates to the manipulator’s ability to counteract the

applied follower load:

S = (Cb)† =
∂wb

∂x
. (4.5)

A similar technique was implemented in [105]. The eigenvalues of S can be calculated

from the compliance matrix Cb using the singular value decomposition:

(Cb)† =V Σ
†UT ,

Σ
† = diag(

1
σ1
· · · 1

σk
).

(4.6)

Here (σ1 · · ·σk) are the eigenvalues of the compliance matrix Cb. To prevent elastic in-

stability, the eigenvalues of S ( 1
σ1
· · · 1

σk
) must all remain greater than zero, indicating an

elastic restoring force which acts to counteract applied loads and maintain a stable equi-

librium. Greater eigenvalues correspond to configurations that are more robust to external

disturbances. Thus, our stability metric is defined as:

σc = min(diag(Σ†)) (4.7)
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Figure 4.3: The HydroJet, is used to experimentally validate the proposed control method,
showing a) Exploded view of the continuum endoscope, and b) a detailed view of the
locations of the water jet nozzles with respect to the tip frame.

which must remain greater than zero during operation to avoid elastic instabilities.

4.4 Experimental Methods

The modelling and control framework described previously can be applied to any soft

continuum manipulator under TFA and tip load. In order to experimentally assess the

proposed approach, the proposed method is appliad to control the motion of the HydroJet

device.

4.4.1 HydroJet System Testbed

The testbed was assembled as illustrated in Fig. 4.4. The capsule-shaped tip compo-

nents (propulsion module, sensor housing, cover) were made from a durable plastic (Clear
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Figure 4.4: Experimental setup consisting of a magnetic tracker, two webcams and the
HydroJet. At the bottom left corner, the base and tip reference frames are shown.

resin, FormLabs, Sommerville, MA, USA) through rapid prototyping. The tip outer diam-

eter and length are 9.80 mm and 28 mm, respectively. A 6 DoF electromagnetic sensor

(Northern Digital Inc., Canada) was integrated within the capsule and aligned to the cap-

sule frame. The wire of the electromagnetic sensor runs through the soft-elastomer bellows

together with the three single-lumen water lines connecting the tip to the base connector

(Fig. 4.3). The base was connected to three solenoid water valves (A352273, Asco Nu-

matics, USA) using standard hydraulic tubing (1/16”ID X 1/8”OD Tygon E-3603, Cole-

Parmer, USA). The flow rate of each of the water lines was measured using independent
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flow sensors (710-V00A Atrato ultrasonic flow sensor, Titan Enterprises Ltd., UK). The

base connector was held in the desired orientation using a custom 3D printed holder at-

tached to a manual rotation stage (PR01/M, Thorlabs, USA). The assembly was secured in

place through attachment to an aluminum frame (Rexroth, Bosch, Germany). A second 6

DoF electromagnetic sensor (EM) was attached to the base holder to sense the orientation

of this frame as well. Two webcams (C930e, Logitech, Switzerland) were placed in the

positions shown in Fig. 4.4 to visually observe the motion during the various experiments

from front and top view.

4.4.2 Calibration

The kinematic model was calibrated through optimizing the set of parameters listed

in Table 4.1 to best fit experimental data. The boundary conditions for the HydroJet are

described as follows: at s = 0, position is considered to be zero and the orientation is

captured via the electromagnetic sensor within the base connector. At s = l, the three

components of the internal moment must be zero and the force expressed in tip frame is

defined by the flow rates of the three waterjets. Considering that the water nozzles are

spaced approximately 120 degrees apart around the diameter of the capsule (Fig. 4.3),

the net applied wrench in the body frame acting on the tip of the manipulator due to the

water-jet forces is defined as:
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w(q) = Aq

wx

wy

= A


q jet

1

q jet
2

q jet
3

 (4.8)

A =

sin(π

3 −δβ ) sin(δα) −sin(π

3 −δγ)

cos(π

3 −δβ ) −cos(δα) cos(π

3 −δγ)


where q1, q2, and q3 are the three applied forces due to the water jets and δα,δβ ,δγ

represent the deviation in alignment of the actual jet force with the intended direction due

to manufacturing imperfections (Fig. 4.5). With the applied wrench wa expressed in the tip

frame, we can express the boundary conditions at s = l as:

Qb(l)−
[

wx wy

]T

= 0

u(l)− ũ(l) = 0
. (4.9)

For the purpose of modelling, the bellow and the internal water lines were considered

as a single element having a cylindrical shape with inner diameter of 6 mm, outer diameter

of 8 mm, and a length of 90 mm. The soft body is considered massless (i.e. mb = 0) and

the mass of the capsule mt (2.58 g) is used in equation (3.24) to compute the force due to

gravity in tip frame. This assumption is reasonable for this particular robot design, as the

concentrated mass at the tip has a much greater influence on its motion than the smaller

mass distributed along the length.

The force exerted on the capsule from the water jets was calculated using the thrust

equation:
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Table 4.1: Calibrated values of model parameters

Parameter Value

q jet
1 |max 243 mN

q jet
2 |max 224 mN

q jet
3 |max 244 mN
GJ 2.23 ·10−4 N m
EI 6.01 ·10−4 N m
ux 0.034 m−1

uy 0.88 m−1

Ain 1.13 ·10−6 m2

Aout 3.84 ·10−7 m2

L 0.09 m
mt 2.58 g
δα 0.12 rad
δβ 0.06 rad
δγ -0.08 rad

q jet =−ṁ(vin−vout) (4.10)

where ṁ is the mass flow rate through the jet cavity, and vout and vin are the outlet and inlet

velocity that relate to the nozzles external and internal areas through vinAin = voutAout . The

EM sensor was aligned to the tip frame by placing the tip of the soft manipulator in a

calibration box with a known position with respect to the global frame. This calibration

allowed the alignment of the jets with respect to the EM frame. A similar calibration

procedure was performed for the base orientation sensor to align its frame with respect to

the base holder. The orientation of both frames with respect to the global frame is shown

in Fig. 4.4.

The calibration of the soft body parameters was done experimentally by finding the

parameter vector ζ ∗cal that minimizes the objective function representing the rotation error

between the estimated and experimentally observed orientations over a set of 40 random

jet force combinations around the workspace:
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Figure 4.5: Waterjet actuation system: the force vectors generated by the jets lay on the tip
xy-plane and are ideally spaced 120 degrees from each other. The parameters δα,δβ ,δγ

describe the jets misalignment, with respect to the ideal case, due to manufacturing imper-
fections.

ζcal = argmin
ζ

(
40

∑
i=1
||(< hm(qi,ζ ),hi >)||2) (4.11)

where hm = a+bi+cj+dk represents the quaternion associated with the rotation computed

by solving the forward kinematics with inputs qi and parameter vector ζ , hi represents the

quaternion associated with the measured experimental rotation from the EM sensor, and

< ·> represents the scalar product of two vectors. The parameter vector is constituted by:[
ux uy G E δα δβ δγ

]T

. Results of the calibration are summarized in Table 4.1.

