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EPIGRAPH

Think big,

Think fast,

Think ahead,

Ideas are no one’s monopoly.
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Micro-medical devices have found new life in medical applications, offering advanced

control, precision, and safety in surgery to augment or sometimes replace surgeons. However,

current medical devices’ utility is limited just as a surgeon is, with all the functionality, all but

the end tool outside the patient. Many interventional procedures would benefit from having

the active medical device scaled down to fit within a few hundred micrometers, to work in

the confined space of the eye, vasculature, lymphatic vessels, and so on, enabling complex

motion and sensing at such a scale via remote or external control by the surgeon. Due to their

inherent rigidity and size, traditional robotic tools cannot be utilized to achieve the desired

clinical needs, and are limited to a few hundred niche applications.

The projects presented here have been constructed to deliver micro-scale tools for
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some of the most challenging clinical needs in endovascular surgery and ophthalmology. En-

dovascular surgical intervention for aneurysm and stroke treatment requires a means to con-

trollably orient a catheter deep within a patient’s cerebral arteries in tortuous, complex, and

challenging anatomical locations. The measurement of intraocular presure is another, for pa-

tients with artificial corneas to enable prompt, preventative treatment to avoid glaucomatous

damage. The absence of controlled actuation and sensing at the sub-millimeter length scale

is the leading cause of procedural failures in these medical applications.

Through a novel combination of large aspect ratio, soft-robotic structures and saline-

driven micro-hydraulics, dexterous tools to translate commands of surgeons into complex

motions within brain arteries are presented. High resolution pressure sensors are combined

with micro-scale needles to enable effective measurement of intraocular pressure for patients

with artificial lenses. Unlike passive fundamental studies or bench-top innovations, these

projects deliver clinically functional medical devices. These approaches were validated in

vivo to assess their performance and the results obtained lay the foundation for an entirely

new discipline of dexterous sub-milimeter scale soft robotic tools for surgical intervention

and sensing.

xxvi



Chapter 1

Introduction

Macro-to-micro scale medical devices have found new life in medical applications,

offering unprecedented control, precision, and safety in surgery to augment and replace hu-

man surgeons. However, current devices’ utility is limited in ways identical to a human who

carries all but the end tool outside the patient. Many interventional procedures would benefit

from having the devices scaled down to fit into a few hundred micrometers, in unstructured

anatomical locations as present within the eye, blood vessels and bronchi. Minimally invasive

procedures in these locations that require dexterous surgical tools to enable complex motion

and sensing at such a scale and remotely controlled by the surgeon are not available. The

projects detailed in this disseration have been developed to deliver such technology for the

some of the most challenging clinical needs in neurosurgery; endovascular treatment of in-

tracranial aneurysms, and ophthalmology; measurement of intraocular pressure for patients

with artificial corneas. The absence of controlled actuation and sensing at the sub-millimeter

length scale is the leading cause of procedural failures in these medical applications. Subse-

quent to this, in light of the COVID-19 pandemic, barrier enclosures to enable safe admin-

istration of non-invasive ventilation therapy to patients experiencing hypoxemic respiratory

difficulties were developed in an emergency response effort.
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The focus of the present work has been subdivided into three studies:

• Steerable soft-robotic microcatheter

• Device for measurement of intraocular pressure

• Barrier enclosures for COVID-19 patients

These projects were designed from concept, through to design, fabrication, assem-

bly, iterative testing and eventually animal trials. Below is a brief overview of the following

chapters and their content:

Chapter 2 is partially based on the material preliminarily accepted in Science Robotics

(2021). This chapter provides a detailed overview of endovascular neurosurgery, the short-

comings of the existing catheters, and lays the premise for developing a steerable micro-

catheter.

Chapter 3 is partially based on the material that is preliminarily accepted in Science

Robotics (2021). This chapter provides details of the catheter design process, the clinical re-

quirements, and dimensional constraints for the steerable microcatheter.

Chapter 4 is partially based on the material that is preliminarily accepted in Science

Robotics (2021). This chapter provides the detailed fabrication process, including intricate

molding and casting details, assembly, and surface chemistry to prepare a clinically func-

tional steerable micro-catheter.

Chapter 5, the first part of this chapter is based on the material published in Soft

Robotics (2020) [4]. The second part of this chapter is partially based on material that is pre-

liminarily accepted in Science Robotics (2020). This chapter includes biaxial membrane tests

and analytical derivation required to obtain the first and second hyperelastic constants. The

second half incorporated the hyperelastic constants obtained in the first half to implement a
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computational model to validate the experimentally obtained curvature and radial expansion

for the steerable catheter.

Chapter 6 is partially based on the material that is preliminarily accepted in Science

Robotics (2021). The first part of this chapter describes the development of a representative

silicone model of the vasculature from the femoral artery to the brain arteries. The model

provides are vital step for the second part that decribes the ex vivo testing and validation of

the steerable catheter paving the way for the animal trial. The last part provides details of the

animal trial conducted at the Center for Future Surgery (CFS, UCSD).

Chapter 7 is entirely based on the material that is published in Translation Vision Sci-

ence and Technology (2020) [5]. This chapter describes the development of a needle based

intraocular pressure sensing device from concept to successful completion of animal trials in

rabbits. The device described enables measurement of the intraocular pressure in the ante-

rior chamber of patients with artificial corneas.

Chapter 8 is entirely based on the material that is published in Infection Control and

Hospital Epidemiology (2021) [6]. This chapter describes the development of a barrier en-

closure to safely administer non-invasive ventilation therapy to patients experiencing acute

hypoxemic failure while preventing viral contagion. This chapter provides details begining

with concept design, through manufacturing, assembly, clinical testing and eventually pa-

tient use.

Chapter 9 provides concluding remarks and lays some prelminary framework for po-

tential future work for along the lines of the projects described in this dissertation.
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Chapter 2

Endovascular neurosurgical procedures

2.1 Macro-to-micro scale medical devices

Due to clinical demand for minimally invasive procedures and targeted therapies,

medical robotics represents one of the fastest growing sectors in the medical device indus-

try. The therapeutic and commercial success of robotic systems such as Intuitive Surgical’s

da Vinci system has spurred a number of commercial ventures targeting surgical applica-

tions, which echo the emerging trend in precision surgery with minimally invasive interven-

tion for faster recovery and potentially improved outcomes. However, the majority of tradi-

tional robotic tools comprise of rigid components that are not designed to perform precise

fine maneuvers in delicate unstructured surgical environments. Procedures that would ben-

efit particularly from sub-millimeter diameter steerable catheters that enable fine precision

procedures are shown in Figure 2.1. Among endovascular procedures, a subset of specialist

procedures requiring access to small distal vessels that would benefit from dexterous loco-

motion of sub-millimeter diameter catheters are shown in Figure 2.1.

4



Figure 2.1: Endovascular procedures that would benefit from sub-millimeter diameter steer-
able catheters. Aneurysm embolization is the focus of this project, but steerable sub-
millimeter catheters are broadly useful across the human vasculature.

One specific environment includes the smaller structures of distal blood vessels that

gradually decrease in diameter is the brain vasculature. With a wide variety of vascular

pathologies now treatable through endovascular procedures in several fields including but

not limited to the cardiovascular space, there is a growing need for steerable tools and sys-

5



tems that can effectively aid in performing procedures in these smaller and more fragile en-

dovascular environments with finer precision without causing damage.

2.2 Endovascular neurosurgery

Endovascular treatment of brain aneurysms via coil embolization in neurosurgery is

one such procedure that may benefit from the ability to controllably orient a microcatheter

tip. An estimated one in fifty people in the US have an unruptured intracranial aneurysm, a

thin-walled blister-like lesion in a cerebral artery that is prone to rupture in the setting of in-

creased blood pressures. A recent study indicates cerebral aneurysms affect 2% of the popula-

tion worldwide [7,8], growing by over 5%/year [9] and are responsible for 500,000 deaths/year

worldwide; half the victims are younger than 50 [10]. Annually, there are 30,000 new cases of

brain aneurysm ruptures in the US alone [11]. Cerebral aneurysms and associated long-term

medical complications impose an enormous economic burden ($500 million per year in the

U.S [12]) due to morbidity and mortality often secondary to hemorrhagic stroke.

Cerebral aneurysms form due to weakness in the walls of blood vessels and exces-

sive pressure from within the artery [13]. Typically once an intracranial saccular aneurysm

is detected the treatment method is decided based on both aneurysmal and patient factors.

Aneurysmal factors include location, size, morphology, presence of daughter sacs or multi-

ple lobes. Patient factors include age, medical history and family history of subarachnoid

hemorrhage [12]. If untreated, the consequences of a ruptured aneurysm are complex and

undesired. Intervention for unruptured aneurysms is generally [14] known to be beneficial:

without treatment, over 50% of those aneurysms of a size greater than 5 mm eventually rup-

ture [15, 16]. For patients that suffer ruptured aneurysms, a significant proportion (57% [17]

and 67% [18]) of first bleeding of a brain aneurysm leads to death [13], and half the survivors

have long term disabilities.
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In the case where aneurysm treatment is required, options include surgical clipping or

endovascular coiling. Surgical clipping is an invasive surgical procedure that involves mak-

ing an incision in the skull to locate the aneurysm and to place a metallic clip across the

neck of the aneurysm in order to exclude it from blood circulation. Aneurysm treatment

was limited to surgical clipping until the invention and broad clinical adoption of endovas-

cular coil embolization [19–21], a minimally invasive approach that involves inserting a mi-

crocatheter at the femoral artery, navigating it through tortuous anatomy under radiologi-

cal guidance to the cerebral aneurysm via the aortic arch and carotid arteries, and deploy-

ing detachable coils into the aneurysm. The coils aid to induce embolization within the

aneurysm, effectively occluding it from blood flow. Endovascular coiling is now the most

preferred, [22] relatively cost-effective, and statistically more successful option for treating

cerebral aneurysms [23, 24].

Although over 50% of intracranial aneurysms are treated via endovascular coiling, the

efficacy of endovascular aneurysm embolization is still inferior to traditional invasive clip-

ping [25]. The current drawback of treatment through endovascular coiling (coil emboliza-

tion) is the lack of steerability of the microcatheter and microguidewire during surgery. As

the micro-catheter is guided from the femoral artery of the patient to the location of the cere-

bral aneurysm, three common problems are encountered: navigating tortuous vasculature,

optimally directing the catheter tip to the center of the aneurysm dome, and holding it in a

stable position to deploy coils and treat the aneurysm accounts for many coil embolization

procedure failures. These include incomplete aneurysm occlusion [26], aneurysm recanal-

ization [27], coil malposition [28], and intraoperative rupture [29, 30]. These failures can be

attributed to unfavorable vessel tortuosity and aneurysm geometry. Furthermore, up to 25%

of intracranial aneurysms cannot be endovascularly treated, often due to aneurysm location

— where the vessel is too difficult to reach, or geometry — where the dome, neck, or angles
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are unfavorable for micro-catheter cannulation or coil support. Up to 25% of surgical neu-

rointerventions fail in attempted endovascular treatment of intracranial aneurysms [25, 26].

The ability to treat aneurysms of unfavorable shape and size, and the durability of emboliza-

tion coils in the dome post intervention remain challenges in the endovascular coiling tech-

nique [27].

In cases of severe carotid system tortuosity, intracranial positioning of micro-

catheters to access the aneurysm dome may be impossible or hazardous. In tortuous or frag-

ile vasculature, turns of 180 degrees and 360 degrees are particularly difficult, catheterization

often requires multiple attempts, and vasospasms are often induced [31]. Tortuous arterial

anatomy forces micro-catheters along the outer curvature of the vessels at each turn, creating

stresses on the vessel, a potential mechanism for vessel dissection [32]. Furthermore, mini-

mizing overall procedure time is important to not only minimize costs, but to avoid excessive

x-ray fluoroscopy exposure and associated risks such as thromboses or tumor growth [33–35].

To address the lack of steerability, catheter manufacturers provide 45◦, 90◦, and C-

shaped tips in fixed orientations, and neurointerventionists will often retrieve, reshape, and

reintroduce their microguidewire tips in hopes of accessing tortuous aneurysm geometries

using a “trial and error" approach. However, upon retrieval of the guidewires, the catheter

tip will return to its native shape and none of the catheters can be steered once inside blood

vessels.

During certain instance coil embolization has failed (32% [36]) or is precluded (25%

[37]) and clipping is preferred instead due to tortuous navigational vasculature. Even when

the current microguidewires with custom preshaped tips can reach the aneurysm location by

repeated torquing, pushing and prodding, in a proportion of cases it cannot be steered into

the dome of the aneurysm because it is simply pointing in the wrong direction. This results in

loss of precious angiography time as the micro-guidewire is retrieved, reshaped based on the
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aneurysm dimensions and then reinserted in hopes of successfully accessing the aneurysm

dome; a presently common process despite inconsistently leading to successful entry. At

times this can result in intra-procedural aneurysm rupture during treatment (2 - 4 % [38,39]).

Furthermore, in present surgeries once the catheter is inserted in the dome of the aneurysm

and is pointing in the direction of the rupture/weaker part of the aneurysm, there is no way

to steer the tip away from the ruptured side.

Although quantitative measures for the difficulties experienced in existing methods is

limited in literature, the clinical need for navigation through tortuous anatomy and catheter-

ization of challenging vessels has been reported [40–42]. The primary cause of inability to

reach the dome of the aneurysm during treatment using endovascular coiling has been the

inability to steer the catheter tip while in procedure.

2.3 Previous approaches for catheter steering

There have been advancements in other sophisticade implantables such as flow di-

version devices and intracranial stents. However, these fail to alleviate the issues faced due to

lack of steerability at the micro-catheters tip and furthermore are contra-indicated for rup-

tured aneurysms due to the anti-platelet/anti-coagulant requirement. Additionally, it can be

very difficult to deploy stents around sharp curves such as the carotid siphon [43], and proxi-

mal tortuous vessels add to this difficulty.

2.3.1 Magnetic systems

Magnetic approaches to catheter steering were proposed in the 1950’s [44]. De-

spite limitations associated with miniaturization of magnetic actuation [45, 46], magnet-

ically driven micro- and nanorobots have made valuable contributions towards steerable
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catheters [47–55], micro-scale flagella [56], and tunable microstructures [57]. A more recent

study combined soft polymer structures and ferromagnetic domains to steer continuum soft

robots using an externally applied magnetic field [58]. Magnetically driven steering has been

demonstrated previously in humans in pulmonary vein ablation [59, 60] and in cardiac elec-

trophysiology procedures [61]. A key challenge to overcome with magnetic actuation is the

magnitude of magnetic force needed to drive actions. When a system is miniaturized, the

force generated magnetically decreases by a factor 4 [45]; this implies a significantly large

magnetic force is required as devices are scaled down, while a large distance between the

driving magnet and medium must be maintained. In addition, implementation of magnet-

ically controlled catheters requires costly infrastructure such as robotic arms and external

control systems [62].

2.3.2 Wire-pulley systems

Pull-wire systems, based on the Bowden cable technique, were proposed as a means of

catheter steering in the 1960’s [63–67]. Wires run from the proximal end of the catheter to the

distal tip where a deflection can be achieved based on the push or pull motion of the cables.

These range from single cable systems for unidirectional deflection [68] to multi-segment [69]

for dual directional control. Pull-wire systems are hampered by inevitable undesired torsion

[70], buckling [71], internal friction [72], and external friction [73, 74]. These factors, and the

stiffening often used to avoid them, can independently or together result in undesired tip

motion resulting in vascular damage [75–77].

2.3.3 Piezoelectric ultrasonic systems

Piezoelectric ultrasonic approaches [78, 79] have also been proposed, but currently

face practical reliability and safety challenges. Using vibration transmitted across a contact
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interface to a steerable component, the devices are liable to lose the steerable component

or exhibit unanticipated motions when in contact with the vascular wall. They also require

1 MHz or greater frequency oscillating electrical signals to be transmitted to the distal tip, and

neither wired nor wireless methods are able to do this to date.

2.4 Soft Robotics and steerable actuators

Traditional robots are embedded with various rigid components which limit their

use in delicate and unstructured environments as required in minimally invasive surgery.

A large variety of biological organisms exhibit complex movements with soft structures, for

instance octopus arms or elephant trunks which comprise of muscular hydrostats and plant

cells which can change shape when pressurized by osmosis [80]. This fascinating natural

behaviour has led to an array of bioinspired soft robots, usually driven pneumatically or hy-

draulically.

Hydraulic and pneumatic microactuators can be divided into three distinct cate-

gories: elastic fluid actuators, piston-cylinder fluidic actuators and drag based fluidic actua-

tors [1].

Figure 2.2: Categories of hydraulic and pneumatic actuators. Image reproduced from De
Volder et al [1].

Elastic fluid actuators comprise of components made of an elastic material that can be

actuated by application of fluid pressure, usually applied on a membrane, balloon or bellow
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to perform a desired motion.

Figure 2.3: Types of elastic fluidic actuators. Image reproduced from De Volder et al [1].

Over the past decade, the burgeoning field of soft robotics; a subfield of robotics that

comprises of highly deformable materials typically drawn into bioinspired 3D structures has

seen unprecendented growth and gained traction both in scientific research and a variety

of applied technology [1, 81–84] ranging from anatomical replacements such as prosthetic

limbs to surgical tools [85–89]. Anatomical replacements include prosthetic limbs, hands and

sensory robots used to translate nervous signals into physical motion meant to replicate the

functionality of the real body part. Soft actuators can also be used to access tortuous paths

and perform compounded miniature movements in minimally invasive surgery which would

otherwise require the invasive route or be inaccessible altogether. Although various soft actu-

ators have been proposed to conduct complex surgical manouvres over the last two decades,

few if any have translated into clinical application. However, owing to rising demand and

advances in microfabrication techniques the field is rapidly progressing towards miniature

devices feasible for adaptation into clinical practice.

The actuation mechanism, materials, design and fabrication method for soft robots is

dependent on the targets. Soft robots have been developed over a wide range of length scales

which is dependent on the application being targetted. For instance, prosthetic limbs require

features that are 10−1-10−2m where as actuators for surgery range from 10−3 to feature sizes

up to 10−6 m depending on the anatomical part being treated. The latter is also dependent

on the surgery route being opted: minimally invasive or otherwise.
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Embedded pneumatic networks (PneuNets): soft actuators that link balloons of dif-

ferent wall thicknesses on either side [90, 91], have previously been used to develop a range

of actuators. These include a star-fish shaped multifunctional gripper device with tip-to-tip

diameters of 9-14 cm that demonstrated gripping of chicken eggs, thin tubes, threads and

mice [92], and 1 cm diameter soft robotic tentacles with three-dimensional mobility enabled

by 4 mm wide channels to grip and manipulate objects with complex shapes [93]. Other

studies at a relatively larger scale, 15(L)×2(W)×1(H) cm, presented pneumatically actuated

multi gait soft robots made using soft lithography with different sections of PneuNets to per-

form a variety of motions such as crawling, undulating into gaps and supporting objects of

much higher density [94, 95]. This was extended at an even larger scale (65 cm long) to make

an untethered version using heat resistant silicone to perform motions such as walking, lift-

ing weight in extreme temperature environments ranging from -20◦ to 300◦C. With advance-

ments in 3D printing and soft lithography, Wehner et al. presented an eight arm soft robot

dubbed the “octobot" [96], where each arm can be pneumatically controlled to alternate be-

tween actuation states. At 6(L)×6(W) cm, and actuation pressures of 3-9 psi, the arms pow-

ered by hydrogen peroxide as fuel, allow for untethered actuation.

At relatively smaller length scales, Parry et al. first analyzed the joint angle and torque

developed at the hinge joint of spider legs as a function of internal pressure generated via mi-

crofluidic actuation [97]. However, due to the complicated 3D structure, it was four decades

later a physical model of a spider leg was fabricated and tested [98]; with 1 mm diameter mi-

crojoints it exhibited bending angles of 40 degrees with 20µNm of bending moment at driving

pressures of 15 psi. Suzumori et al. first developed a 1-12 mm flexible balloon microactuator

with three internal chambers that relies on electro-pneumatic or electro-hydraulic actuation

to inflate the chambers at upto 60 psi to obtain bending up to 100 degrees for a 4 mm ver-

sion [99]. Fiber-reinforcement in the circular direction was used to promote axial deforma-
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tion and resist radial deformation while spiral reinforcement promoted rotational displace-

ment. The 12 mm diameter version of this was later extended to combine multiple FMA’s

to replicate the functions of a human hand such as holding, pinching, grasping and rotat-

ing [100]. Subsequent to this various studies utilized stereolithography to fabricate balloon

actuators utilized for conveyance of loads [101–103].

Simaan et al. [104] utilized Nitinol tubes to make a 4.2 mm diameter multi backbone

snake like mechanism that can bend 90◦ in any direction for laryngeal surgery. Subsequently,

the optimized motion of the same device was used for suturing [105]. Kim et al integrated a

stretchable mesh sensor on a balloon catheter that can be used in cardiac electrophysiologi-

cal mapping and ablation therapy [106].

The first balloon based surgical tool, comprising of 3 balloons actuated via resistive

heating of nitrogen to generate differential pressure was used to steer a 4 mm diameter

catheter in the desired direction at pressures of 3 psi [107]. Later, to eliminate traditional

spatula induced tissue damage in neurosurgery, a 70(L)×9.6(W)×2.2(H) mm latex balloon

actuator operating at 15 psi, was used to conduct complex bending maneuvers between the

brain and endocranium of a pig [108]. Extending into the ophthalmic space, Watanabe et al.

developed a 3×3×0.1 mm PDMS pneumatic balloon actuator requiring a bending moment

of 3 mN to demonstrate smooth in vivo operations on the eyeball of a pig without causing

eyeball damage [109]. At the sub-milimeter length scales, a parylene balloon actuator driven

by electrolysis to generate bending motion was used as a neural probe [110].

Balloon actuators have also been used to fabricate fluid actuated PDMS microgrippers

(1(W)×3(L) mm) requiring 400 kPa for actuation [90, 91]. In a separate study, 1 mm diameter

parylene balloon biological microhands [111], requiring 115 psi for actuation demonstrated

manipulation of capelin eggs without causing damage.

Paek et al. presented a high aspect ratio microtube with a single channel for actua-
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tion to safely handle delicate micro-objects [112]. The microrobotic tentacles had an inner

diameter of 100 µm and an asymmetrical wall thickness with the thicker side being 36 µm

and the thinner side being 8 µm, implying an average outer diameter of 150 µm. These were

fabricated to lengths of 5-8 mm and required 4-10 psi for actuation. While the wall thickness

and outer diameter may not be consistently repeatable with high accuracy, the soft tentacles

were used to successfully hold 600 µm diameter capelin eggs and ants by actuating the tip

into a spiral. In the most recent study involving the penetration mechanics of a beetle in-

tromittent organ showed how the challenge in inflation induced bending of high aspect ratio

soft structures without buckling or rupturing is solved by nature [113], and could be used for

the development of safer catheters.

2.5 Limitations of existing fabrication methods

Fabrication methods have advanced over the last half century to enable machining

arbitrary shapes to the micro-scale. Progress in photolithography, nanoimprint lithography,

two-photon lithography to electron-beam lithography and ion-beam machining have en-

abled the creation of massively parallel integrated semiconductor circuits, microelectrome-

chanical (MEMs) devices, and micro and nanofluidics. These technologies have revolution-

ized medical devices and practices [114, 115]. However, manufacturing arbitrarily-shaped

structures using hyperelastic materials at length scales between 10 µm and 1 mm remains

a challenge due to the convergence of van der Waals, electrostatic, gravitational, and other

forces of similar magnitudes at this scale, making machining and manufacturing difficult

[116]. Both photolithography and 3D printing are inadequate for manufacturing devices at

these length scales. Despite this, advancements in manufacturing methods have produced

reductions in catheter diameters down to 1.8 Fr (600µm). This has enabled new endovascular

techniques at more distal anatomical locations which is accompanied by increased tortuos-
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ity, additional bifurcations, and decreasing vessel diameters. This added complexity of distal

vessel pathologies requires even more precise positioning for device deployment for effec-

tive treatment, requiring dexterous maneuvers by the interventionist [117–119]. As a result,

robotic-actuator assistance has grown to become a pressing unmet need in interventional

procedures.

With readily available 3D printing and CNC machining capabilities, complex mold

designs at length scales above 1 millimeter are relatively easy to fabricate. Over the last few

decades, microfabrication technology has seen immense growth, this is evidenced by the

wide variety of fabrication methods presently available. These include though are not lim-

ited to photolithography, nano-imprinting, hot-embossing among many others which en-

able fabrication of designs in the order of 10−9 m to 5 × 10−6 m. However, hitherto there

have been limited attempts to combine microfabrication methods with the burgeoning field

of soft robotics to develop tools at the 50µ m to 1 mm length scale as required for delicate

micro-surgical procedures.

2.6 Clinical rationale for steerable catheters

Randomized controlled trials have demonstrated that the use of steerable sheaths in

procedures such as ablation for atrial fibrillation results in reduced procedure time and X-ray

exposure as well as improved single procedure success rates likely due to improved precision

of ablation target access [120]. Comparative studies between steerable and non-steerable

catheters have also demonstrated significant reductions in procedure time and improve-

ments in patient safety in patent foramen ovale closure and mitral valve repair [121–123].

Steerable catheters have also been demonstrated to yield better positioning of sophisticated

implants in atrial septal defect repair and mitral valve clipping [124, 125]. Although steer-

able sheaths are now commonly used, some limitations remain [126]. Commercially avail-
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able steerable sheaths are typically no smaller than 8F, and deflection is limited to a single

plane [126]. Steerable catheters are a potential solution, though are not yet widely available.

2.7 Proposed approach

In addition to the clinical need for steerable catheters, a significant step is to recognize

that the safe and broadly accepted use of microballoons in neurointervention, represents a

crude form of soft robotics. Balloon catheters have been frequently used to conduct angio-

plasty or balloon septostomy via cardiac catheterization (heart cath), tuboplasty in uterine

catheterization pyeloplasty using a detachable inflatable balloon stent positioned via a cys-

tocopic transvesicular approach. In neurointervention, balloon catheters are frequently used

to reverse blood flow during ischemic stroke clot retrieval and to perform balloon assisted

coiling in difficult to access tortuous vasculature locations. The focus of the next chapter is

on the design constraints based on the clinical needs leading to a novel fabrication method

synthesizing micro-fabrication and soft-robotics to develop a steerable tip micro-catheter

that has potential to overcome the short-comings of the current devices.
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Chapter 3

Catheter design

3.1 Endovascular surgical approach

Endovascular surgery involves inserting catheters from the femoral artery near the

groin and navigating them to the desired location for treatment. The dimensions and me-

chanical properties of the catheter vary depending on the target disease indication. The ma-

terial choice and catheter mechanics are decided based on the confluence of size, tortuosity

of the target geometry, delicate anatomy, and surrounding environment. For instance, gen-

eral vascular procedures near the descending thoracic aorta and the abdominal aorta require

large bore catheters. Cardiovascular procedures require slightly smaller catheters, and neuro-

endovascular procedures require micro-catheters (<1 mm diameter).
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Figure 3.1: Illustration of the insertion of a catheter at the femoral artery, navigated to the
heart.

During a typical neuro-endovascular procedure, first an introducer is inserted into

the femoral artery (Fig. 3.1); this provides a large bore space to enable insertion of the guide

catheter (Neuro 070 in Fig. 3.2). Guide catheters typically have diameters within a range

of 5-8 Fr (1.67 - 2.67 mm) and are advanced to the base of the internal carotid artery using

large diameter guidewires (0.041" = 1 mm). The guidewires have a curved tip and are used to

lead the catheter via torquing. Once the guide catheter is positioned, a reperfusion catheter

(Reperfusion 041 in Fig. 3.2), that ranges over 4-5 Fr (1.33 - 1.67 mm) is advanced within

the guide catheter. The reperfusion catheter is positioned at the top of the internal carotid

artery and provides a transitional zone between the guide catheter and the microcatheter.

The microcatheter (SL10 microcatheter in Fig. 3.2), normally 2.7 Fr (900µm) in diameter is

inserted and led using a micro guidewire (0.014" = 360 µm diameter).
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Figure 3.2: Endovascular catheter setup.

Each of the rotating hemostatic valves (RHV’s) are connected to an external flush line

establishing a continuous fluid column between the flush system and the catheter a pres-

sure of 300 mmHg. Heparinized saline is used to as the flushing fluid within the catheters

to prevent blood from clotting provide a smooth passageway for devices passing through the

central lumen of the catheters.

3.2 Dimensional constrains

Cerebral arteries supplying blood to the different parts of the brain begin above the

neck at the base of the internal carotid artery (ICA) and go through to the middle carotid

artery (MCA) bifurcation which leads to smaller and more tortuous cerebral vessels. The

MCA has a diameter of approximately 2.6 mm [127] (Fig. 3.3); blood vessel branches be-

yond the MCA gradually decrease in size to 1 mm or less [128]. The majority of aneurysms

occur in vessels of 1.5 mm diameter or less. To navigate smoothly within the cerebral blood

vessels, current gold standard microcatheters have an outer diameter of 900 µm (3 Fr) and
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inner diameter of 400 µm (1.2 Fr) to provide a lumen for guidewires, detachable coils, and

sophisticated endovascular devices such as stents and flow diverters.

Figure 3.3: Illustration of middle carotid artery dimensions.

3.3 Proposed design of the soft-robotic microcatheter

To provide clinical compatibility and immediate familiarity when used in existing pro-

cedures, and to augment the existing guidewires and implantable coils, the steerable tip

micro-catheter described here was designed to have an outer diameter of 900-µm, and a 400-

µm diameter central lumen. The wall of the micro-catheter encloses four 50-µm diameter

channels for hydraulic actuation (Fig. 3.4 b). Upon pressurizing one of the 50-µm diameter

channels, an axial differential strain is induced in the structure about its midplane —the axis

of symmetry along the length of the tip —causing bending of the tip away from the pressur-
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ized channel (Fig. 3.4 c).