4.5 Experimental Validation

Two sets of experiments were performed, each using both open-loop and closed-loop

schemes. The first experiment consisted of controlling manipulator tip orientations along a

spiral trajectory while having the z-axis of the base connector aligned with the direction of

gravity, as shown in Fig. 4.7(a). In the second experiment, the base connector was rotated

by 30 degrees around its local x-axis, and the same spiral trajectory was commanded to

the manipulator. Due to this change in the alignment with respect to gravity, the forces and

moments along the soft body under static equilibrium result in an initial shape (wa = 0) that

bends toward the direction of gravity (Fig. 4.7(b)). Both of these base angles fall within
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the expected range of deployment angles for the intended application of gastroscopy.

4.5.1 Path Generation

The spiral trajectory commanded to the robot was expressed in terms of two angles as

xdes(t) =
[

ϑdes(t) ϕdes(t)

]T

, with respect to the base frame, as shown in Fig. 4.6. The

time-varying trajectory was defined according to the equation:

ϑdes(t) = ϑstart + ςt

ϕdes(t) = ϕstart + εt
. (4.12)

where ς = 0.1 [rad/sec] and ε = 0.8 [rad/sec]. Which results in a desired tip speed of 1.61

rad/sec. The tip speed is relatively low to limit the effects of both body dynamics and of

nonlinearities of the actuation system. The trajectory was set to be completed in 600s. This

relatively slow speed is chosen to be consistent with the quasistatic modeling assumption;

however, it is still fast enough to perform the intended task of gastroscopy in the time frame

of about 12 minutes typically required to complete the procedure ([106]).

4.5.2 Software Implementation

The control system was implemented in a custom C++ Linux program running on a

3.7 GHz Intel Core i7-8700K processor with 16 GB RAM using ROS Kinetic. The model

equations ((3.17), (3.20), (3.23) and (3.25)) were numerically integrated, beginning with

the tip pose and integrating backward toward the base. The state Jacobians were integrated

with an eighth-order Runge-Kutta method ([107]). Altogether, the program is capable of

solving the rod equations and calculating the necessary Jacobians within 10 ms. To provide

values for qobs and xobs, the flow sensors and electromagnetic sensors were sampled at

100Hz.
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Figure 4.6: The HydroJet’s workspace: the manipulator’s tip can be maneuvered with two
DoF by commanding ϑ and ϕ .

4.5.3 Open-loop Testing

The open-loop water-jet forces for a given desired orientation were computed by sub-

sequent minimization of the tip orientation error using the Jacobian matrix, equation (4.3).

In this test, the actuator feedback is utilized to compute both the estimated pose of the

manipulator and the Jacobian matrix, without including any pose feedback. The desired

orientation (ϑdes,ϕdes) is converted to the equivalent representation in Euler angles (pitch

and yaw) by using an axis angle transformation. The orientation error is then obtained by

subtracting estimated pitch and yaw from the desired values and the water-jet forces up-

dated accordingly. The test was considered complete if ϑ = 1.04 rad and ϕ = 14 rad, or

was aborted if the amplitude of the oscillations of the tip during the transitions between

two consecutive commanded states were higher than 0.5 rad.
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a)

b)
30o

Figure 4.7: Starting configurations during the trajectory following trials: a) initially straight
and b) initially bent with respect to the direction of the gravity vector.

4.5.4 Closed-loop Testing

Closed-loop testing was performed using the control scheme described in Section 4.2

utilizing both actuators and tip pose feedback. Real time computation of the water-jet

forces was performed based on the orientation error between the desired values and those

measured from the embedded EM sensor in the tip frame. The proportional and differential

gains were manually tuned to reduce oscillations during the transition between states. Test

completion criteria were the same as for the open-loop test case.
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Figure 4.8: Trajectory following results for open-loop (left column) and closed-loop (right
column) strategies applied to the HydroJet soft continuum manipulator under TFA with
the base oriented parallel to Earth’s surface, such that gravity acts along the z-axis of the
robot at its base (0 degrees base angle). Graphs a) and e) show a 3D view of the measured
trajectory followed by the capsule-shaped tip and its projection on xy, xz and yz planes for
open-loop and closed-loop, respectively; the red dots indicate the locations of trajectory
points where the norm of the error was greater than a pre-defined threshold (σ = 90th-
percentile). The desired (black line) and measured (colored lines) trajectories for pitch and
yaw angles are shown in b) and c) for the open-loop case, and in f) and g) for the closed-
loop case. Finally, the norm of the error is presented for open-loop and closed-loop trials
in d) and h), respectively; the threshold (dashed line) representing the 90th-percentile, the
region where where the tip oscillations become large (shaded region), and areas where the
trial was aborted due to excessive oscillations (ϑ > 0.5 rad (shaded region with hatch) are
shown.

4.5.5 Path Following Results: Initially Straight Configuration

As mentioned previously, the first set of experiments were performed with the base

aligned with gravity, i.e. with the manipulator body starting in a nearly straight configu-

ration pointing downward (Fig. 4.7(a)). Five repeat trajectory following trials were per-

formed for the open-loop and closed-loop control configurations. Fig. 4.8 presents the

results from single trajectory tracking trials using the open-loop and closed loop control
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Figure 4.9: Trajectory following results for open-loop (left column) and closed-loop (right
column) strategies applied to the HydroJet soft continuum manipulator under TFA with the
base in a bent configuration with respect to gravity (30 degrees base angle). Graphs a) and
e) show a 3D view of the measured trajectory followed by the capsule-shaped tip and its
projection on xy, xz and yz planes for open-loop and closed-loop, respectively; the red dots
indicate the locations of trajectory points where the norm of the error was greater than a pre-
defined threshold (σ = 90th-percentile). The desired (black line) and measured (coloured
lines) trajectories for pitch and yaw angles are shown in b) and c) for the open-loop case,
and in f) and g) for the closed-loop case. Finally, the norm of the error is presented for
open-loop and closed-loop trials in d) and h), respectively; the threshold (dashed line)
representing the 90th-percentile, the region where where the tip oscillations become large
(shaded region), and areas where the trial was aborted due to excessive oscillations (ϑ >
0.5 rad (shaded region with hatch) are shown.

schemes. The orientation error is defined as the Euclidean norm of the difference between

desired tip orientation and measured tip orientation obtained from the EM sensor located at

the tip. The points along the trajectory where the norm of the orientation error exceed the

90th-percentile of its distribution (indicated as σ in Fig. 4.8) are highlighted in red. These

points represent areas of the trajectory where the system shows a slower convergence to the

desired orientation with increased oscillation. The root-mean-square (RMS) open-loop and

closed-loop orientation error was 0.09 rad and 0.03 rad respectively, indicating significant
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Figure 4.10: Box plot showing error distribution and variability over the 5 tests performed
for each set of experiments for both closed-loop and open-loop, in the flat and pre-bent
initial configuration.

improvement in tracking accuracy in the closed-loop case over the open-loop case. It is

also evident from Fig. 4.8 that the closed-loop performance is consistent along the entire

trajectory, while the open-loop tracking accuracy degrades and oscillations increase toward

the end of the trajectory, corresponding to larger pitch angles. In addition, the desired

open-loop trajectory was not completed due to excessive oscillations (ϑ > 0.5 rad).