Figure 3.4: Dimensional constraints, a) existing gold standard catheters, b) proposed steer-
able catheter design and c) working principle of the soft-robotic microcatheter via with hy-
draulic actuation.

To provide clinical compatibility and immediate familiarity when used in existing pro-

cedures, the steerable tip micro-catheter described here was designed to have an outer diam-

eter of 900 µm, enclosing four 50 µm diameter channels for hydraulic actuation and a 400 µm

diameter central lumen. Upon pressurizing one of the 50 µm diameter channels, an axial dif-

ferential strain is induced in the structure about its mid-plane—the axis of symmetry along

the length of the tip—causing bending of the tip away from the inflated channel (Fig. 2.2 b).

Accessing the smaller tubular structures in arteries requires dexterous interventional

systems of catheters, wires, and devices that can perform complex maneuvers in three-

dimensional space. Novel and existing fabrication techniques can be augmented to create

these steerable tools. Due to their hyperelastic and deformable nature, soft-bodied actua-

tors demonstrate promise for traversing tortuous paths and performing compound minia-

ture movements in interventional procedures that would otherwise require an invasive route

or would altogether be inaccessible. The next chapter provides the detailed fabrication and

assembly process.
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Chapter 4

Fabrication method

Catheters are the primary tool utilized for treating vascular pathologies such as cere-

bral aneurysms via endovascular approaches. Although catheter technology has improved

over the past few decades, with notable advancements in pushability [72] and polymer coat-

ings [129], the inability to steer the catheter tip in vivo remains [119]. This complicates the

navigation of tortuous anatomy, gaining access into geometrically complex vascular patholo-

gies that occur with aneurysms, and placement of the catheter tip in a stable position while

deploying coils, stents or sophisticated implants. Current gold standard aneurysm emboliza-

tion procedures use curved-tip guidewires to provide access via a previously introduced

guidewire into aneurysm geometries that require acute catheter turns from the parent artery.

However, upon retrieval of the guidewire in preparation to deliver coils, the catheter tip bends

back to its original curvature, preventing coil deployment in the desired optimal direction.

The need to develop a fabrication approach for soft robotic steerable catheters arises from

the confluence of a clinically unmet need and the engineering challenge described in chap-

ter 2. Despite advances in industrial extrusion and manufacturing methods, given the design

constraints described in the previous chapter (chapter 3), the required feature size presents a

challenge even for existing large scale industries with experience. Feedback received includes
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the feature sizes are too small, impossible to extrude, or not feasible with the existing machin-

ery available. This consolidates the need to develop a new approach to fabricate micro-scale

soft robotic devices with high aspect ratio features.

4.1 Mold cast technique

The fabrication of the steerable tip is a multi-step process starting with preparation of

the molds, followed by formation of thin polymer films, alignment of metal rods, and casting

of the silicone rubber before demolding to obtain the steerable tips. A meso-scale molding

process employing thin wires cast with silicone rubber in polyurethane plastic molds was

used.

4.1.1 Mold preparation

To fabricate a mold for a circular catheter tip, 900µm diameter glass rods, and 450µm

high rectangular glass sheets were laid out in parallel on a microscope slide as shown in Fig-

ure 6.2. The capillary tubes and glass strips we bonded to the microscope slide using using a

UV cured epoxy (NOA60, Norland Inc.). As a general rule it is important to ensure the diam-

eter of the circular tubes, D is equal to that required for the final silicone rubber tubing, and

the height of the rectangular glass tubing is D/2.
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Figure 4.1: Ilustration of mold preparation process. a) Circular glass rods (diameter 900 µ m)
were placed next to rectangular glass sheets (height 450 µ m) and bonded to a microscope
glass slide using UV epoxy (b).

Subsequent to this, the assembly was placed in a dessicator to deposit silane (as shown

in Figure 4.2a) through chemical vapor deposition under −0.05 MPa vacuum for 1 hr. This

provides a nanometer thickness release coating on the surface of the glass tubes and flat glass

strips which will enable easy demolding of the mold in the next step. The molding material,

a two-part polyurethane plastic, Smooth-Cast® 327 (Smooth On, Inc), selected for its high

hardness and smooth finish, was poured over the assembly and degassed, Figure 4.2b. Upon

curing this forms a negative of the catheters’ final outer diameter comprising of a high hard-

ness material with a smooth surface finish, Figure 4.2e.
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Figure 4.2: Ilustration of mold formation process. a) Silane was deposited via CVD on the
assembly, b) Smooth-Cast® 327 was poured over the assembly and allowed to cure for 24
hours. c) Upon curing d) de-bonded to obtain e) the mold.

4.1.2 Casting the steerable tip

A custom extruded multibore glass-capillary tube (Vitrocom, Inc, NJ, USA) with an

outer diameter of 900 µm, inner diameter of 400 µm, enclosing four 60 µm channels in the

wall was placed in the mold. Two molds were placed facing each other with the custom man-

ufactured glass capillary tube hemmed between them, Fig. 4.3b. A 400 µm diameter glass

capillary tube was placed in the central lumen of the custom manufactured multi-bore tube,

extending out by 30 mm. Dragon-Skin® 10 SLOW (Smooth On, Inc) was pumped into the

the Smooth-Cast® 327 mold and compressed air used to clear the channel and leave a thin

( 20 µm) layer of Dragon-Skin, Fig. 4.3e. The Dragon-Skin was cured at 100◦C for 30 minutes.
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Heat curing Dragon-Skin causes the material to stiffen relative to curing at room tempera-

ture [4].

Figure 4.3: Ilustration of the casting process. a) Two molds are placed facing each other, b)
A custom extruded glass-capillary tube is placed in the mold and c) hemmed between the
two molds. d) Dragon-Skin® 10 SLOW (Smooth On, Inc) was pumped into the mold and
compressed air (2 psi) was pumped through the custom extruded glass capillary tube. e)
(Silane was deposited via CVD on the assembly, b) Smooth-Cast® 327 was poured over the
assembly and allowed to cure for 24 hours. c) Upon curing de-bonded to obtain the mold e).

Thin, custom manufactured rods of equal length with a diameter of 50 µm and made

of 3% rhenium-tungsten (Mitaka co ltd, Tokyo, Japan) were slipped into the 60µm bores of the

multi-bore tube so that they extend out by 15 mm in the mold as shown in Figure 4.3f. The

3% rhenium-tungsten is used instead of 100% tungsten for higher hardness and a smooth

surface finish. The four rods are placed parallel to each other in a square array as defined by

the 4 bores of the glass tubing. A 1:1 mixture by weight of the Dragon-Skin® 10 SLOW and

hexane (CAS 110–54–3, 95% anhydrous hexane, SigmaAldrich, St. Louis, MO USA), prepared

for its low viscosity and mechanical properties was injected into the region enclosed by 100%

Dragon-Skin® 10 SLOW formed in the previous step. Upon curing, the rods and the 400µm
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glass capillary tube were carefully withdrawn leaving behind the cavities for the hydraulic mi-

crochannels. The Smooth-Cast® 327 molds were then separated to obtain the silicone rub-

ber tubing with four hydraulic channels measuring 50µm in diameter and a 400µm central

lumen, image and cross-section of the tubing shown in Figure 4.4.

Figure 4.4: a) Plan and b) cross-section images of the as-fabricated steerable tip tubing, with
a length of 15mm, an outer diameter of 900 µm, an inner diameter of 400 µm, and four 50 µm
channels in the tube wall. The relatively rigid coating upon the softer interior material that
forms the hydraulically-driven tip is visible via SEM cross-section images, and is approxi-
mately 25 µm thick.

4.1.3 Biplane x-ray visible radiopacity

To ensure the steerable tip is visible via digital biplane x-ray typical in interventional

angiography suites, gold radiopaque markers (27121A, Johnson Matthey, San Diego, CA USA)

were embedded in the soft polymer tip. The markers are positioned at three distinct locations.

The first and second markers indicate the beginning and end of the steerable portion of the

micro-catheter tip. The third marker, the most proximal, is located 3 cm from the distal end

of the catheter tip and during procedures aligns with the marker on the coil pusher of an em-

bolization coil. This third marker aids in visualization of the point at which an entire coil has

been deployed into an aneurysm, indicating that the pusher should not be advanced further
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and can be detached. This marker could be similarly used for other types of devices, including

flow diverters or stents that may be placed in the lumen of the micro-catheter. The remainder

of the non-steerable portion of the catheter was made with custom-extruded barium-filled

pebax tubing to achieve clinically required radiopacity and transitional stiffness, described

in the next section

Figure 4.5: Image of the micro-catheter as visualized under bi-plane x-ray in the ex vivo
model showing the radiopaque markers and their respective locations. Markers 1 and 2 are
at the begining and end of the steerable tip. Marker 3 is located 3 cm from Marker 1.
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4.1.4 Assembly of full length devices with transitional stiffness:

For each assembled microcather, the 400 µm diameter central lumen and 50 µm-

diameter channels were tethered to a handheld controller through microtubing to luer lock

connectors. This process involves connecting polyimide micro-tubing (Microlumen, Olds-

mar, FL USA) with the hyperelastic material steerable tip. A special epoxy (LOCTITE ®4061

TM, CT, USA) that enables bonding of elastomeric materials to plastic was used to complete

this bonding step.

Figure 4.6: Illustration of a) connecting the steerable tip to the custom extruded multi-bore
tubing, b) inset showing the placement of the polyimide microtubing.

Pebax, a copolymer made up of rigid polyamide and soft polyether, is the gold

standard tubing material used to make catheters. Manipulating the ratio of polyamide to

polyether defines the material’s stiffness or durometer for the creation of a large range that

spans the flexibility spectrum from very hard and rigid to very soft and flexible, without the

need for plasticizers. These unique polymers are biocompatible and maintain the highly de-

sirable combination of the toughness traditionally associated with polyamides and the flexi-

bility/elasticity more often seen with polyethers/polyesters.

While general factors relating to guide catheter selection often come down to personal

choice or experience, generally desirable properties in a catheter are a soft atraumatic distal
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end, a sturdy proximal shaft for support, and multiply graded transitions in rigidity from the

proximal to distal ends [130], as illustrated in Fig. 4.7b.

Figure 4.7: Illustration of a) catheter in a stretched state, b) compressed at both ends, along
with vasculature model to demonstrate transitional stiffness requirements.

In commercially available catheters the lengths and durometer hardness of each sec-

tion are proprietary. Different systems have been previously proposed in research [131], some

including 12 segments [132], others specifically analyzing respective lengths of stiff and soft

sections at the tip [133]. However, due to the subjective preferences, anatomical and clinical

case variations, no gold standard exists for lengths of the transitional rigidity zones. Using the

representative lengths of the internal carotid artery, common carotid artery, brachiocephalic

trunk, descending aorta, abdominal aorta, common iliac, and external iliac artery, sections of

the catheter were assembled. These were iteratively tested in the ex vivo silicone model and
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clinician feedback used to modify the lengths to improve pushability while maintaining a soft

distal end.

Pebax® 3533 (Nordson Medical, Huntington Beach, CA USA), selected for its softness

and flexibility, was reflowed over the polyimide-Dragon-Skin interface to complete the bond-

ing process and formed the distal end. Pebax tube segments of increasing durometer hard-

ness were telescopically connected via standard reflow procedures [134] to obtain full length

(160 cm) catheters. The transitional stiffness design was selected to comply with clinical re-

quirements, where lower durometer materials (pebax 3533, pebax 4533) are used closer to the

distal end that traverses cerebral arteries, intermediate durometer materials (pebax 5033, pe-

bax 6233) are used in the cardiovascular region, and higher durometer materials (pebax 7233)

are used at the proximal end that is near the insertion point at the femoral artery as shown in

Fig. 4.7a. The final design had pebax 3533 (10 cm), pebax 4533 (12 cm), pebax 5033 (15 cm),

pebax 6233 (23 cm), and pebax 7233 (100 cm).

A reflow procedure involves placing a mandrel in the central lumen and thin wires

in the hydraulic channels, both extending from the catheter tip to the proximal end of the

catheter. These have to be kept in a stretched state to ensure alignment of the hydraulic

channels and maintain structural homogeneity along the length. Heat shrink tubing (Fluo-

roPEELZ, ZEUS, Orangeburg, SC USA) is sleeved over the assembly. Using a controlled heat

source, a temperature of 150 ◦C is applied along the length of the heat shrink tubing. This

causes the enclosed pebax tubing with a melting point of 150 ◦C to flow. This enables bond-

ing the distal end of the catheter to the steerable tip and multiple durometer pebax tubing

along the length to achieve transitional stiffness. Once the pebax has been flowed the heat

source is withdrawn. Upon cooling, the mandrels and thin wires are removed and the heat

shrink tubing peeled away leaving behind a full-length catheter with hydraulic channels in

place.
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4.1.5 Catheter hub at the proximal end

To enable seamless entry of guidewires and coils, a Luer lock catheter hub was at-

tached at the proximal end of the microcatheter to pebax 7233 tubing. The microcatheter hub

must be precisely aligned with the proximal end of the microcatheter to ensure the guidewires

and coils being inserted are not obstructed.

4.1.6 Hydrophillic coating

The assembled micro-catheter comprises of pebax tubing tethered to a hyperelastic

material tip. Silicone rubbers and pebax are known to exhibit substantial friction when navi-

gating through highly unstructured environments [117,135]. Commercial catheters have pro-

prietary hydrophillic coatings to reduce the frictional effects during clinical use. In order to

reduce the friction effects on the assembled steerable tip micro-catheter, both the inner lu-

men and outer surface of the catheter were coated with a hydrophilic coating (ON-470, Acu-

lon Inc, San Diego, CA USA) to reduce friction between the micro-catheter and the endothe-

lial walls of the arteries, and between the micro-catheter and devices such as coils passed

within the lumen. The external coating was applied via submerged dip coating followed by

a sponge constricted wipe along the length of the micro-catheter. The interal coating was

applied by first injecting the hydrophillic solution through the catheter hub. To obtain a clear

passageway in the central lumen, compressed air was injected at 2 psi for 2 min. This leaves

behind a thin layer of the hydrophillic coating on the inner walls of the central lumen.

A fully assembled 160 cm long micro-catheter with a hyperelastic material steerable

tip comprising of 4 hydraulic channels for steering is shown in Figure 5.1.
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Figure 4.8: Image of a fully assembled microcatheter showing the steerable tip, luer connec-
tors for the hydraulic channels and the catheter hub.
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Chapter 5

Material properties, analyses and

characterization

5.1 Radius and radial location of the hydraulic channels

The inner and outer diameters of the steerable micro-catheter tip are inherently con-

strained by the diameter of the cerebral arteries [127] and designed to be commensurate with

the dimensions of the existing gold standard micro-catheters. However, producing a steer-

able tip without radial expansion requires a design study focusing upon the hydraulic chan-

nel radius, Rh and radial position, RP, of the hydraulic channels as parameters.
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Figure 5.1: Illustration of a) Radial position RP , and b) Radius Rh of the hydraulic channel in
the micro-catheter.

To assess the influence of varying the radius and radial position of the hydraulic chan-

nels on the curvature of the steerable tip, a computational model is required. In order to im-

plement the computational model, the material properties of the hyperelastic polymers used

to fabricate the steerable tip need to be established. This first part of this chapter elaborates

on a combination of experimental and analytical approaches to obtain the properties of the

hyperelastic materials used. The second part of this chapter utilizes the material properties

obtained from the first part to implement a computational model and characterize perfor-

mance of the steerable tip against experimental data.

5.2 Hyperelastic material properties

Soft robotics has increasingly gained traction in research and applications over the

last decade [84]. This typically involves making actuators of different sizes and configura-

tions using hyperelastic materials, biological materials, or synthetic soft tissues [136] to per-
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form dextrous maneuvers that would otherwise be impossible to conduct using conventional

rigid robots. Hyperelastic materials can be manufactured with biocompatibility and a broad

range of elastic moduli, failure strains from 200% to over 1000%, surface properties, solvent

resistance, and thermal resistance. The material choice depends upon the target application,

making it one of the most critical parameters in research design and development. The expo-

nential growth of the soft robotics discipline has been driving a similar growth in the number

and variety of hyperelastic materials. Understanding and controlling their behavior in appli-

cations is crucial to continue this growth.

In order to design and characterize the behavior of hyperelastic polymer materi-

als, various constitutive models have been developed in the past. Beyond the classic Neo-

Hookean model [137], the theory for large deformations of hyperelastic polymers was initi-

ated by the seminal work of Mooney [138] and further elaborated by Rivlin and Saunders [139]

which has come to define the Mooney-Rivlin model. Other well-known models include the

Ogden [140], Yeoh [141], Blatz-Ko [142], Arruda-Boyce [143], and Gent [144] models. Each of

these constitutive models require one or more hyperelastic constants, and finding values for

those constants typically require a regimen of experiments.

In the case of the Neo-Hookean model, uniaxial tests are sufficient to fully determine

the single constant that it requires to define the material. However, most other models re-

quire more than one material constant, and so more experimental tests are required, usu-

ally among the following choices: pure shear, equibiaxial tension, planar tension, uniaxial

compression, uniaxial tension, and biaxial membrane (bulge) tests [145]. An alternative ap-

proach using atomic force microscopy nanoindentation tests was studied by Dimitriadis, et

al. [146], and subsequently in a few more studies [147–149] where parameters B1 and B2 rep-

resent the hyperelastic constants. This approach requires extraction of B1 and B2 using the

Young’s modulus E , however there is no established relationship between B1, B2, C1, and C2.
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There has been demonstration of a purely computational approach, without experimental

validation, that involves a finite element model (using ABAQUS, Dassault Systèmes, Vélizy-

Villacoublay, France) comparing the results obtained from neo-Hookean, Mooney-Rivlin and

Yeoh models. Other approaches involve extraction of the storage modulus [147, 150] to it-

eratively tailor the behavior of PDMS. The tensile and compressive moduli can also be ex-

tracted using [151] tensile and compressive testing. In the two-parameter Mooney-Rivlin

model, second-order Yeoh and second-order Ogden models, two hyperelastic constants are

required. For instance, the first and second hyperelastic constants C1 and C2, also referred

to as C10 and C01, respectively, in the two-parameter Mooney-Rivlin case. While uniaxial ten-

sile tests are sufficient to obtain the first hyperelastic constant C1, biaxial membrane tests are

typically necessary to obtain the second hyperelastic constant C2. Various methods and re-

sults have been presented to extract the hyperelastic constants [152, 153], however, there are

limited benchmark results for the values of hyperelastic constants of common materials such

as polydimethylsiloxane (PDMS, Sylgard™ 184, Dow Corning Corp., Midland, MI USA) and

many other proprietary hyperelastic materials, such as the platinum-cure silicone Dragon

Skin (Smooth-On Corp., Macungie, PA USA).

The first reported values for PDMS were C1 = 34.3 kPa and C2 = 46.9 kPa [154], ob-

tained from uniaxial tensile tests. In a subsequent study, uniaxial experiments were con-

ducted in both axisymmetric and asymmetric fashion, and computational simulations using

constitutive models were used to compare against experimental data and establish material

constant values for the models [155]. Sasso et al. [145] added biaxial tests to uniaxial tests

on rubber-like materials and validated the results with finite element analysis (ABAQUS) to

determine the values of the material constants for the Neo-Hookean, Arruda-Boyce, Mooney-

Rivlin, Ogden, and Yeoh material models. Later, the results of ultra-large deformation bulge

tests conducted on PDMS microballoons were compared to finite element analysis (ANSYS,
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Inc., Canonsburg, PA USA) to obtain C1 = 75.5 kPa and C2 = 5.7 kPa for PDMS [156], remark-

ably different than Kawamura et al. [154]. Uniaxial tensile and compression tests of dielectric

elastomers have been used in conjunction with finite element analysis (ABAQUS) to deter-

mine the properties of dielectric elastomers [157], though these materials would certainly be

expected to exhibit mechanical properties different than pure PDMS.

The overall approach in the literature has been to validate experimentally-obtained

results with finite element analysis, and then use the results of this validation to derive the ap-

propriate constants necessary to represent the material with an analytical model. While the

use of computation to compare with experimental results and determine the constants for

use in an analytically-derived model is convenient, it is tedious and subject to modeling and

representation errors made in finite element analysis. Since it is actually possible to directly

use the theory in determining the appropriate values for representative constants such as C1

and C2—without having to resort to computational analysis—a viable alternative is to omit

the computations. This avoids potential problems arising from approximate representation

of the boundary conditions and interfaces present in the system when using finite element

analysis. The theoretical approach likewise eliminates the computational costs associated

with obtaining and running FEA models.

We consider as an example of this approach the inflation of a small cylindrical disk

of hyperelastic media restrained at the periphery. Christensen and Feng [158] long ago com-

bined the theory developed by Mooney [138] and Rivlin [159] with an approximate closed-

form solution for the inflation of a thin circular disk to determine the hyperelastic material

constants, but there has been no demonstration since to use this theory to produce, for ex-

ample, the C1 and C2 values for PDMS. In other words, no one has used a purely analytical ap-

proach to validate the experimental data. However, over this same time many [145, 155, 160]

have used the comparatively painstaking approach of introducing computations to deter-
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mine these values, as they enable analogous representations of the respective experiments

conducted on the hyperelastic materials. In this paper, a non-dimensionalized analytical

validation method is provided as a universally applicable approach regardless of the details,

provided the minimum criterion for the stretch ratio is met as discussed later.

5.3 Biaxial membrane tests

5.3.1 Experiments

Different hyperelastic materials will exhibit independent hyperelastic constants. Uni-

axial tensile tests are frequently employed to extract the first hyperelastic constant C1, how-

ever to obtain the both C1 and C2, a biaxial membrane test is required. Biaxial tests can be

conducted in different configurations, either beginning with a 3-dimensional balloon or bi-

axially inflating an initially flat disk. Making uniform flat, thin films is easier than fabricating

3-dimensional balloons with good surface uniformity out of unknown materials, and so we

adopt the biaxially inflated flat disk approach.

Thin films of five different hyperelastic materials, PDMS (Sylgard™184), Dragon-

Skin™10, Eco-flex™30, Sorta-clear™40, and Dragon-Skin™mixed with hexane (weight ratio

Dragon-Skin A:B:hexane = 1:1:1), were made made by combining the base and curing agent

in the manufacturer recommended ratio. Glass slides were coated with release agent (Ease

Release™200, Mann Release Technologies, Macungie, PA, USA). All the hyper-elastic poly-

mers were spin-coated at 750 RPM for 60 seconds. Upon curing, the resulting thin films were

placed in a custom fixture shown in Fig. 5.2.
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Figure 5.2: a) A Luer connector base and steel plate with hole provided to pass the membrane
through when inflated, shown (b) from slightly above the horizontal view. The membrane,
upon hydraulic inflation from the Luer lock expands as a nearly spherical shape to produce
a vertical height above the steel plate of ∆ that grows with inflation until membrane failure.
The o-ring beneath clamps the membrane in place against the steel plate.

The 3-mm diameter of the circular hole in the base plate and steel plate are similar to

eliminate potential lateral stretching. The 4-mm diameter, 0.5-mm thickness O-ring prevents

air leakage between the Luer connector base and the steel plate; it is sized to be commensu-

rate with the inner diameter of the steel plate to prevent interference with the membrane

expansion from the circular hole. The entire assembly ensures the entire membrane’s edge

along a circular section is clamped together, leaving a 3 mm radius circular region free to in-

flate in the middle from an inlet in the substrate to which the membrane and clamp were

fastened. Water was introduced through a Luer lock connection into the chamber formed
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by the clamped membrane and inlet using a high precision microfluidic system (microflu-

idics control, OB1, Elveflow®, Paris, France). Water was used as the driving fluid to eliminate

the potential effects of compressibility associated with pneumatic (air or gas) inflation. The

membranes were inflated to failure with pressure increments of 3 kPa/second and filmed us-

ing a high-speed camera (Fastcam Mini UX100, Photron, Irvine, CA, USA) combined with a

long-distance microscope (CF–1, Infinity, Boulder, CO, USA). The Elveflow system provided

the inflation pressure as a function of time to a computer, and was used to trigger the camera

to synchronize inflation of the membrane with video recording saved on the same computer.

The deformation of the membranes as a function of the inflation pressure was obtained using

custom image processing code on MATLAB (MATLAB, Natick, MA, USA).

5.3.2 Analytical approach for hyperelastic constants C1 and C2

In order to evaluate the hyperelastic constant values, a relation between the inflation

pressure and deformation of the membrane must be established. For a hyperelastic material,

the Mooney-Rivlin form of the strain energy function, W is defined as [138, 139]

W =C1 (J1 −3)+C2 (J2 −3) . (5.1)

The constant C1 is proportional to the number of molecular strands per unit volume, and C2

represents additional restraints on the molecular strands; the shear modulus G = 2(C1 +C2)

while J1 is a measure of the strain defined as [161]

J1 =λ2
1 +λ2

2 +λ2
3 , (5.2)

and J2 is defined as

J2 =λ−2
1 +λ−2

2 +λ−2
3 . (5.3)

When an initially flat, circular disc of an elastomeric material with radius R is inflated in a

biaxial membrane, or “bulge”, test to produce a spherical cap shape, the stretch ratio, λ, for
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the maximum displacement of the membrane, ∆, is defined as [158]

λ=
(
∆
R + R

∆

2

)
sin−1

(
2

∆
R + R

∆

)
. (5.4)

The relationship between the inflating pressure, P , the maximum deformation of the

membrane, ∆, and the stretch ratio, λ is defined as [158]

P = 8C1H

R
(
∆
R + R

∆

) [(
1− 1

λ6

)
+α

(
λ2 − 1

λ4

)]
, (5.5)

where H is the thickness of the membrane and α=C2/C1 is the ratio of the hyperelastic con-

stants.

Non-dimensionalizing the pressure and the deformation as

P̃ = RP

4C1H
and ∆̃= ∆

R0
,

where R0 is the initial radius of the membrane, produces

P̃ = 2(
∆̃+ 1

∆̃

) [(
1− 1

λ6

)
+α

(
λ2 − 1

λ4

)]
, (5.6)

where

λ=


(
∆̃+ 1

∆̃

)
2 sin−1

(
2

∆̃
R +R

∆̃

)
if ∆̃≤ 1(

∆̃+ 1
∆̃

)
2

(
π− sin−1

(
2

∆̃
R +R

∆̃

))
if ∆̃≥ 1

. (5.7)

The dimensionless analytical pressure P̃ was obtained as a function of the stretch ra-

tio ∆̃ using eqn. (5.6). The experimental Pexp was scaled by PR ≡ Pexp
∣∣
∆=R to produce the

nondimensional pressure P̃exp = Pexp/PR . The pressure PR is the pressure required for the

membrane to deform an amount equivalent to the initial membrane radius, ∆= R. For an in-

crease dr of the membrane radius, the expansion of the surface requires an amount of work

proportional to the pressure. The hyperelastic constants define the factor of proportional-

ity. Least-squares minimization was used to determine the best value of α in minimizing the

error between the dimensionless experimental pressure-deformation data and the analytical
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dimensionless pressure obtained from eqn. (5.6) across the stretch ratios. Since the materials

tested in this study have different mechanical properties, the values of PR and α are different

for each material.

After establishing the value of α, the dimensional pressure P was evaluated in terms

of the dimensional deformation ∆ using eqn. (5.5), where the thickness of the membranes

was obtained using a surface profilometer (Dektak 150, Veeco, Plainview, NY, USA). Least-

squares minimization was performed to determine the value of C1 that minimizes the er-

ror between the dimensional experimental pressure-deformation data and the analytical

pressure-deformation obtained from eqn. (5.1). Since the value of α is known from the previ-

ous step, C2 =C1α can also be determined.

5.4 Extraction of hyperelastic constants C1 and C2

The experimental nondimensionalized pressure is plotted with respect to the stretch

for two of the materials, Ecoflex™and Sylgard™184 (PDMS), as shown in Fig. 5.3. The re-

maining materials’ plots are provided in Appendix .
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Figure 5.3: Dimensionless inflation pressure, P/PR plotted with respect to the dimensionless
deformation of the membrane, ∆/R0 (x-axis) for a) Ecoflex™ and b) Sylgard™184 (PDMS).
Least-squares minimization was used to determine the value of the ratio of the hypere-
lastic constants, α, to directly fit the non-dimensionalized analytical model to the non-
dimensionalized experimental data (Ecoflex: α= 0.1, R2 = 0.91; PDMS: α= 0.04 , R2 = 0.99).

Least squares minimization was used between the experimental data and eqn. (5.3) to

determine the value of α and obtain the best-fit plots in Fig. 5.3.

Once the value of ratio of the hyperelastic constants, α, is found, the value of C1 may

then be found by least squares fitting of eqn. (5.1) to the dimensional pressure-deformation

results as illustrated in Fig. 5.4.
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Figure 5.4: Dimensional inflation pressure, P as a function of the maximum deformation of
the membrane, ∆ for a) Ecoflex™and b) Sylgard™184 (PDMS). Least squares minimization
was used to find the best fit for C1 knowing the appropriate value of α from the dimensionless
fitting. The values of C1 found from this procedure are provided in Table 5.1 and R2 = 0.89
(Ecoflex) and R2 = 0.99 (PDMS).

Table 5.1 lists all the materials tested in this study, and their respective values of C1

and C2, indicating an ability to test a rather broad range of materials, and likewise notably

indicating the remarkable range possible from relatively similar soft polymer materials.

Table 5.1: Values of hyperelastic constants C1 and C2 = αC1 obtained by fitting the two-
parameter Mooney-Rivlin model.

Material C1 (kPa) C2 (kPa)

Dragon-Skin™10 210 11.7

Ecoflex™ 75 7.5

Sorta-Clear™40 830 52.3

Sylgard™184 (PDMS) 270 10.8

Dragon-Skin™10 + Hexane at 1:1 weight ratio 180 14.9

Table 5.2 shows the values of the hyperelastic constants C1 and C2 obtained for PDMS
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compared to previously published results.