4.5.6 Path Following Results: Initially Bent Configuration

The second set of experiments demonstrate motion controllability of the soft manipula-

tor tip along a desired trajectory starting from an initially bent manipulator configuration,

induced via a 30 degree rotation of the base frame around its local x-axis (Fig. 4.7(b)),
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such that it is no longer aligned with the direction of gravity. The same testing protocol

described in Section 4.5.5 was implemented to again assess performance under open-loop

and closed-loop control schemes. As in the previous set of experiments, five repeat tra-

jectory following trials were performed for the open-loop and closed-loop control schemes

respectively. Trajectory following results are presented in Fig. 4.9. The RMS open-loop

and closed-loop orientation error was 0.18 rad and 0.035 rad respectively. The open-loop

trajectory again shows a greater tracking error than the closed-loop, with accuracy and

stability being largely dependent on ϑdes; again, for the open-loop case, this results in an

incomplete test due to excessive oscillations (ϑ > 0.5 rad). In contrast, under closed-loop

control, tracking accuracy is improved and the oscillation of the manipulator along the

trajectory is maintained across the range of desired orientations.

4.5.7 Repeated Trials

Results indicating the median, interquartile range, maximum and minimum values for

each repeat trial under the tested configuration are summarized in Fig. 4.10. To allow

comparison between experimental configurations, the mean error distribution has also been

presented for each control scheme and base orientation combination. For the open-loop

case, large variability is evident across trial repeats, and the median error values range

from 0.096 to 0.116 rad for the initially straight configuration and from 0.181 to 0.208

rad for the initially bent configuration (corresponding to µ± sd values of 0.115±0.072 rad

and 0.228±0.106 rad respectively when averaged over all repeats). The relatively large

standard deviations are in agreement with the large error distribution seen for all open-loop

trials, highlighting high oscillations in the system. The influence of gravity on the soft

manipulator under the initially bent configuration increases the median of the error from

0.106 to 0.197 rad when compared to the initially straight configuration; representing a

increase of 85.5%.

In comparison, the closed-loop scheme generates narrow error distributions and shows
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Figure 4.11: Stability test of the manipulator workspace for the initially straight case. The
eigenvalues of the stiffness matrix remain positive throughout the entire actuation space.

minimum variability of the median, ranging from 0.034 to 0.037 rad for the initially straight

configuration and from 0.035 to 0.037 rad for the initially bent configuration (correspond-

ing to µ± sd values of 0.035±0.019 rad and 0.039±0.032 rad respectively when averaged

over all repeats). The influence of gravity in the initially bent configuration increases the

median error from 0.0359 to 0.0360 rad, representing an increase of 0.20%.

4.5.8 Stability Analysis

To demonstrate that both commanded paths utilized in previous experiments are within

an elastically stable workspace for the manipulator, the stability measure σc is evaluated for

the HydroJet System. The workspace is evaluated across a discretized range of jet forces

spanning the achievable actuator range (q < qmax), resulting in an input data set of 3000

actuation combinations. For both initial robot configurations (initially straight and initially
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Figure 4.12: Stability test of the manipulator workspace for the initially bent case. The
effective stiffness of the manipulator is not symmetric due to the rotation of the base frame.
Similar to the initially straight case, the eigenvalues of the stiffness matrix remain positive
throughout the entire actuation space.

bent), the stability measure is calculated by evaluating the compliance matrix at each single

pose within the range of inputs. Results are shown in Figure 4.11 for the initially straight

configuration and in Figure 4.12 for the initially bent configuration. In both plots, the

value of the smallest eigenvalue of the S matrix remains positive throughout the entire

actuation space, confirming the elastic stability of the manipulator during both previous

path following tasks.

4.6 Discussion

The results suggest that the Cosserat rod equations can be successfully implemented to

model and control a soft continuum manipulator under TFA in free space. The presented

closed-loop scheme improves the tracking capability when compared to the open-loop test

cases, as evidenced by the large reduction in orientation error when moving from the open-
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loop to the closed-loop case (from 0.096 to 0.034 rad for 0 degree base angle and from

0.181 to 0.035 rad for 30 degree base angle, respectively). The open-loop oscillations

are particularly prominent at larger pitch angles, demonstrating the importance of using

feedback to compensate model and parameter inaccuracies intrinsic to soft manipulators

under TFA. In particular, the use of a closed-loop scheme is important when considering

possible clinical applications that require accurate and repeatable poses, such as camera

positioning or autonomous screening. Thus, future work that focuses on adding a human

in the loop through teleoperation would be interesting from both a clinical and technical

standpoint.

The closed-loop scheme presented requires measurement of the tip orientation, which

in the presented case was achieved using a EM sensor. The idea of using orientation feed-

back enables control using inexpensive feedback sensors. For example, orientations can

also be tracked via lower-cost sensors, such as inertial measurement units (IMUs), em-

bedded into the base and tip of the manipulator, without significantly reducing accuracy

([108]). This is relevant for clinical applications, where pairing cheap manufacturing of

soft continuum bodies with inexpensive sensors enables the whole system to be used as a

low-cost disposable medical device.

The model and control strategy can be generalized for other applications to account for,

for example, a full 6 DoF wrench applied at any location along the body or a connection

of multiple soft bodies with different stiffness characteristics. In addition, the Cosserat rod

framework has been used in other types of continuum robots for contact detection with

external bodies ([109]) and/or implementation of state constraints ([110]), suggesting these

goals should also be possible for soft manipulators under TFA.

Naturally, the framework presented in this chapter has its limitations for applications

that require fast transitions between equilibrium states. In that case the non-linear dynamics

of the soft body may result in excessive oscillations, even under the presented closed-loop

scheme, rendering the quasi-static model described in this chapter insufficient. A possible
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solution was presented in [72], where a Cosserat rod based dynamic model was developed

for continuum robot and might be extended for the soft manipulator case. A real-time im-

plementation of the Cosserat rod dynamic model for the soft manipulator case would enable

better control schemes, particularly in the case of fast motions of the manipulator. Another

possible solution to reduce oscillations while keeping the static model is to improve the

design of the hydraulic actuation system in order to obtain a more nearly linear relationship

between current and flow rate. This would reduce hysteresis in the actuation system thus

enable a even more precise control of the applied wrench.

4.7 Conclusions

This chapter presents a method for employing real-time control of the equilibrium con-

figurations of soft continuum manipulators actuated via a follower wrench and experiencing

external loading. The proposed method couples Cosserat rod based modelling with inte-

grated sensing and efficient numerical determination of the Jacobian matrix at each time

step to deliver a practically viable, closed-loop control system for application to soft con-

tinuum manipulators. Closed-loop performance was demonstrated on the HydroJet, and

has shown to be effective in reducing orientation error and increasing system stability even

under the influence of gravity. The stable closed-loop path following as demonstrated has

the potential to enable semi and fully autonomous manipulation tasks in the next generation

of soft continuum robots under TFA.
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Chapter 5

Teleoperation and Contact Detection of Soft Continuum Manipulators Under Tip Follower

Actuation

5.1 Introduction

The previous chapters have demonstrated the ability to describe the kinematics of a

soft continuum manipulator under TFA using a model based on Cosserat rod theory/PRB

approximation, and to track trajectories with the device using a resolved rates approach

coupled with feedback from orientation sensors. From a control strategy perspective, the

purpose of this chapter is to bridge several of the gaps that remain between the prior ex-

periments and the use of a SCM as an intuitively controlled UGI inspection device. This

includes two basic components: a teleoperation scheme for translating user inputs into

commanded tip trajectories, and a method for contact detection which can alert the opera-

tor when the device is no longer able to move in a certain direction due to interaction with

the environment.