Table 5.2: Comparison of hyperelastic constant values for Sylgard™184 (PDMS) through the
analytical approach and previous studies with biaxial membrane (bulge) tests.

Sylgard™184 (PDMS) C1 (kPa) C2 (kPa)

Analytical approach 270.0 10.8

Kawamura et al. [154] 34.3 46.9

Yoon et al. [156] 75.5 5.7

5.5 Advantages of facile extraction of hyperelastic material

properties

Biaxial membrane tests were conducted on five different hyperelastic materials. High

resolution imagery, high precision microfluidic systems, and custom MATLAB image process-

ing code were used to extract the inflation pressure as a function of the stretch ratio for the hy-

perelastic membranes. Each of the membranes were tested to failure to ensure the minimum

criterion for the stretch ratio was met. As an example, the two-parameter Mooney-Rivlin

model was used in conjunction with an analytical approximation for the large deformation

of elastic discs to establish the hyperelastic material properties of five different hyperelastic

materials. This approach, although quite simplified, is applicable to a large variety of hy-

perelastic materials enabling the extraction of their hyperelastic constants through analytical

validation of the experimental data. Although the values of the hyperelastic constants in pre-

vious studies substantially differ between themselves and the values we found, this can be

attributed to different material formulations [150] and curing conditions, particularly tem-

perature and cure duration [151].

However, the facile method presented in this chapter provides a means to easily de-
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termine the mechanical characteristics of a hyperelastic material. The method avoids com-

putational analysis which introduces problems of its own, and can be quickly performed so

that many material choices can be considered in design. Because it is simple to set up and

conduct, the method also enables the reader to quickly produce useful property values from

their own materials that may be then used in more accurately modeling their robots and other

devices.

5.6 Computational model

Unlike the use of saline injection into catheter tips to radially inflate balloons to pin

a catheter and deploy coils or expand a stent, avoiding radial expansion of the fluid-filed

channels is important in the hydraulically actuated device. This was achieved by carefully

designing the placement and size of the fluid channels, and by co-casting concentric layers

of a platinum-cure hyperelastic silicone rubber (Dragon-Skin® 10 SLOW, Smooth-On, Inc.,

Macungie, PA USA).

A finite-element based model was devised (ANSYS, Inc., Canonsburg, PA, USA) to rep-

resent the geometrically nonlinear finite deformation of the hyperelastic, nonlinear stiffening

material in the catheter tip. Due to the relatively low strains (<10%) induced in this applica-

tion, a two-parameter Mooney-Rivlin model [138, 139] was used to model the material prop-

erties. The Mooney-Rivlin form of the strain energy function is defined as Equation 5.1.

To account for the materials incompressibility:

λ1λ2λ3 = 1. (5.8)

For compatibility with linear elasticity theory, the shear modulus of elasticity G ,

G = 2(C1 +C2) . (5.9)
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For a linearly elastic material,

2G(1+ν) = E , (5.10)

where ν is the Poisson ratio, and E is Youngs modulus. For isotropic materials, the

principal Cauchy stresses are coaxial with the principal stretches and are given by,

σ1 −σ3 =λ1
∂W

∂λ1
−λ3

∂W

∂λ3
, (5.11)

σ2 −σ3 =λ2
∂W

∂λ2
−λ3

∂W

∂λ3
. (5.12)

Substituting the incompressibility function, equation 5.8 into equation 5.11 and 5.12,

we obtain:

σ1 −σ3 = 2C1
(
λ2

1 −λ2
3

)−2C2
(
λ−2

1 −λ2
3

)
, (5.13)

σ2 −σ3 = 2C1
(
λ2

2 −λ2
3

)−2C2
(
λ−2

2 −λ2
3

)
. (5.14)

During static conditions,

σ1 =σr r =−p , (5.15)

σ2 =σθθ =
pRh

t
, (5.16)

σ3 =σzz = pRh

2t
, (5.17)

where t is the wall thickness. Neglecting the body forces and shear stresses, the equa-

tions for static equilibrium can be reduced to:
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∂σr r

∂Rh
+ 1

Rh
(σr r −σθθ) = 0, (5.18)

∂σzz

∂Z
= 0. (5.19)

Noting, σr r (=σ1) and σθθ (=σ2), using equations 5.13 and 5.14, the principal stress

relations for an isotropic, hyperelastic Mooney-Rivlin material σθθ can be eliminated and

then employing the incompressibility function (equation 5.8, the following equation is ob-

tained for σr r :

∂ (Rhσr r )

∂r
+ r

Rh

{
σr r +2(C1 +C2)

[(
Rh

r

)2

−
(

r

Rh

)2]}
= 0. (5.20)

Hyperelastic constants C1 and C2 necessary for the model were experimentally ex-

tracted by conducting biaxial membrane tests on thin films [4]. The experimental stress-

strain data for the hyperelastic materials were input in the computational model. A manual

element control with a reduced brick integration scheme and a linear tetrahedron mesh with

adaptive sizing was utilized. The reduced scheme prevents a shape function locking problem

that commonly arises for computational models of hyperelastic materials. Boundary condi-

tions include a fixed face at the beginning of the steerable tip and a normal pressure applied

within the hydraulic channel.

Applying the boundary conditions, σr r |r=ro = 0, σr r |r=ri
= −p to equation 5.20, we

get the pressure-radius relation:

p =
[

f

(
r 2

1

Rh
2
1

)
− f

(
r 2

i

Rh
2
i

)]
(C1 +C2) (5.21)

Substituting the geometric relationships for the hydraulic channels enclosed within

the hypereleastic material initial radius Rh and deformed radius Rh + RE , where RE is the

radial displacement of the inner surface of the hydraulic channel, gives:
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p

C1 +C2
=

[
f

(
(1+ t/Rh)2

(1+ t/Rh)2 −1+ (1+RE /Rh)2

)
− f

(
1

(1+RE /Rh)2

)]
(5.22)

To account for the changes in size and aspect ratio of the elements during the finite

deformation of the tip structure, a nonlinear adaptive deformation (NLAD) scheme [162] was

used to ensure convergence with the hyperelastic material. Figure 5.5 shows the boundary

conditions, deformed tip and the pressurized channel to demonstrate the computational

model implemented.

Figure 5.5: Result showing the a) pressurized steerable tip with a fixed support and b) cross-
section of the tip illustrating the pressurized channel c) illustration of the cross-sectional
plane along the length at which the radial pressure is shown in d) achieving an acute at a
pressure just under 400 kPa.

5.7 Experimental extraction of curvature and radial expan-

sion

The performance of the steerable tip was quantified through measurements of the

tip curvature versus input pressure over time. Combining imagery (FASTCAM Mini AX200,

Photron, San Diego, CA USA) with a high precision microfluidics system (OB-1, Elveflow®,

Paris, France), and custom image post-processing (MATLAB R2020a, MathWorks, Natick, MA,
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USA), the curvature of the tip was obtained as a function of the input pressure as shown in

Fig. 5.6. The experiment was designed such that the Photron camera triggers recording in

synchrony with the input pressure from the Elveflow system. The imposed pressure and cam-

era frame rate were set to be equal at 50 Hz.

5.8 Comparison of experimental and computational results

Using a computational model, the radii for hydraulic input were varied from 25 µm to

100 µm while maintaining a fixed radial position (325 µm from the center). The position of

the hydraulic channel was varied from 260 µm to 390 µm from the center of the lumen, while

maintaining a fixed channel radius of 50 µm.

The number of channels also impacts the device mechanics, as a greater number of

small channels could produce an improved ability to steer, but the significant drawback in

introducing more than three to four channels is the rapid increase in complexity of the tip-

to-catheter and catheter-to-hand controller interfaces. Consequently, we limited our study

to four channels, and noted that three or fewer channels produce similar results, albeit with

reduced functionality with two or fewer channels. Furthermore, the computational expense

of accurately computing the nonlinear finite deformation of a non-linearly (stiffening) elas-

tic media in a structure with a length:width aspect ratio of 1:1000, together with practical

fabrication limitations imposed by the small scale and intrinsic challenges in making such

structures, limited our choices for the channel radius, R, and the radial position of the chan-

nel, RP to three values each. Even so, it is apparent from Fig. 5.6b,c (and Fig. 5.7) that the

range of choices considered have a significant effect on the performance of the device.
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Figure 5.6: Design parameters of the steerable tip, and the consequent curvature as a func-
tion of input pressure. Nonlinear finite deformable structural mechanics analysis was used
to compute the relationship between the tip curvature and input pressure for three values of
a) the channel radius, R, and the channels’ radial position, RP. The b,c) curvature of the tip as
a function of the input pressure produces significantly different computational results for the
b) radius R with the radial position RP at RP = 325 µm, and c) radial channel position RP for a
channel radius R = 50 µm. The computed results are similar to (solid line in b,c) experimental
results obtained with R = 50 µm and RP = 325 µm. The experimental results are averaged for
four channels, blue lines indicate error bars.

Further, Fig. 5.6b,c: solid lines) plots the tip’s curvature versus input pressure using

image capture and post-processing. The pressure required to achieve a curvature of 400 1/m

(180◦ total bend, forming a “C" shape) is 350 kPa, significantly lower than traditional balloon

catheters (600 kPa) [163] for stent deployment. Positioning the radius away from the mid-

point of the wall thickness results in inadequate curvature at higher input pressures (Figure

5.6 b). The 50 µm diameter channels exhibit 10% strain to achieve a 180◦ bend. The materials

used have a strain at failure >350% [4] at pressures four times that required to achieve 10%

strain. In the inadvertent case of over-pressurizing the hydraulic channel, the steerable tip

loops on itself at pressures higher than 350 kPa, and will rupture at a pressure of 1200 kPa

thus providing a safety factor ≈4.
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Figure 5.7: The hydraulic channels’ position and radius affects the relationship between the
tip’s radial expansion and the input pressure. Computed radial expansion of the steerable tip
at its outer surface as a function of a) channel radius R with RP = 325 µm, and b) channel
radial position RP with channel radius R = 50 µm, compared to experimental results for a tip
with R = 50 µm and RP = 325 µm. The experimental results are averaged for four channels,
blue lines indicate error bars.

While a smaller channel radius of R = 25 µm, for example, helps to reduce radial ex-

pansion (Fig. 5.7 a), the bending curvature is significantly reduced for the same input pressure

(Fig. 5.6 a). A larger radius, R = 75 µm, produces greater curvatures at relatively lower input

pressures (Fig. 5.6 a), although radial expansion is also significantly greater (Fig. 5.6 a). The

large mismatch in the simulated results for the radial expansion indicates that, initially, the

hydraulic channels rapidly expand and reach a maximum saturation point where the concen-

tric layers prevent further expansion. As the hydraulic channels elongate, the radial expan-

sion reduces to compensate. Although the experimental results demonstrate a similar trend,

it is more subtle than the simulated results. While the concentric layers prevent excess radial

expansion at the required curvatures, the elongation during the experiment does not cause a

reduction in the hydraulic channel radius.
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Tailoring the tip’s construction to further reduce radial expansion

The innermost and outermost surfaces are made with the hyperelastic polymer, while

the region enclosed by these surfaces is formed from a relatively softer 1:1 mixture by

weight of the hyperelastic polymer with hexane (CAS 110–54–3, 95% anhydrous hexane, Sig-

maAldrich, St. Louis, MO USA).

The purpose of this layering and the placement and sizing of the fluid channels is to

promote axial deformation while minimizing radial expansion. The key is to observe that the

layering of different hyperelastic materials induces stress-stiffening [4]. Consequently, the

introduction of a pressure in one of the channels produces radial, axial, and azimuthal stress,

and as these values increase, the rate of strain increase gradually falls. The radial strain, over

the relatively short length scale of the wall thickness of the catheter tip, quickly reaches the

stiffening portion of the hyperelastic stress-strain response.

However, because the tip is ∼100 times longer than its radius, the axial deformation is

likewise ∼100 times greater than the radial deformation for the same strain value. The axial

deformation is therefore far greater, producing ample bending of the tip with negligible radial

expansion. This material choice is contrary to the choice of strain-softening hyperelastic me-

dia typical in balloons. Further, the relative rigidity of the polymer without hexane treatment

serves as a constraint to radial expansion, squeezing the relatively soft hexane-treated poly-

mer within to axially exude from the channel pressure. Catheter tips made without layering

exhibit significantly larger radial expansion (Fig. 5.5).

5.8.1 One-to-one motion of the catheter

During surgical intervention, tip deflection requires timely response to the hand-

motions of the interventionist. The response time, τ can be analytically estimated as P =
1− exp −t

τ [164]. The hydraulic channel is a closed system between the input and the hy-
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perelastic material tip. The transient response of the tip deflection to step changes in input

pressure shows τ< 1s (Figure 5.8), despite 1.6 m of connecting 50 µm diameter microtubing

between the two. Figure 5.8 shows the deflection of the steerable tip with respect to the input

pressure. The input pressure P was scaled by the maximum pressure Pmax and the bending

angle θ by the maximum bending θmax .

Figure 5.8: The distal catheter tip’s deflection in response to a commanded input pressure at
the proximal end of the 1.6 m-long catheter. When a step increase in the pressure is imposed
at the proximal end of the catheter, the distal tip deflects to 95% of its final response within 1 s
to achieve a bending angle of 180◦. When a sinusoidal input pressure is gradually imposed,
the steerable tip deflects concurrently.
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Chapter 6

Representative ex vivo model, testing and

results

6.1 A representative ex vivo model of the vasculature with re-

alistic cardiac flow

Performance of the steerable catheter was assessed and iteratively improved through

testing by clinical practitioners in ex vivo silicone models representative of the human vas-

culature, similar to models used to test commercially available catheters [165–167]. A single

vasculature model of vessels from the femoral artery to the internal carotid artery (ICA), in-

cluding the aortic arch, was constructed. Anonymized CT-angiogram DICOM images from a

patient with representative vasculature tortuosity for the mean age group treated for intracra-

nial aneurysms were segmented using 3DSlicer [168] to obtain the vasculature in a format

suitable for 3D printing, as shown in Figure 6.1. The image segmentation to select the rele-

vant blood vessels was conducted using the region based watershed transformation [169].
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Figure 6.1: Fabrication of an ex vivo silicone model from anonymized patient data. a) Axial, b)
sagittal, and c) coronal views of CT angiogram images with vascular segmentation for a single
slice shown in green. This process produces a d) complete vascular model from the femoral
artery to the aortic arch, including principal vascular branches, in particular the carotid ar-
teries to the cerebrovasculature. Through 3D printing and lost ABS casting as detailed in the
text, e) a functional, fluid-tight vascular model may be produced. (d,e) Scale bar = 25 cm.

The segmented images were converted to .stl format to enable 3D printing. A model

of the vascular structure was 3D printed with ABS (Acrylonitrile Butadiene Styrene) plastic.