Teleoperation methods have been presented in literature for various continuum manip-

ulator morphologies [111, 112, 113] and applied to endoluminal procedures [114]. Many

of the presented methods rely on the resolved motion rate approach (introduced in [115])

to send commands to the manipulator’s end effector. In addition to teleoperation, contact

detection is a valuable addition in endoscopy, as intuitive control of the device relies on

accurate computation of the manipulator’s differential kinematics, and unknown external

loads can introduce considerable error into this computation. Related methods for contact

detection based on sensor feedback have been presented and successfully applied to other

types of continuum manipulator designs, including multi-backbone robots [15, 116] and

pneumatic chamber robots [117]. In this Chapter, the force deviation method presented in

[116], is used to establish contact and is integrated with the closed-loop control scheme
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Figure 5.1: Schematic representation of UGI screening procedure using the HydroJet En-
doscopic Platform. The user controls movement of the camera via the joystick coupled
with manual insertion of the catheter.

based on the Cosserat framework. The integration of the contact detection within the mo-

tion controller allows less reliance on the absolute accuracy of the kinematic model and

more on the ability of the differential kinematics and closed-loop controller to reduce error

during free space operation. This chapter demonstrates for the first time closed-loop tele-

operation of a waterjet actuated soft continuum manipulator and provides a new method

that enables improved protocols to compensate for environmental interaction forces.

5.2 Telerobotic Operation and Contact Detection

The model described in Chapter 3 allows for the shape of the robot and the manipu-

lator Jacobian to be computed for any set of actuation inputs, thereby enabling trajectory
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control of the manipulator tip via a resolved rates approach. However, two key additions

in the control method are required in order to enable low-cost stomach inspection with the

HydroJet device. First, an intuitive method for telerobotic operation using a simple input

device is required. This is important both for limiting the cost of the overall system and en-

abling users to operate it without the highly specialized skill set required to perform EGD

with current flexible endoscopes. Second, a method for coping with environmental interac-

tions is extremely useful for maintaining intuitive control of the device. The soft, flexible

nature of the device greatly mitigates the risk of accidental injury to the anatomy; however,

unmodeled external forces can have a significant impact on the accuracy of the model and

Jacobian computation. Thus, unknowingly interacting the with the environment can make

the device more difficult for the user to control. To combat this, a contact detection algo-

rithm is presented, which can indicate to the user the presence and direction of contact with

the environment, enabling them to either move away from the contact before the model

error becomes too significant, or to turn the jets off altogether and return the device to a

neutral, unpowered position.

5.2.1 Teleoperation Scheme

As stated in Chapter 2, the HydroJet can achieve motions in 2-DOF via the water jet

actuators located at its tip. During stomach inspection, a third DOF of motion is available

to the operator via the manual translation of the multilumen catheter within the esophagus.

To provide the user with intuitive control of the two robotic degrees of freedom, we use

a thumb-controlled joystick interface, as shown in Fig. 5.2. Deflection of the joystick

in 2-DOF space provides desired directions of motion with respect to the camera frame

whenever the user depresses a trigger-style “clutch” button on the controller. A second

trigger-style button can be used to turn the water jets on and off, enabling the user to “reset”

the device to its unpowered position.

The teleoperation scheme is presented in Fig. 5.3. The desired twist in the tip frame
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Figure 5.2: The rotation of the tip frame is commanded by summing the desired tip velocity
sent through the joystick and the orientation error.

consists of velocities in the roll and pitch angle of the camera frame: ψ̇d =

[
θ̇d φ̇d

]T

.

The control signal ψcntr is obtained by summing the desired tip velocity to a proportional-

derivative feedback term:

ψcntr = ψ̇ +Kpψe +Kd
dψe
dt

(5.1)

where Kp and Kd are the proportional and derivative feedback gains and ψe is the pose

error defined as:

ψe = ψd−ψobs. (5.2)

The vector ψobs is the observed orientation of the tip frame with respect to the base frame

and ψd is computed by integrating the desired tip velocity over ψ̇d over time. The control

signal is then converted into change in tip wrench by using:

ẇb =
(
CT (CbCT

b −µI)−1)
ψcntr (5.3)

where the body Jacobian matrix Cb is inverted with least-squares method such as the
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Figure 5.3: Block diagram detail of the proposed teleoperation scheme.

Moore-Penrose pseudoinverse [118], µ is a damping factor and I is the identity matrix.

Quadratic programming is used to find the configuration parameters that minimize the

norm squared of the error between the desired follower wrench to be applied by the ac-

tuators wa,des(q) and the applied follower wrench detected by the sensors wa:

minimize
q

∥∥∥Aq− (wa + ẇb)
∥∥∥2

+‖q‖2

subject to qmin ≤ q < qmax

(5.4)

Here, qmin and qmax represent respectively the lower and the upper limit of the actuator

value.

5.2.2 Contact Detection

The contact detection algorithm enables the system to detect when the tip comes into

contact with its environment based on commanded tip forces and orientation feedback pro-

vided by the two IMUs. It is intended to work in combination with the telerobotic scheme

presented in Section 5.2.A. At each time step of the teleoperation loop, the inputs to the

contact detection algorithm are the commanded angular velocity vector ψ̇d , the kinematic

error ψe and the Jacobian matrix Cb. The algorithm can be thought of as a state machine

which moves between three different states: (1) no contact, (2) possible contact, and (3)
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confirmed contact. The pseudocode for the algorithm is presented in Algorithm 2.

The algorithm is assumed to start from a contact-free state when the user enables the

jets to begin teleoperation. As the device is driven by the user, the system remains in a

contact-free state as long as the kinematic error remains below a pre-selected threshold.

Possible contact is triggered any time that

‖ψe‖−ζ ψ > 0 (5.5)

where ‖ψe‖ is the norm of the kinematic error vector, and ζ ψ is the threshold value on

kinematic error.

During possible contact, the PD controller will continue to act to close the error in

commanded pose by incrementing/decrementing the applied wrench. If the error falls back

below the threshold (consistent with transient unmodeled effects), the system returns to the

contact-free state; otherwise, if the actuation wrench continues to change in a certain direc-

tion without reducing the error in that direction to below the error threshold, this confirms

contact detection in that direction. This condition is tested by monitoring the difference

between the current commanded wrench, wb, and the commanded wrench at the onset of

possible contact, wc. To facilitate determination of the direction of contact, the x- and y-

components of this difference are computed separately. The conditions for contact in the x

and y directions can then be written as:

∥∥∥wb|x−wc|x
∥∥∥> ζ σ∥∥∥wb|y−wc|y
∥∥∥> ζ σ

(5.6)

where the two equations describe contact conditions along the x-axis and y-axis, respec-

tively, an ζ σ is another pre-selected threshold on the change in commanded wrench during

possible contact. The direction of contact on either axis (i.e. if contact is occuring on

the positive side of the axis or the negative) can then be deduced according to the desired

direction of motion ψcntr.
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Algorithm 2 Contact Detection.
ContactDetection[ψ̇d , ψe, Cb]

1: ψcntrl ← ψ̇d +Kpψe +Kdψ̇e
2: wb← wb
3: repeat
4: wb← wb +C†

bψcntr
5: if ‖ψe‖> ζ ψ then
6: Possible Contact← true
7: wc = wb

8: else
9: Possible Contact← f alse

10: end if
11: if Possible Contact == true then
12: if

∥∥wb|x−wc|x
∥∥> ζ σ then

13: if ψcntrl|x > 0 then
14: Contact Triggered X+← true
15: else
16: Contact Triggered X-← true
17: end if
18: end if
19: if

∥∥wb|y−wc|y
∥∥> ζ σ then

20: if ψcntrl|y > 0 then
21: Contact Triggered Y+← true
22: else
23: Contact Triggered Y-← true
24: end if
25: end if
26: end if
27: until Reset == true
28: return =0
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5.3 Experimental Validation

To validate our proposed teleoperation scheme for EGD, we first experimentally as-

sessed the effectiveness of our contact detection method, then performed several simulated

stomach inspection trials. All experiments were performed in water to increase the damp-

ing during motion.