Since 3D prints comprise of layers which contribute to significant surface roughness, the sur-

face of the 3D printed models was treated with an acetone vapor bath at 40◦C for 30 minutes

to obtain a smooth surface finish. The scale of the vascular model is larger than convention-

ally available 3D printer beds, the model was printed in three separate parts. The parts were

joined using acetone solution to form a homogeneous bond at the joints. The smoothed 3D

model was dip-coated with an aqueous sugar solution (10% by weight). The sugar solution

prevents reaction between the translucent polymer and the smoothed ABS that can lead to

60



significant clouding of the ex vivo model. After drying the aqueous solutions, eight layers of

a translucent hyperelastic polymer (SORTA-clear® 40, Smooth-On, Inc., Macungie, PA USA),

were applied, allowing 48 hours cure time for each layer. The polymer coated model was

submerged in an acetone bath for 72 hours to dissolve the ABS, leaving behind the ex vivo sil-

icone model. Aqueous solution was run through the model to clear out any remaining sugar

deposits remaining on the interior surface. The walls of the silicone model were rendered

hydrophilic with a surface coating (ON–470, Aculon Inc, San Diego, CA USA) to reduce the

friction between the silicone model and the outer walls of the catheter and mimic the lubric-

ity of endothelial cells in the human vasculature.

A separate silicone phantom from the internal carotid to the cerebral vessels including

the aneurysm was fabricated using the same approach; the aneurysm presented here was

selected to represent a challenging geometry at the posterior communicating artery (PCOM)

requiring acute angle turns.

Insert image of the cerebral blood vessels CT-A and silicone model.

6.1.1 Pulsatile flow using a blood flow analog

The ex vivo silicone model was connected to an external flow system (FlowTek 125,

UnitedBiologics, Santa Ana, CA USA) to generate pulsatile flow and pump a physician verified

blood analog (SLIP solution, UnitedBiologics, Santa Ana, CA, USA) to provide a representative

validation model to mimic blood pumped by the heart. The pulsatile flow pump enables con-

trol of the pulse rate and flow rate. An immersion heater was used to maintain the blood flow

analog at a temperature of 37◦C (98.6◦C) representative of the clinical environment. Since

the silicone model is an isolated segmentation of the endovascular coiling arterial route, the

flow rate through the aneurysm location was calibrated to achieve 50 ml/min prescribed by

standard measurements of flow rates through cerebral arteries [170]. The temperature of the
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blood analog was maintained at 37◦C (98.6◦F) using an immersion heater with thermostat to

represent normal temperature of blood in vessels.

6.1.2 Flow rate calibration

The pressure at the inlet of the internal carotid artery and exit of the posterior commu-

nicating artery (PCOM) (as shown in Fig. 6.2) was measured using a high resolution pressure

sensor (2SMPP-03, OMRON, Kyoto, Japan) [5] at different flow rates generated by the pul-

satile flow pump. The pressure difference was used to compute the flow rate assuming lami-

nar flow and therefore the validity of the Hagen-Poiseuille equation to represent the pressure

drop-flow rate relationship. The Reynolds number is ∼50–100, justifying the laminar flow

assumption.
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Figure 6.2: Calibration of the flow rate through the PCOM aneurysm in the ex vivo silicone
model. Inset: illustration of the pressure measurement points in the ex vivo model. Point
P1 is at the inlet of the internal carotid artery and point P2 is at the exit of the posterior
communicating artery. The pressure drop between these two points, together with the ob-
servation that the flow in the interceding artery is laminar, allows us to compute the flow rate
via the Hagen-Poiseuille equation. This computed flow rate delivered through the aneurysm
depends almost linearly upon the commanded flow rate to the pump.

6.1.3 Neuroendovascular surgical set up commensurate with clinical pro-

cedures

Using a female luer connector at the right femoral artery of the silicone model as the

access point, a guide catheter (ENVOY® XB 6F, Codman & Shurtleff Inc, Raynham, MA USA)

was inserted into the silicone model, with its tip parked at the middle of the internal carotid

artery (ICA). A rotating hemostatic valve (RHV) was connected to the Envoy hub and the

steerable micro-catheter was advanced until the distal end of the Envoy. A second RHV was

connected to the hub of the steerable catheter. Both the RHV’s were connected to standard
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saline at a pressure of 300 mmHg to set up the flush lines in line with standard endovascular

neurosurgical protocols [171]. The second RHV was used as the insertion point for the mi-

croguidewire (Synchro2 ™, Stryker Neurovascular, Kalamazoo, MI USA). Upon reaching the

distal end, the guidewire was retrieved and the steerable micro-catheter advanced leading the

way to the aneurysm. Unlike conventional endovascular neurosurgery, once the guidewire

was used to reach the distal end of the guide catheter, the guidewire was retrieved and hy-

draulic actuation of the steerable catheter engaged to direct the distal end of the steerable

through the middle carotid artery and access the posterior communicating artery. Active

steering was used to place the distal end of the steerable tip into the dome of the aneurysm.

Once the tip was positioned in the geometrical center of the aneurysm, the hydraulic channel

was locked using a one way stopcock to hold the steerable tip in a fixed position. Detachable

coils (FC-6-20-3D, AXIUM™ PRIME detachable coils (frame), Medtronic, Irvine, CA USA)

were introduced through the steerable micro-catheter’s hub and deployed into the dome of

the aneurysm.

6.2 Testing in vivo in porcine

This study was approved by the University of California San Diego Animal Care and

Use Committee. A skeletally mature (47 kg) female pig underwent general endotracheal anes-

thesia. Cardiorespiratory monitoring was performed throughout the procedure under the

supervision of a veterinary technician.

Referring to Fig. 6.3, after surgical exposure, A 6-F sheath was placed in the left femoral

artery using the modified Seldinger technique [172]. Under roadmap fluoroscopic guidance

(Siemens Artis Zeego, PA, USA), a 5-F guide catheter (Guider SoftipTM XF, Boston Scientific,

MA, USA) was placed in the right common carotid artery (CCA) over a 0.035 in wire (Glidewire,

Terumo, CA, USA). A straight 0.014 in micro-guidewire (Synchro2 ™, Stryker Neurovascular,
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Kalamazoo, MI, USA) was inserted into the steerable micro-catheter. The micro-guidewire

and micro-catheter were advanced to the distal end of the guide catheter in tandem. The

6-F sheath, 5-F guide catheter, and steerable micro-catheter were flushed with continuously

running saline at a pressure of 300 mmHg using standard rotating hemostatic valves (Touhy-

Borst Y-connector). The micro-guidewire was retrieved, the hydraulic steering engaged, and

the steerable micro-catheter was advanced to perform guidewire free navigation to access

the ascending pharyngeal artery. Hydraulic actuation was disengaged, returning the tip to its

native, straight orientation. The steerable micro-catheter was further advanced and hydraulic

actuation, applied by pressurizing saline through a 1 ml syringe was then engaged to direct

the distal end into the parotid artery. The catheter was locked in this curvature and position

using a one-way stop-cock and platinum coils (FC-6-20-3D, AXIUM™ PRIME) were deployed

via the hub of the micro-catheter.
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Figure 6.3: Animal study: Illustration of porcine (3D Pig Anatomy Software by Biosphera) a)
arteries and b) cerebral arteries for reference. (c) Anteroposterior (AP) diagnostic subtraction
angiogram of the right CCA. (d) Spot AP roadmap fluoroscopic image of the right CCA. en-
larged in (e). (f1) Position one, showing the steerable microcatheter prior to introduction of
a hydraulic load. (f2) Position two, showing the micro-catheter after hydraulically steering
the tip to access the ascending pharyngeal artery from the external carotid artery. (f3-4) Posi-
tion three, showing the hydraulic steering of the catheter tip to access the parotid artery from
the ascending pharyngeal artery. (f5) Coils deployed in the parotid artery from the stabilized
catheter tip.
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6.3 Discussion

A micro-catheter with a soft tip that can be controllably directed in an artery during

endovascular coil embolization could decrease procedure time and reduce the failure rate

of these procedures. Comparative studies between steerable and non-steerable catheters

have demonstrated significant reductions in procedure time and improvements in patient

safety [121–123]. Steerable catheters are known to enable better positioning of sophisticated

implants [124, 125] and successful treatment in patients who would otherwise be precluded

from endovascular treatment with a standard non-steerable catheter [62, 173].

The work described here demonstrates the use and efficacy of a hydraulically actu-

ated soft polymer tip that can be steered and locked in a desired position at the distal end of

a micro-catheter in vivo. A micro-catheter with a steerable tip would allow safer and quicker

navigation through tortuous anatomy, improved access of a more desirable target location

relative to the aneurysm dome, and coil deployment with a more stable platform. Due to

their inherent rigidity and size, traditional robotic tools would not be able to achieve this

within blood vessels at the millimeter scale. Likewise, a purely soft material approach would

present serious technical challenges with regard to pushability in vivo. Here we leverage mi-

crofabricated soft robotic actuators with engineered hyperelastic materials to assemble full

length catheters with transitionally variable stiffness from the distal to proximal end. This

device further enables the deployment of devices such as stents and flow diversion pipelines

in challenging anatomical configurations. Although balloon assisted coiling [174] has been

used to mechanically assist in orienting a catheter tip in endovascular neurointervention

procedures, this method does not provide control over catheter tip orientation within the

aneurysm dome, and due to anatomical size constraints, cannot be used in smaller blood

vessels.

In the present work, a steerable tip micro-catheter at the submillimeter length scales
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commensurate with endovascular neurosurgical catheters was fabricated, characterized, and

tested in ex vivo silicone models representative of the human vasculature. Feedback from

practicing neurointerventionists was incorporated to iteratively improve device performance

before conducting an in vivo trial in live porcine. Based on the resulting data, the technol-

ogy demonstrates promise as a viable approach to augment the function of existing micro-

catheters in treatment of vascular injuries. Likewise, the present work demonstrates that

novel fabrication approaches in combination with bioinspired motion can be used to pave

the way for a new set of tools for conducting autonomous vascular surgery, for instance, to

specific locations inside the heart [118].

Although the present work focuses on treatment of aneurysms in cerebral blood ves-

sels, the described steerable device can be extended to treat or diagnose a broader set of

pathologies through application to other procedures that also require fine, dexterous ma-

nipulations. Similar challenges of small vessel diameter and complex vessel tortuosity in ad-

dition to vessel occlusions are encountered in interventional cardiology and general vascular

surgery. Non-vascular applications include pulmonary nodule biopsy during bronchoscopy

in interventional pulmonology, where an analogous branching airway system with progres-

sively smaller branches also involves a navigational procedural challenge. The soft material

steerable device presented here has the potential to facilitate a number of procedures that

require sub-millimeter diameter catheters in other delicate surgical locations.
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Chapter 7

Ophthalmology

7.1 Introduction

Intraocular pressure (IOP) is the primary modifiable risk factor in the development

and progression of glaucoma. Reliable measurements of IOP are crucial in the management

of this sight-threatening disease. The gold standard for IOP measurement for more than 50

years has been Goldmann applanation tonometry (GAT) [175]. GAT is a non-invasive mea-

surement technique that infers IOP from the force required to flatten a portion of the cornea.

However, accurate GAT assessment of IOP is dependent on an ideal eye and can be affected

by many factors including corneal thickness, corneal curvature, and irregular corneal biome-

chanical properties [176]. Furthermore, GAT is not possible in patients with a Boston kerato-

prosthesis (KPro) due to the inelasticity of the implant.

New technologies have attempted to address the shortcomings of GAT. The accuracy

of Dynamic Contour Tonometry (DCT) is less affected by corneal thickness than corneal cur-

vature [177]. The ocular response analyzer likewise is less influenced by corneal properties

and provides measures of corneal biomechanics through corneal hysteresis [178]. The Dia-

ton tonometer measures IOP through transpalpebral tonometry, and can be used to measure
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IOP in KPro patients, but the device is not very accurate [179]. Implantable IOP measure-

ment devices circumvent potential artifacts by directly measuring IOP but require a surgical

procedure [180, 181].

Intravitreal injections for the treatment of retinal disorders are performed millions of

times per year [182]. Intravitreal injections have been widely adopted due to their favorable

safety profile, with infections associated with fewer than 1 in 6,000 injections [183]. Anterior

chamber paracentesis is less common but is also safe and has a low risk of iatrogenic compli-

cations [184]. This presents the possibility of directly measuring intraocular pressure in the

anterior or vitreous chambers. Advances in micro-manometric technology have made this

increasingly feasible for the clinician. Previous studies have demonstrated the use of nee-

dles inserted directly into the eye to measure pressure, but these devices were not hand-held,

used larger gauge needles, measured the pressure imposed from an upstream reservoir rather

than a direct measure of anterior chamber pressure, and are not disposable [185–188]. In one

study the results of upstream measurements were confirmed with direct measurements from

the anterior chamber, but this required a large 23 gauge needle and was conducted at specific

pressures of 20 and 60 mmHg [188]. Here, we present a novel direct IOP measurement device

that provides rapid and accurate measurements and is independent of the cornea. The de-

vice is ergonomic, hand held, and has a disposable needle and sensor that can be discarded

after use. The device was tested ex vivo in rabbits and accurately measured IOP in the anterior

chamber and vitreous chamber of vitrectomized eyes.

7.2 Methods

Micromanometry System:

A high-resolution pressure sensor (2SMPP-03, OMRON, Kyoto, Japan), suitable for

both pneumatic and hydraulic sensing, was integrated with a custom designed circuit that
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enables obtaining accurate measurements of the IOP via a USB interface as shown in Figure

7.1. The pressure sensor and circuit were assembled in a custom designed, 3D printed, and

palm-sized housing. The assembled device is comprised of an acquisition circuit and dis-

posable unit which includes the pressure sensor and needle. A 30- or 33-gauge needle (PRE-

33013, TSK Laboratory, Japan) was primed with sterile balanced salt solution (BSS) and con-

nected to a pressure sensor through a Luer lock mechanism. Analog signal delivered from the

pressure sensor was converted to digital via an Arduino Due (ADU, A000062, Arduino, Ivrea,

Italy) board at an acquisition rate of 50ms (20Hz). Internal circuitry ensures that pressures

outside the measurement range do not create voltages large enough to damage the Arduino

Due. This is achieved via a Wheatstone bridge built into the pressure sensor. The voltage is

then amplified with a precise gain using an instrumentation amplifier (INA126, Texas Instru-

ments, Dallas, TX, USA) that sets the sensitivity of the pressure measurement. The output is

then limited using two limiter circuits; one for the upper bound and the other for the lower

bound of the expected pressure range. The upper and lower bounds are set by the internal

ADC of the Arduino Due, but the sensitivity of the measurement can be changed by adjusting

the feedback resistor of the instrumentation amplifier. The internal Arduino Due ADC then

digitizes the analog signal at a user-defined sampling rate. The digital signal transmitted to a

computer through a standard USB interface was used to infer the output reading in mm Hg

based on calibration measures described below.
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Figure 7.1: a) Illustration of the device acquisition set-up. b) Image of the circuit and dispos-
able part which get assembled in a custom 3D printed housing. c) The code for the Arduino
used to acquire data.