5.3.1 HydroJet System TestBed

The overall device consists of four main parts: the distal tip, the soft sleeve, the base

connector and the multilumen catheter (Fig. 5.4.(a) ). With the exception of the catheter

and sleeve, all parts are manufactured using photosensitive resin (Clear resin, FormLabs,

Sommerville, MA, USA) through SLA rapid prototyping. The distal tip contains a camera

(AD- 3915, Aidevision, China) with illumination and an inertial measurement unit (IMU)

(BNO055, Bosch Sensortech, USA). It has a cylindrical shape, with a diameter of 11.7 mm

and length of 28 mm. A soft elastomer sleeve (Ecoflex 00-30, Smooth-On, USA) connects

the distal end of the multilumen catheter to the tip, and encases three flexible tubes which

carry pressurized water from the multilumen catheter to the jets. This structure is designed

to be significantly softer and more flexible than the multilumen catheter. As a result, the

forces generated by the actuators produce bending almost entirely within the soft sleeve

portion of the device rather than in the multilumen catheter, enabling high bending angles

within a relatively small workspace.

The base connector serves as an interface between the multilumen catheter, which is

connected directly to three solenoid valves, and to the individual tubes within the bending

section. It also contains a second inertial sensor, which provides a reference frame in which

to describe the bending of the tip and aids in kinematic modeling by providing knowledge

of the direction of external constant forces acting on the device (i.e.gravity, buoyant forces,

etc.).
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Figure 5.4: a) Exploded view diagram of the Hydrojet device. b) Photo of the prototype
used in experiments. c) Head-on view diagram of the capsule tip, showing the direction of
the jet locations and coordinate frame definition.d) Kinematic variable definitions used for
the Cosserat rod model.

With each jet’s actuation force controlled individually, the net force acting on the robot’s

tip produces bending of the soft sleeve, resulting in two degrees of freedom of motion. The

net applied wrench in the body frame acting on the tip of the manipulator due to the water

jet forces is:
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Fa|xy = A


q1

q2

q3

 (5.7)

A =

sin(π

3 ) 0 −sin(π

3 )

cos(π

3 ) −1 cos(π

3 )


where q1, q2, and q3 are the three applied forces due to the water jets and Fa|xy represents

the x and y components of the tip force in tip frame, as defined in Fig. 5.4.(c). A represents

a geometric mapping according to the locations of the jets. Since the three actuators are all

coplanar with the tip of the endoscope, the z component of the force is zero.

5.3.2 Contact Detection Algorithm Validation

The first set of experiments was designed to investigate the performance of the contact

detection algorithm in the idealized case in which the base does not move during teleoper-

ation, to facilitate repeated testing under consistent conditions. Using the testbed shown in

Fig. 5.5, the base of the HydroJet was clamped to a rigid, fixed frame, with the device point-

ing downward in an initially straight configuration. A glass container was placed around

the robot, creating an obstacle in every direction for the HydroJet to contact with. The tip

of the device was commanded in four different directions with respect to the camera frame

(+X, -X, +Y, -Y) by deflecting the joystick left, right, up and down. The glass container

was approached five times from each of the four directions. The time of contact according

to visual inspection was recorded, along with the times at which the algorithm identified as

possible contact and confirmed contact. Results for one example trial in each direction are

shown in Fig. 5.7, illustrating the algorithm’s ability to identify possible contact conditions

based on a threshold on rotational error (first row on Fig.5.7), and to confirm contact based
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Figure 5.5: a) User interface communicating left side contact detection via the red bar on
the left side of the screen and the red ”Contact Triggered” status. b) Experimental setup for
the repeated contact detection trials, including the contact which generated the messages
on the GUI in (a).

on subsequent change in actuation force (second row of Fig.5.7). The direction of contact

can be inferred from the desired direction of motion after contact was detected (third row

of Fig.5.7). In all 20 experiments, contact and direction of contact were successfully de-

tected by the proposed algorithm. On average, visual contact was achieved 6.34 seconds

before contact was confirmed by the algorithm; however, this time depends on the selected

force threshold which can be tuned to achieve more or less sensitive behavior of the al-

gorithm. We next tested the contact detection algorithm with the constraint on the base

frame removed, and the tether held by the operator as shown in Fig.e 5.6.(a) , more closely

simulating the conditions of teleoperation during EGD. The results of one example contact
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Figure 5.6: a) Starting configuration with user holding the HydroJet. b) Configuration after
visual contact is triggered. c) Experimental plots showing the norm of the orientation error
and the difference between the current commanded wrench and the commanded wrench at
the onset of possible contact.

detection are shown in Fig. 5.6.(b). As seen in Fig. 5.6.(c) visual contact was detected 6.2

sec before the contact was triggered.

5.3.3 Stomach Inspection

To assess the ability for an operator to use the HydroJet to complete EGD, we performed

a simulated stomach inspection in a phantom model. The clinical standard for a successful

completion of an EGD is the visualization of six key landmarks (gastro-esophageal junction
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Figure 5.7: Results of contact detection trials in four directions (left, down, right, up) with
respect to the camera frame. The first row shows the kinematic error measurement over
time, with the horizontal line representing the threshold for possible contact. The vertical
lines represent the time of visual contact, possible contact detected, and contact confirmed
by the algorithm (in order from left to right). Circled locations on these plots correspond to
times when transient error resulted in the algorithm identifying possible contact temporar-
ily. The second row shows the change in force after the detection of possible contact. In
each case, this measure increases in the direction of contact without bringing the error back
below the possible contact threshold. The third row shows the commanded motions, which
determine the direction of contact along each axis.

(GEJ)/cardia, antrum greater and lesser curvature (AGC and ALC), body greater and lesser

curvature (BGC and BLC), and fundus). The experimental setup is presented in Fig. 5.8.

An UGI tract phantom, consisting of an esophagus and an anatomically realistic stomach

with internal capacity of 1.5 L was pressure molded using transparent plastic sheets. Six

different colored pieces of tape were placed at the key landmark positions in the stomach by

an experienced gastroenterologist. A novice user was asked to manually insert the device

into the esophagus, then use the joystick interface to perform an inspection. The phantom

model was hidden to the user, such that the only visual feedback was from the HydroJet’s

camera view. All six landmarks were successfully inspected during the procedure, as shown

in Fig. 5.9, with an overall procedure time of 3 minutes and 5 seconds. Contact with the

stomach walls was detected four times in total; three of those four times, the user opted to
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Figure 5.8: Teleoperation setup.

turn off the jets and reset the device to its unpowered position.

5.3.4 Repeated Trials

To further explore the efficacy of the HydroJet System, a total of 30 trials (15 using

the HydroJet System and 15 using a conventional endoscope as a benchmark device) were

performed in the phantom model. One expert gastroenterologist (having performed >3,000

lifetime EGDs) and two non-expert users with minimal or no previous experience with FEs

were asked to perform visualization of the six key landmarks using either the HydroJet or

a conventional FE (Karl Storz-Tuttlingen, Germany). In all experiments, direct view of

the phantom was blocked and the users were asked to rely only on camera feedback to

complete the inspection. Each user performed the trial 5 times with each device, and for

each trial, the time required to visualize all the landmarks and thus complete the procedure

was recorded. The time required for each user group to complete the inspection with each

device (including mean, standard deviation (STD), first quartile (Q1) and third quartile
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(a) (b)

(d)(c)

Figure 5.9: Endoscope configurations when visualizing various markers representing im-
portant GI landmarks.

(Q3)) are shown in Table 5.1.

The expert user took less time to complete landmark visualization with the conventional

endoscope compared to the HydroJet (mean 1 minute and 5 seconds vs. 2 minutes and 32

seconds, respectively). With novice users, the HydroJet took on average comperable time

to the flexible endoscope to complete a procedure. With the expert user, the difference

between the HydroJet and flexible endoscope was larger due to the users prior expertise in

using traditional endoscopes.

5.4 Discussion

The work in this chapter represents several key steps toward clinical use for the Hy-

droJet system. The presented contact detection algorithm addresses one of the major chal-

lenges of eye-in-hand teleoperation in a system like this, enabling the user to cope with

external loading in an informed way and maintain intuitive control of the device. One of
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Table 5.1: Repeated trials results

User Group Inspection Time
Device

HydroJet Conventional Scope

Expert

Mean [min : sec] 2:32 1:05

STD [min : sec] 1:05 0:43

Q1 [min : sec] 1:14 0:40

Q3 [min : sec] 2:48 1:11

Novice

Mean [min : sec] 3:30 3:21

STD [min : sec] 1:34 1:60

Q1 [min : sec] 2:27 2:10

Q3 [min : sec] 4:02 4:30

the remaining challenges associated with this approach, however, is a protocol for selecting

the appropriate thresholds on orientation error and change in force to trigger possible and

confirmed contact, respectively. In this work, thresholds were heuristically selected which

were suitable for the HJ prototype and the rigid environment it interacted with in these

experiments. In future work, it would be valuable to implement an automated method for

tuning these thresholds in the same way that the kinematic parameters for the device are

tuned automatically. A method for continuously adjusting these thresholds based on the

speed and pose of the device could even further improve the performance of the contact

detection algorithm.

In addition to developing a contact detection algorithm, this chapter has demonstrated

for the first time the integration of a human operator into the control loop for a waterjet-

actuated soft continuum robot. The intuitive and inexpensive user interface enabled even

novice users to complete full gastric cancer screenings in a clinically reasonable amount

of time as shown by the experiments in the phantom model. While these experiments
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provide a highly promising first investigation of the HydroJet’s capabilities as a telerobotic

upper GI inspection device, more studies are needed to further explore its capabilities and

limitations. In the future, trials with larger groups of participants from a broader variety

of training backgrounds will serve to expand these results beyond proof of concept. In

addition, future studies in phantom models whose mechanical properties better simulate

those of real tissue will also be valuable, as well as eventual studies in animal models.

While these experiments showed that complete inspections performed with the Hydro-

Jet tend to take a somewhat greater amount of time than those performed with a conven-

tional endoscope, this increase in time is negligible in comparison with the amount of time

a patient spends in a clinic or hospital for pre- and post-procedure care. A typical diagnos-

tic EGD procedure takes just 4-12 minutes, while the total time the patient spends with the

medical staff is 60-120 minutes when sedation, recovery and discharge are included [56].

More importantly, the reduced cost of the HydroJet device stands to make gastric cancer

screenings available to patients with little or no access to gastroscopies performed with

conventional endoscopes. In addition, the disposable HydroJet represents a potential solu-

tion to the problem of inter-patient cross-contamination in settings where FEs are available

but access to proper sterlization facilities are limited [37].

5.5 Conclusion

This chapter details a new method for performing UGI inspection with a soft, waterjet-

actuated robotic device called the HydroJet. This low-cost, intuitive, and intrinsically safe

device is designed specifically to meet a major need for increased gastric cancer screening

in low- and middle-income countries. We integrate an inexpensive and intuitive user inter-

face that enables the operator to easily control the camera to perform the inspection. To

maintain intuitive control even as the device interacts with the surrounding anatomy, we

developed a new contact detection algorithm, which is particularly well-suited to the ex-

tremely flexible HydroJet device. Experimental validation of the overall system in phantom
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models demonstrates that even a novice user can perform a complete gastric cancer screen-

ing with our device in a clinically reasonable amount of time, and for a small fraction of

the cost of a conventional gastroscopy. While further studies are needed, these results are

highly promising for the HydroJet’s potential as a first line of screening against one of the

deadliest cancers worldwide.
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Chapter 6

WAterjet Necrosecomy Device (WAND): A Soft Continuum Device for Waterjet

Fragmentation of Pancreatic Necrosis

6.1 Introduction

Acute pancreatitis is the third most common gastrointestinal diagnosis, resulting in ap-

proximately 275,000 hospital admissions and more than 2.5 $ billion in health care costs

annually [119]. While the majority of cases of acute interstitial pancreatitis consist of a

self-limited illness with full clinical resolution, cases of severe pancreatitis with local com-

plications including pancreatic or peripancreatic necrosis can be associated with significant

morbidity and mortality. Over a period of days to weeks following onset of necrotizing

pancreatitis, areas of necrosis may evolve to form mature collections of walled off necro-

sis (WON) requiring intervention/drainage. Indications for drainage of WON include the

presence of infected necrosis, intolerance of oral intake due to extrinsic gastroduodenal

compression, obstructive jaundice due to extrinsic bile duct compression, and pain.

Current practice guidelines suggest that endoscopic intervention be preferred over sur-

gical intervention as a first-line approach when drainage of WON is indicated [120]. The

initial step in endoscopic drainage consists of endoscopic ultrasound (EUS)-guided trans-

gastric or transduodenal access to the collection, followed by placement of a transmural

stent (with or without prior dilation) to create a fistula tract and allows drainage of WON

contents into the gastrointestinal lumen. While a percentage of patients with predominantly

liquefied WON may achieve complete resolution with this drainage intervention alone, the

majority of patients with WON containing solid debris typically require further intervention

[121].

Options for further intervention include chemical or mechanical debridement [122].

Chemical debridement using hydrogen peroxide has been described, although published
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reports consist largely of uncontrolled series of carefully selected patients and the potential

for serious adverse events has not been fully elucidated [123]. Alternatively, mechanical

debridement/necrosectomy may be facilitated by transmural retroperitoneal endoscopy via

the previously created fistula tract. Once under direct visualization, instruments may be

passed through the working channel of the endoscope to attempt fragmentation of solid

necrotic debris. Current options for this technique consist of off-label use of endoscopic

accessories including polypectomy snares, retrieval nets, forceps, and biliary stone extrac-

tion baskets. Potential adverse events of this technique include bleeding due to mechanical

trauma inflicted on major vascular strictures such as the splenic artery.

A major limitation of these techniques is the inability to achieve sufficient fragmenta-

tion of solid necrotic debris. Development of innovative technologies dedicated for necro-

sectomy use, capable of fragmenting necrotic debris while sparing viable tissue, has been

identified as a critical need in the endoscopic management of WON [120].