Calibration and Testing: A high-resolution microfluidics pressure control system (mi-

crofluidics control, OB1, Elveflow®, Paris, France) was used to control the pressure imposed

on the pressure sensor to produce a calibration curve. This was obtained in the first instance

by connecting the microfluidics control system to the sensor needle through an elastic mem-

brane to better represent an actual eye. This test was conducted to ensure the sensitivity

of the micro-manometric system was sufficient to capture the changes imposed by the mi-

crofluidics control system and subsequently obtain the calibration equation for the sensor.

An elastic ex vivo model of the eye was constructed to which the microfluidics control system

was connected using a 25-gauge needle (25G 1, BD Eclipse®, NJ, USA). The elastic model is a

closed membrane chamber comprised of a polymer with mechanical properties similar to a

cornea. [189] The membrane chamber was filled with BSS and a vacuum chamber was used

to eliminate dissolved air that could later lead to entrapped air bubbles. The microfluidics

control system added or removed BSS in the membrane chamber to increase or decrease the

pressure of the system. The needle sensor device was connected to the closed chamber with
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either of two needle sizes (30-g × 1/2 in and 33-g × 1/2 in), effectively submerging the sensor

in BSS, and the pressure was varied using the microfluidics control system. Sensor readings

were recorded while increasing the pressure from 0 to 103.4 mm Hg (2 Psi), and back to 0

with steps of 10.3 mm Hg (0.2 Psi). The readings were used to calibrate the sensor relative

to the pressure imposed by the microfluidics control system. Linear regression analysis was

used to compute the R2 values and establish a linear correlation between the sensor readings

(S) and the imposed pressure (PI N ) such that: S = aPI N +b, where a and b are correlation

coefficients.

The sensor needle device was then tested in ex vivo rabbit eyes. Rabbits sacrificed fol-

lowing non-ophthalmic studies were obtained through a tissue transfer agreement approved

by the University of California San Diego Institutional Animal Care and Use Committee and

all work was performed in adherence to the ARVO Statement for the Use of Animals in Oph-

thalmic and Vision Research. The microfluidics control system was connected to a 25-gauge

needle and inserted into the anterior chamber of the eyes. The sensor needle was then in-

serted into the anterior chamber and likewise maintained in a fixed position on a stabilizer

arm as shown in Figure 7.2. Although the device can be hand held during measurements, the

stabilizer arm was utilized due to the number of measurements taken. Two needle sizes, 30-g

× 1/2 in and 33-g × 1/2 in, were used to obtain sensor readings for the pressure changes in the

anterior chamber. After obtaining readings with one needle, the disposable unit comprising

of the pressure sensor and needle was replaced with a new unit using a push-fit connection

to obtain the next set of readings.

The input pressure in the anterior chamber pressure was varied from 0 to

103.4 mm Hg (2 Psi) in 10 mm Hg (0.2 Psi) increments. The device was evaluated using the

calibration equation from the elastic membrane chamber, PM = S−b
a , where PM is the mea-

sured pressure, S is the sensor reading, a and b are the linear correlation coefficients. The
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IOP was also measured using a Tonopen following the device reading for each increment in

pressure. Measurements were repeated for five eyes using both needle sizes (10 eyes total),

replacing the disposable unit comprised of the sensor and needle with a new unit using a

push-fit connector.

Figure 7.2: a) Image of the test setup in rabbit eyes, b) illustration of supply pressure and
sensor needle. The 25 g needle was used to supply pressure from the microfluidics control
system and the sensor needle used to measure the pressure change in the anterior chamber.

The tests were repeated in the vitreous chamber of vitrectomized rabbit eyes. Similar

to the anterior chamber measurements, a 25 g needle attached to the microfluidics control

system was inserted into the vitreous chamber and held in a fixed position using a stabilizer

arm. The sensor needle was inserted into the vitreous chamber and two needle sizes, 30-g× 1/2

in and 33-g × 1/2 in, were again used to measure the pressure changes in the vitreous chamber.

The pressure imposed by the microfluidics control system was varied from 0 to 103.4 mm Hg

(2 Psi) in 10 mm Hg (0.2 Psi) increments and sensor readings taken at each increment. The

IOP was also measured using a Tonopen simultaneously with the sensor readings.
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7.3 Results

7.3.1 Calibration

The sensor of the micro-manometry system was tested through a connection to an

elastic membrane chamber that exhibits a linear relationship with the pressure imposed by

the microfluidics control system for both the needles, 30-g × 1/2 in and 33-g × 1/2 in. Scatter

plots of the pressure recorded by the sensor needle device against the pressure imposed by

the microfluidics control system are shown in Figure 7.3.

Figure 7.3: Sensor needle device readings obtained by connection to the microfluidics con-
trol system in an elastic membrane chamber using 30-g × 1/2 in and 33-g × 1/2 in needles.

The sensor reading is linearly dependent (R2 > 0.99) over 0 to 103.4 mm Hg, and the

change in the reading in replacing a 30-g needle with a 33-g needle is insignificant according

to a paired T-test (p < 0.05). The results indicate the sensitivity of the device is sufficient to

capture the changes imposed by the microfluidics control system over a pressure range of 0
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to 103.4 mm Hg (2 Psi), with increments of 10.3 mm Hg (0.2 Psi). The calibration equations

for the sensor in an elastic membrane chamber measurements are shown in Table 7.1, where

the sensor reading, S, is expressed as a linear function of the imposed pressure, PI N .

Table 7.1: Sensor needle device calibration equations.

Equation Needle

S = aPI N + b 30-g 33-g

a 4.16 4.18

b -13 -17

7.3.2 Ex vivo rabbit eyes:

The same test was conducted in rabbit eyes, with the sensor acquisition rate at 50ms

(20Hz) for both the needles, 30-g × 1/2 in and 33-g × 1/2 in. The calibration equations from

the elastic membrane chamber (Table 7.1) were used to infer the IOP from the sensor needle

device such that: PM = S+13
4.16 (30-g needle) and PM = S+17

4.18 (33-g needle), where PM is the mea-

sured pressure and S is the sensor reading. The sensor device measurements were compared

against those obtained by the Tonopen. The results in Figure 7.4 demonstrate the accuracy of

the device with a strong linear correlation between the imposed (PI N , x-axis) and measured

(PM , y-axis) pressure for both the 30-g and 33-g needles. The coefficient of determination

(R2) was excellent for both needle sizes (R2 = 1.0 and 0.99 for the 30- and 33-g needles, re-

spectively), and the Tonopen in both trials (R2 = 0.98 and 0.99). The data was confirmed to

be normal via the Shapiro-Wilk test with significance p < 0.05 and n = 10. Pooled variances

for the readings were used to determine the average standard deviation of each measurement

device. The average standard deviation of the 30- and 33-g needles (1.32 and 2.7 mm Hg, re-

spectively) were much smaller than that of the Tonopen in either trial (6.12 and 9.02 mm Hg,
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respectively).

Figure 7.4: Anterior chamber pressure measurements using the sensor needle device and
tonometry for a) 30-g Needle, b) 33-g Needle.

The relative error was evaluated as PI N−PM
PI N

, where PI N is the pressure imposed by the

microfluidics control system, and PM is the pressure measured by either the sensor needle

device or the Tonopen. The Tonopen underestimates the delivered pressure, particularly at

higher pressures, where the relative error for readings obtained by the Tonopen compared to

the sensor needle are significantly larger as shown in Figure 7.5. In contrast, the sensor needle

device exhibits higher accuracy at higher pressures.
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Figure 7.5: Error in the anterior chamber pressure measurements using the sensor needle
device and tonometry for a) 30-g Needle, b) 33-g Needle.

The tests were repeated in the vitreous chamber of vitrectomized rabbit eyes. Results

in Figure 7.6 show the coefficient of determination was excellent for both needle sizes (R2 =
1 and 0.998 for 30- and 33-g needles, respectively). By comparison, the Tonopen readings

exhibit a slightly lower coefficient of determination (R2 = 0.97 and 0.98, for tests with the 30-

and 33-g needles, respectively).
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Figure 7.6: Vitreous chamber pressure measurements obtained using the sensor needle de-
vice and tonometry for a) 30-g Needle, b) 33-g Needle.

The Tonopen also underestimates the pressure readings by over 20% on average as

shown in Figure 7.7. The slightly higher error for the 33-g in comparison to the 30-g needle

can be attributed to the loss in pressure transmission across the smaller needles’ lumen when

transmitting pressure from the vitreous chamber to the pressure sensor.
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Figure 7.7: Error in the vitreous chamber pressure measurements using the sensor needle
device and tonometry for a) 30-g Needle, b) 33-g Needle. As the imposed pressure, PI N in-
creases, the error for the readings obtained by tonometry fluctuate or get larger while the
sensor needle device stabilizes.

7.4 Discussion

Advances in microfabrication have allowed the construction of increasingly sophisti-

cated devices well suited to the small dimensions of the eye. Using the technology described

above, a high-resolution pressure sensor was integrated with a 30- and 33-gauge needle to

accurately and reliably measure IOP in the anterior and vitreous chambers. Notably, the de-

vice provides a direct measure of IOP that is not affected by corneal properties. The device

accurately measured IOP in the anterior chamber over a clinically significant range of 10 100

mm Hg (Figure 3.2). In contrast, the Tonopen underestimated the IOP, particularly at higher

pressures. This finding is consistent with prior studies showing the Tonopen underestimates

IOP in rabbits. [190]

IOP measurements in rabbits can be corrected to account for thinner corneas lead-

ing to the underestimation of their IOP. [191] Similar correction factors exist for humans, but

their use may not lead to increased accuracy in IOP estimation due to many other factors
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that may induce artifacts. [192] More complex models that attempt to address additional fac-

tors such as the modulus of elasticity are still prone to error. [193, 194] A history of refractive

surgery may lead to further inaccuracies in the measurement of IOP due to thinning of the

cornea, changes in the corneal curvature, and alterations in the corneal biomechanical prop-

erties. [195–197] Corneal scars may influence IOP in even more unpredictable ways due to

their varying sizes, depths, and effects on the cornea’s biomechanical properties. [198] All of

these potential sources of error are frequently encountered in the clinical setting, yet there

are limited means to address them. Our device allows for an accurate measurement of IOP

in any of these cases. The patient may not need this measurement repeated at every visit if

the results are reassuring or can be correlated to GAT or another non-invasive measurement

technique. However, the opportunity for direct IOP measurement would be a useful addition

to a clinicians armamentarium.

The device also accurately measured IOP in the vitreous chamber after vitrectomy

(Figure 3.4). We were unable to measure IOP in the vitreous chamber without vitrectomy

because vitreous rapidly clogged the measurement needle, voiding the sensor reading. A

similar result was found in prior cannulation studies. [199] However, despite this limita-

tion, direct measurement of IOP in the vitreous chamber following vitrectomy is clinically

useful. As many as 60% of Kpro patients develop glaucoma, but the disease is difficult to

manage due to the inability to accurately measure IOP. [200] Management of chronic vision-

threatening complications like glaucoma in Kpro patients is becoming increasingly impor-

tant as early complications such as endophthalmitis or device extrusion are becoming less

common. [201, 202] Many Kpro patients receive vitrectomies at the time of Kpro implanta-

tion. These patients may benefit enormously from the accurate measurement of IOP in the

vitreous chamber.

Telemetric IOP monitors have been implanted into a small cohort of KPro patients and
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offers an alternative method for direct measurement of IOP in these patients. [203] However,

three of twelve devices were explanted over the course of a year and there were concerns for

potential adverse events associated with the devices. Our device may offer a safe alternative

in Kpro patients. Interestingly, data from the implantable IOP monitors were compared to

anterior chamber manometry. [204] This suggests that it may be possible to measure IOP

using our device in KPro patients even without vitrectomy. However, serial anterior segment

imaging has demonstrated progressive angle closure and shallowing of the anterior chamber

in KPro patients, so anterior chamber measurements may still not be viable over the long

term. [205] Implantable devices also face issues of measurement drift over the lifetime of the

device. [206, 207] Implantable devices can be re-calibrated to correct for drift by performing

GAT in healthy eyes, but this is not possible in KPro patients. Our device may be useful for

re-calibration of implantable devices as their safety profiles become more acceptable.

The use of the term gold standard to describe a diagnostic technique or therapeu-

tic intervention has been criticized as inaccurate or misleading due to the rapidly evolving

state of medical care. [208, 209] Nonetheless, GAT has long been referred to as the gold stan-

dard for IOP measurement. [175] However, accurate measurement of IOP by GAT is hampered

by the corneal and biomechanical artifacts discussed above. Anterior chamber cannulation

manometry in animal models allows for accurate IOP measurement but was previously ham-

pered by the invasiveness of the technique. [210,211] Now, microfabrication techniques allow

clinicians to directly measure IOP through the use of implantable devices or minimally inva-

sive procedures. Thus, a true IOP is measured rather than the surrogate IOP measured by

non-invasive techniques. The small size of the handpiece and needle make this a feasible

clinical measurement, with safety offered by the ability to dispose of the needle and sensor

after each use. We propose that these new methods could provide a true gold standard for

IOP measurement in appropriately selected patients.
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This study had several limitations. First, the study was performed entirely in ex vivo

models so the potential long-term complication rates of direct measurement of IOP in the

anterior and vitreous chambers are unknown. However, the safety profiles of anterior cham-

ber paracentesis and intravitreal injections offer promise for a similarly safe procedure that

could be performed in an office setting. Second, we performed vitreous chamber measure-

ments in only two eyes. The difficulty of fully closing sclerotomies following vitrectomy led

to unstable eyes and variable IOP measurements at higher pressures. Eyes that are allowed

to heal and develop fully watertight closures following vitrectomy are not expected to face

similar inaccuracies. Finally, the device will benefit from further miniaturization. While the

current device requires a USB connection to a computer to obtain readings, future iterations

adapting advancements in wireless technology will enable further miniaturization and porta-

bility. Despite these limitations, this device offers a feasible alternative for IOP measurement

in patients with altered or artificial corneas.
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Chapter 8

Vacuum exhausted isolation locker (VEIL)

to reduce droplet/aerosol transmission

while treating COVID-19 patients

8.1 Introduction

Patients with acute respiratory failure from SARS-nCoV-2 infection have strained hos-

pitals in the initial phase of the COVID-19 pandemic, and may again depending on the con-

sistency and adherence to public safety policies. Patient treatment protocols and hospital re-

sources are stressed in these emergencies, not only due to the patient numbers but also due

to the risk these patients represent in infecting healthcare workers. Virus-laden droplets from

patients with respiratory infections—even those with mild symptoms—may be expressed

and deposited on surfaces in hospital rooms [212] to potentially infect those that later come

into contact with those surfaces. The lack of sufficient invasive ventilators and trained per-

sonnel to set and monitor them in the first surge of COVID-19 in many countries including

the U.S. likewise indicates the urgent need for better treatment options, as does the reliance
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on and inadequate supply of healthcare workers’ personal protection equipment (PPE). With

evidence now that SARS-nCOV-2 may be transmitted as an airborne virus [213], the impor-

tance of introducing and maintaining prophylactic measures for healthcare workers is never

greater. Methods to reduce both healthcare worker exposure to COVID-19 and the need for

complex medical equipment would therefore benefit both healthcare workers and patients.