The use of a highly focused water beam for necrotic tissue dissection may present

an alternative solution in the endoscopic management of WON. The use of waterjets in

medicine has been explored in the literature [124]. In the medical field this technology

has been applied in: thrombectomy, arthroscopic backbone operations, plastic surgery for

removal of tattoos or liposuction, and surgical ophthalmology. Papachristou and Barters

[125] were the first to describe the use of a highly focused saline beam in medicine and

found that liver resection using a saline mixture results in less blood loss during the surgery.

In addition, as the cutting of organs is typically caused by the particle density of the beam, it

can be used as an alternative for applications such as orthopedics where unwanted structural

changes of the material (bone) can occur due to heat. A microwave waterjet scalpel can be

used used for minimally invasive removal or resection of localized tumors. The cutting is

controlled by modifying the water beam intensity and focus depending on the type of tissue

(nerve tissue, ligaments, blood vessels, etc.). [126].

To specifically address symptomatic WON, this chapter details the design of a WAter-
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jet Necrostomy Device (WAND). The mechanism of tissue fragmentation offered by the

WAND consists of a highly focused waterjet delivered through a 2 mm steerable catheter.

This allows the device to pass through the working channel of a standard diagnostic flexible

scope. The device offers adjustable levels of water beam intensity controlled through a

foot pedal as well as 180 degree of articulation independent of the endoscope tip. This

articulation consists of a one degree of freedom push-pull mechanism operated by rotating

a nob located on the device handle. Initial phase testing demonstrated successful WAND

fragmentation of gelatin in varying degrees of stiffness, as a surrogate for necrotic debris.

Second phase benchtop testing demonstrated successful WAND fragmentation of freshly

harvested human pancreatic necrosis.

6.2 Device Design and Fabrication

The system is presented in Fig. 6.1. The WAND is composed of three functional parts:

the user handle, the three lumen catheter extrusion and the articulating tip. The articulating

tip contains a waterjet nozzle whose bending is controlled by two hyperelastic nitinol wires

running through the multilumen catheter through the PTFE Catheter. The nozzle and the

catheter are connected by a single tri-lumen flexible tube, used to separate the two nitinol

wires that facilitate tip articulation, which allows high bending angles within a relatively

small workspace. Miniature pressure fittings create the hydraulic connection between the

central lumen of the catheter and the flexible tube. A support sleeve surrounding the flexi-

ble, single lumen tube is necessary to maintain the focus of the waterjet during operation,

it helps avoid instability, and constrain the bending of the device to a plane with maximum

and minimum angles of -90 and +90 with respect to the straight configuration.

The user independently selects both the intensity of the water beam and the articulation

of the tip. The intensity of the water beam is determined through the use of a foot pedal

that directly control a proportional solenoid valve. The valve is connected to a pressurized

dispensing vessel through 3/8 tubing. The articulation of the tip is obtained through the
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Figure 6.1: a) Picture of the Prototype. b) Exploded view of the WAterjet Necrosectomy
Device (WAND).

rotation of an articulation knob on the device handle. The knob is mounted on a mechan-

ical bearing that allows low friction with respect to the anchoring shaft and is connected

tangentially to the wires. The rotation of the knob causes the push of one wire with pull of

the other wire in a very intuitive manner. The handle adapter attaches to a Y-connector to

prevent backflow of water.

The prototype, with exception of the PTFE Catheter, the Y-Connector and the bearing,

was entirely fabricated using a Stereolithography 3D printer (Form 2, Formlabs, USA).
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6.3 Waterjet Force Modeling

To achieve debris fragmentation while preserving tissue safety, the geometry of the

nozzle as well as the overall diameter and length of the catheter play an important role.

Considering the fluid conservation of mass and assuming a time invariant laminar flow,

the water jet force generated by the nozzle can be calculated using the thrust equation as

follow:

F =−ṁ(vin− vout) (6.1)

where ṁ is the mass flow rate through the cavity, vout and vin the outlet and inlet velocity,

pout the pressure acting on Aout and n is the unit vector normal to the inner wall surface. The

analytical model obtained by integration over the two different contours was then validated

using experimental data.

Volumetric flowrate was estimated starting from the energy conservation equation:

p2− p1

γ
+

v2
2− v2

1
g

+hl = 0 (6.2)

where p2 and p1 are pressures at two location on the hydraulic system, v2
2 and v2

1 are

fluid velocities, γ = ρg is the specific weight of the fluid and hl is the head loss in the tubing

that can be calculated as:

hl = f
L
D

v2

2g
(6.3)

where f is the Darcy friction factor, L and D are the length and internal diameter of

the tube, v is the velocity of the fluid and g is the gravitational constant. Jet flow rate

was measured during jet force testing using an ultrasonic flowmeter (Atrato, Model: Titan

760), which provides the instantaneous flow rate through the jet. Basic fluid dynamics

theory dictates that for a non-deforming system at steady state, jet force is a function of
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Figure 6.2: Experimental testing of the WAND using gelatin of various levels of stiffness.
The independent articulation of the device from the endoscope is shown in the bottom row.

flow rate alone. This relationship provides a basis for control of the jet actuation force.

6.4 Experimental Validation

The use of waterjet pressure serves the dual purposes of both dissecting/fragmenting

necrotic tissue and facilitating irrigation of the necroma cavity.

6.4.1 Benchtop Testing

Initial phase testing demonstrated successful WAND fragmentation of gelatin in vary-

ing degrees of stiffness as a surrogate for necrotic debris (Fig. 6.2). In this setup, the

WAND achieved a surface pressure of 1 bar at a flow rate of 0.45 L/min. Overall, the
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Figure 6.3: Experimental testing using freshly harvested pancreatic necrotic tissue. Frag-
mentation was achieved using multiple passes of the directed water beam across the
necrotic tissue.

WAND can achieve a maximum flow rate of 0.5 L/min while reaching a maximum surface

pressure of 1.3 bar, which is much lower than the tissue safety threshold of 3 bar.

6.4.2 Ex-vivo Testing

Second phase benchtop testing demonstrated successful WAND fragmentation of freshly

harvested human pancreatic necrosis (Fig. 6.3). In this example, the WAND is achieving

a surface pressure of 0.72 bar at a flow rate of 0.37 L/min. Obliteration of the explanted

human pancreatic necrosis was successful.
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Figure 6.4: Experimental testing of the WAND in stomach phantom. A) Gelatin is dis-
sected in confined work environment using the WAND. B) Excess fluid is aspirated using
standard endoscope. C) Larger pieces of gelatin debris are unable to be aspirated. D)
WAND is reinserted, remaining pieces are fragmented. E) All gelatin and fluid is success-
fully removed.

6.4.3 Stomach Phantom Testing

The WAND was further tested to assess articulation and function in a confined environ-

ment. Gelatin was placed inside a clear stomach phantom visible from a frontal view and

the view of the endoscope in (Fig. 6.4). A continuous waterjet force was applied with a

surface pressure of 0.72 bar at a flow rate of 0.37 L/min to achieve adequate fragmentation.

The WAND was completely removed from the endoscope and fragmented gelatin was as-

pirated through the empty working channel of the endoscope. While some gelatin chunks

were too big to be aspirated initially, the WAND was reinserted for further fragmentation

and subsequent aspiration to successfully remove all gelatin from the confined environ-
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Figure 6.5: In-vivo safety testing of WAND on tissues surrounding the pancreas, on the
small intestine in this example.

ment. This trial demonstrates the WAND’s capability to be inserted and removed multiple

times throughout the course of a procedure, allowing for multiple passes of fragmentation

and aspiration.

6.4.4 In-vivo Safety Testing

To evaluate system safety, the WAND was tested in-vivo using a 40kg female Yorkshire-

Landrace cross swine (Fig. 6.5). Effects of the WAND on the pancreas, small intestine,

liver, stomach, spleen, and aorta were assessed. To assess maximum possible damage,

the tip of the WAND was held within 5 millimeters of the porcine organ or vessel for 30

seconds over a range of 0.04 bar to 1.3 bar to determine if any tissue damage would occur.

There were 5 cases of mild blanching and erythema at surface pressures above 0.72 bar.

None of the organs or vessels sustained perforation, erosion, or excoriation at any of the

pressures, including at the maximal pressure for the platform.
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6.5 Conclusions

This chapter demostrated benchtop development and ex-vivo testing of a novel necro-

sectomy debridement device, compatible for use through the working channel of a flexible

endoscope. Future work on the device include improvement of design as well as additional

ex-vivo and first in-human in-vivo testing.
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Chapter 7

Conclusion

7.1 Summary of Findings

This dissertation presents the design, modeling, and control of tip follower actuated soft

continuum devices with its primary application in gastrointestinal endoscopy. This work

also describes novel methods for controlling waterjet force to inspect and intervene in the

endoluminal environment and the experimental validation of these methods.

In Chapter 2, design improvements from the platform presented in [29] enable the plat-

form to serve as an option for UGI screening in LMICs. The improvements are as follows:

First, the pump was replaced by both a dispensing vessel and an air pressure tank. A pres-

sure regulator connected to the dispensing vessel allows precise regulation of the overall

pressure, without requiring water to constantly flow within the system. On/off valves were

replaced by proportional valves which allow selective control of the flowrate at each water-

jet. Next, the four full-length single lumen tubes were replaced with a multilumen catheter

connected distally to a low stiffness section, which is constituted by a soft elastomer sleeve

that wraps around single lumen flexible tubing. This allows the tip of the scope to achieve

high bending angles while maintaining a uniform body. This design allows the force gen-

erated by the waterjets to be uniquely dependent on the fluid flow rate passing through the

tubing and the geometry of the nozzle, while the mechanical deflection is determined by

choosing the geometric and material properties of the sleeve. These design improvements

result in improved controllability and repeatability of results and fulfill the need of a low

cost, disposable, transportable device for screening in LMIC.

Chapter 3 presents modeling of TFA soft manipulators using both a PRB-C and a

Cosserat rod framework. It also explores calibration issues that are common in CM designs

and proposes a method that improves the disturbance estimation based on sensor feedback.
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This compensates for unmodeled effects such as friction, nonlinear elastic and/or spatially

varying material properties, and manufacturing imprecision. Experimental validation on

the HJ endoscopic device shows similar behavior of the two modeling frameworks with

comparable position and orientation errors. The proposed disturbance method significantly

improves the modeling accuracy of SCM under TFA and is easy to generalize to other de-

signs where embedding sensors is possible. Results show 42% positional error reduction

and 32% orientation error reduction for 75◦ deflection of the end effector when compared

to standard geometric calibration.

Chapter 4 describes novel control methods of soft continuum manipulators under TFA.

The proposed closed-loop scheme improves the tracking capability when compared to the

open-loop test cases. For the open-loop case, large variability is evident across trial repe-

titions, and the median error values range from 0.096 to 0.116 rad for the initially straight

configuration and from 0.181 to 0.208 rad for the initially bent configuration. The rela-

tively large standard deviations are in agreement with the large error distribution seen for

all open-loop trials, highlighting high oscillations in the system. The influence of gravity

on the soft manipulator under the initially bent configuration increases the median of the

error from 0.106 to 0.197 rad when compared to the initially straight configuration, rep-

resenting a increase of 85.5%. In comparison, the closed-loop scheme generates narrow

error distributions and shows minimum variability of the median, ranging from 0.034 to

0.037 rad for the initially straight configuration and from 0.035 to 0.037 rad for the initially

bent configuration. The influence of gravity in the initially bent configuration increases the

median error from 0.0359 to 0.0360 rad, representing a negligible increase of 0.20%. The

presented motion controller reduces oscillations that limit robot functionality allowing for

high bending angles independent of the robot orientation. This has the potential to enable

semi and fully autonomous manipulation tasks in the next generation of soft continuum

robots under TFA.

Chapter 5 presents the teleoperation scheme and introduces a method for contact detec-
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tion of soft continuum manipulators under TFA. The presented contact detection algorithm

addresses one of the major challenges of eye-in-hand teleoperation, enabling the user to

cope with external loading in an informed way and maintain intuitive control of the de-

vice. In addition to presenting a contact detection algorithm, this chapter has demonstrated

for the first time the integration of a human operator into the control loop for a waterjet-

actuated soft continuum robot. The intuitive and inexpensive user interface enabled even

novice users to complete full gastric cancer screenings in a clinically reasonable amount of

time as shown by the experiments in a phantom model. These results are highly promis-

ing for the HydroJet’s potential as a first line screening device against one of the deadliest

cancers worldwide.

Lastly, Chapter 6 presents the design and characterization of a novel WAterjet Necro-

sectomy Device (WAND). Experimental results show successful fragmentation of multiple

densities of material including freshly explanted human pancreatic necrosis, at pressure

and flow rates well below the threshold necessary to cause tissue damage. These results are

paving the way for the first human in-vivo trials.

7.2 Future Research Directions

While this work provides a highly promising investigation of the HydroJet’s capabili-

ties as a telerobotic upper GI tract inspection device, more studies are needed to explore

its full capabilities and limitations. From a medical standpoint, trials with a larger groups

of participants from a broad variety of training backgrounds will serve to expand these

results beyond proof of concept. This would be followed by future survival studies in an-

imal models and then the first in-human trials. With regard to the teleoperation strategy,

the disturbance estimation method presented in Chapter 4 can be integrated within the mo-

tion controller. This may allow the system to detect any external force applied from the

environment and minimize the effect of these disturbances. A dynamic model of the actu-

ation system would ultimately allow certain TFA soft manipulators to have faster actuation
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wrench control and thus quicker device motion.

7.3 Summary of the Major Contribution to the Field

In summary, the main contributions of this work to the field of robotics and medical

devices are as follows:

• Presented and experimentally characterized novel soft continuum manipulator de-

signs that use waterjet force to inspect and intervene in the endoluminal environment.

• Presented methods to improve kinematic model accuracy for continuum manipula-

tors under TFA through the use of a disturbance parameter that is updated in real-time

through sensory feedback.

• Presented novel closed-loop control framework for soft continuum manipulators un-

der TFA based on the Cosserat framework that integrates mixed pose/actuation feed-

back.

• First time integration of a human operator within the control loop scheme for a

waterjet-actuated soft continuum robot and experimental validation of contact de-

tection within an anatomically accurate stomach phantom.

With these contributions, the field of medical robotics and TFA soft continuum manip-

ulators may be expanded and future directions can be pursued.
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