The SARS-CoV-2 virus responsible for this public health crisis bears biological simi-

larity to SARS-CoV-1 responsible for an outbreak in Toronto in 2003. Because the two viruses

exhibit similar stabilities as aerosols and surface-deposited materials, it is reasonable to pre-

sume their transmission characteristics are similar [214]. Knowledge of how SARS-CoV-1 is

transmitted may produce ideas in reducing the risk of transmitting SARS-CoV-2 to healthcare

workers during this pandemic. A three-fold increase in transmission of SARS-CoV-1 to health-

care workers in the Toronto outbreak was associated with their use of noninvasive mechan-

ical ventilation in treating SARS-CoV-1 infected patients [215]. Compared to invasive endo-

tracheal intubation and ventilation, noninvasive mechanical ventilation was associated with

twice the infection incidence in nursing staff caring for SARS-CoV-1 patients [216]. Certainly

the exposure of healthcare workers during treatment of SARS-CoV-1 patients increases their

risk of infection: a comprehensive meta-analysis of both invasive and non-invasive aerosol-

generating procedures (AEPs), including resuscitator bag mask ventilation, endotracheal in-

tubation, airway suctioning, bronchoscopies, bi-level positive airway pressure (BiPAP), and

continuous positive airway pressure (CPAP) were all consistently associated with increased

transmission risk of SARS-CoV-1 to healthcare workers [217].

Non-invasive ventilation methods, especially heated, humidified high-flow

(60 L/min) nasal oxygen (NHF or HHFN) may produce improved outcomes in COVID-

19 patients with hypoxemic respiratory failure. Non-invasive ventilation methods have long

been used to reduce morbidity and mortality, and, when paired with ≤ 15 L/min oxygen
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supplementation and nebulized bronchodilators, are often used in treating patients with

compromised respiration. Furthermore, CPAP/BiPAP machines with modification have been

approved for emergency use by the U.S. Food and Drug Administration (FDA) in late March

2020 as non-invasive ventilators.

Over the last decade, however, far higher non-invasive ventilation flow rates of up to

60 L/min in NHF have been associated with outcomes [218–221] superior to lower flow meth-

ods. A recent investigation of hypoxemic respiratory failure patients in both meta-analyses

of past trials and an additional randomized trial all suggest NHF reduces the rate of inva-

sive intubation and mechanical ventilation [218,219,221] over traditional methods. Likewise,

ICU-related mortality of critically ill hypoxemic respiratory failure patients is reduced using

NHF [220].

Because SARS-CoV-2 is already known to be highly infectious with R0 = 5.7 [222], and

despite the many advantages of non-invasive methods including NHF, physicians are un-

derstandably reluctant to use these methods in COVID-19 patients with hypoxemic respi-

ratory failure because they are reasonably perceived to spread patient-exhaled aerosols and

droplets, consequently increasing the risk of viral transmission to healthcare workers [223].

The SARS-CoV-1 outbreak predates the widespread use of NHF treatment in patients, and so

transmission of SARS-CoV-1, or, indeed any viral pulmonary infection to date using NHF has

not been considered. However, pathogenic transmission from traditional non-invasive ven-

tilation and NHF-treated patients with gram-negative bacterial pneumonia has been stud-

ied [212, 224]. The bacteria were found on collection plates 0.4 m and 1.5 m away from the

patient’s head when using NHF or oxygen ventilation via a standard face mask with open

ports and no exhalation filters [224]. Coughing—a common symptom of COVID-19—appears

to disperse bacteria-laden droplets even further: with 60 L/min NHF and simulated coughing

in healthy volunteers, such droplets were found 3 m away, about 0.5 m farther than without
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coughing. Exhaled smoke, which has particles of a similar size to to 110 nm SARS-CoV-2,

appear up to 6.5 cm away from physiological tidal breathing without coughing. Smoke is

dispersed much farther away with NHF to 17.2 cm, and notably 62 cm away when the nasal

prongs are dislodged from the nose [212,224]. Like NHF, the lower-flow non-invasive ventila-

tion methods including CPAP and BiPAP machines may increase COVID-19 transmission risk.

These methods lack the viral filters and controlled exhalation pathways of invasive methods,

allowing viral particles to enter the hospital room and potentially infecting those in it.

There is an urgent need for a device to reduce the risk of COVID-19 virus transmission

associated with non-invasive ventilation. Reducing healthcare workers’ exposure to the virus

would increase their safety, provide non-invasive treatment options that appear to produce

better patient outcomes, and altogether serve to reduce COVID-19 transmission and patient

morbidity and mortality.

Canelli, et al., described in a recent, COVID-19-related publication the utility of a

physical patient enclosure to avoid contamination of a physician’s PPE from patient cough-

ing during intubation [225], and there are many variations on this approach now in the liter-

ature [226]. Here, we provide a lightweight, rigid enclosure—the vacuum exhausted isolation

locker (VEIL)—that both provides healthcare providers with a safety barrier while adminis-

tering care and a means to safely provide non-invasive ventilation. Through appropriately

placed vacuum ports connected to hospital suction via viral particle filters and a sputum

canister, the exhaled aerosols and expectorated droplets from a patient are continuously re-

moved. Made by waterjet or mechanical cutting a 30-mm thick sheet of polycarbonate plastic

that is subsequently bent into a simple box shape by thermal line bending, the VEIL includes

two vacuum ports for continuous air extraction at 60–80 L/min. This places the interior of

the VEIL in a mild vacuum and prevents loss of virus-laden material to the room, even during

noninvasive ventilation using CPAP, BiPAP, and NHF. It also maintains patient comfort, as the
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VEIL is large enough for the patient to move around within and to allow inclination of the

gurney so the patient may sit upright. Flexible flap-covered slots on the lateral sides of the

VEIL allow passage of ventilation tubing without excessive vacuum loss. Polycarbonate was

selected as it is more durable than acrylic or polyvinylchloride (PVC), may be disinfected with

known methods used in a hospital, and is transparent to xrays. In our experiments, droplets

and aerosols were generated and monitored to demonstrate the VEIL system effectively re-

moves virus-laden air when connected to standard hospital vacuum.

8.2 Methods

Polycarbonate sheet (1/8") was pre-cut using a table router and formed into a 175 L

3D shell via thermal bending. The enclosure was closed with a polyvinylchloride drape and

placed at the head position of a gurney (Figure 8.1). Water-jet cutting of polycarbonate is a

useful alternative, though laser machining is not: polycarbonate tends to produce noxious

gases when cut by laser. Noninvasive ventilation tubing, including the larger corrugated tub-

ing utilized by NHF, may be passed via flap-closed horizontal slots in the enclosure, mini-

mizing air leakage around the tubing. Two exhaust ports enable continuous evacuation of air

using hospital suction via viral particle filters. The design is accommodates standard hospital

beds and changes in the inclination without risk of the VEIL becoming dislodged.

89



Figure 8.1: Polycarbonate sheet (a) cut in a pattern as shown may be bent by heated line
bending into a four-sided box (b) as the VEIL shell. It covers the patient’s upper body with a
(c) soft PVC drape to enclose the space around the midsection of the patient against the bed.

To determine whether the proposed VEIL provides an effective viral barrier to protect

healthcare workers, droplets and aerosols were generated within the enclosure at approxi-

mately where the patient head would be located. Droplets are relatively large particles expec-

torated from patients and travel only a short distance, one meter or less, to settle on surfaces.

Aerosols are sub-100 µm particles carried by air convection over farther distances (> 1 m).

The VEIL was placed at the head of a standard hospital bed (S3, Stryker, Kalamazoo, MI USA)

in a hospital room. A professional video camera (Pocket Cinema 4k, Blackmagic Design, Bur-

bank, CA USA; 16 mm cine lens, Rokinon, New York, NY USA), placed 3 feet from the foot

of the bed and 6 inches above the top of the mattress plane, was used to image the veil and

droplets and aerosols within. The bed was surrounded by a flat black backdrop in the field of

view of the camera as a non-reflective background. Two LED flood lights were placed laterally

on either side of the VEIL and out of view of the camera to indirectly illuminate droplets and

aerosols around the head of the bed.

An oxygen-driven nebulizer (AeroEclipse II, Monaghan Medicine, Plattsburgh, NY

USA), mounted in a position representative of a patient’s head on the bed, was used to gen-

erate droplets from tonic water (Canada Dry, Keurig Dr Pepper, Burlington, MA USA) con-
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taining quinine, which fluoresces under ultraviolet illumination, and 200 µL of Fluorescein

(AltaFluor Benox, Sodium 0.25%/Benoxinate HCl 0.4%) using 15 L/min of O2. A healthy sub-

ject used a vaporizer to generate aerosols while in a supine position. The size distributions

of the droplets and aerosols generated using these methods were found to represent the re-

ported sizes of expectorated droplets [2] and exhaled aerosols [3] from a human (Figure 8.2).

Figure 8.2: (a) The nebulizer used in our study produces 200 nm to 100 µm droplet size dis-
tributions representative of expectorated droplets [2] while (b) a vaporizer used by a healthy
human subject produces, via expiration, 100 nm to 2 µm aerosols representative of human
exhaled aerosols [3].

Three different conditions were simulated to assess containment and evacuation of

droplets and aerosols: (1) ambient air, (2) VEIL without exhaust, and (3) VEIL with continuous

exhaust using standard hospital suction. For each condition, the nebulizer was was turned

off after continuously running for the first 4 minutes. For (2) the VEIL without exhaust, the

vacuum was then turned on four minutes after the nebulizer was turned off. This enables

assessment of the suction performance in drawing out droplets and aerosols after they are

spread throughout the VEIL, as opposed to condition (3) where the droplets and aerosols

were never allowed to accumulate prior to starting the suction.

Scattered fluorescence illumination during video capture together with image pro-
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cessing on MATLAB (Mathworks, Matick, MA USA) was used to produce quantitative im-

agery of the droplets and aerosols. The post-processing subtracted the background and sta-

tionary details in the videos, leaving on a predominantly black background the droplets and

aerosols visible as white spots, the pixel intensity and number of which correspond to the

amount present [227]. Interrogation regions were defined to quantify the amount of droplets

and aerosols present within these regions, as indicated in Figs. 8.3 and 8.4 as follows: inside

the VEIL (green), outside the VEIL (purple), upper part of VEIL (red), and lower part of VEIL

(blue).

8.3 Results

8.3.1 Droplet transmission

Without VEIL containment, droplets continuously exit the nebulizer and descend to

and along the bed out of view to the room floor (Figure 8.3: A1-A3). With the VEIL in place,

the droplets are confined within the VEIL enclosure (Figure 8.3 B1-B3). Introducing stan-

dard hospital suction reduces the droplet concentration in the VEIL to match the ambient air

outside the VEIL. This occurs whether the suction is on from the start in Figure 2(C1-C3) or

turned on after four minutes of droplet nebulization into the VEIL in Figure 8.3(B2, gray box),

indicating an effective method for reducing droplet concentration. During the first four min-

utes running the nebulizer, the effect of suction is evident with a relatively lower mean pixel

intensity in the blue interrogation box (Figure 8.3 C2) compared to (Figure 8.3 B2). Likewise,

the total pixel intensity within the VEIL (green box) is lower in when the suction is continu-

ously running (Figure 8.3 C3) as compared to no suction (Figure 8.3 B3).
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Figure 8.3: Scattered fluorescence images, mean pixel intensities, and total pixel intensities
from droplet generation experiments serve to quantify the effectiveness of containment and
suction extraction of droplets and aerosols. Nebulization continuously produced droplets
from 0 to 4 min into (A) ambient air without the VEIL, (B) VEIL with suction turned on at
4 min, and (C) VEIL with continuous suction. Mean pixel intensity measurements were ob-
tained from two regions of interest: the upper portion of the VEIL, outlined in red; and the
lower portion of the VEIL, outlined in blue. Total pixel intensity measurements were pro-
duced from two regions of interest: inside the VEIL, outlined in green; and outside the VEIL,
outlined in purple.

8.3.2 Simulated aerosol transmission

Coughs by a healthy subject can project aerosols from a vaporizer over 1.5 m from

the patient’s head in ambient air (Figure 8.4: A1-A3). As with droplets, the VEIL effectively

contains these aerosols as indicated in Figure 8.4(B1-B3), and standard hospital suction ap-

plied to the VEIL effectively extracts the accumulated aerosols to lower their concentration to
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match the ambient air outside the VEIL (Figure 8.4: C1-C3).

Figure 8.4: Scattered fluorescence images, mean pixel intensities, and total pixel intensities
from aerosol generation experiments serve to demonstrate the utility of containment and
suction in capturing and extracting aerosols. Vaporized aerosols were produced by healthy
human coughs (A2-C2, A3-C3 arrows) into (A) ambient air without the VEIL, (B) VEIL without
suction, and (C) VEIL with continuous suction. Mean pixel intensity measurements were
obtained from two regions of interest: the upper portion of the VEIL, outlined in red; and the
lower portion of the VEIL, outlined in blue. Total pixel intensity measurements were obtained
from two regions of interest: inside the VEIL, outlined in green; and outside the VEIL, outlined
in purple.

8.4 Discussion

The VEIL provides an effective barrier for both droplet and aerosol transmission, while

the absence of any protective barrier results in wide spread of droplet transmission through-
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out the room (Figure 8.3A1 and 8.4A1). The use of an enclosure provides a contained environ-

ment with slow accumulation of droplets inside the enclosure to a steady-state concentration

defined by the loss of droplets due to deposition and continuous introduction of new droplets

from the nebulizer (Figure 8.3A2 and 8.4A2). The use of a standard hospital vacuum or suction

connected to the enclosure via virus particle filters (Figure 8.3C3 and 8.4C3) achieves base-

line level of droplet contents in less than four minutes, more quickly reducing concentration

in the VEIL environment as compared to the case of no suction.

Images show that without the VEIL droplets cover the entirety of the bed, aerosols

travel 2 m (Figure 8.4A1). With the enclosure the droplets and aerosols are contained within

the VEIL. Upon activation of the suction, droplets ascend in response to the suction, increas-

ing their concentration near the top of the VEIL (red curve in Fig. 8.3B2, and subsequently

decline to nearly zero after only 10 sec. The concentration of droplets inside and outside the

VEIL (green and purple curves in Fig. 8.3B3) slightly increase until the suction is activated, but

decline after that in a few seconds. Aerosols likewise accumulate in the VEIL without suction

(green curve in Fig. 8.4B3), especially after a cough, but upon activation of the suction the

concentration of aerosols within do not increase, and the local aerosol concentrations at the

top of the VEIL are far lower with the box (compare Fig. 8.4A2 and B2) and when activating

the suction exhaust (compare Fig. 8.4B2 and C2). Unlike the droplets, the aerosols exhibit a

continued presence in the VEIL with vacuum due to the simulated patient’s respiration and

coughs over the brief measurement period of 20 sec.

8.5 Conclusions

The VEIL can be rapidly manufactured and deployed to provide safe administration

of noninvasive respiratory support therapies such as NHF, BiPAP, or nebulized medications

since the suction rapidly draws virus-laden droplets and aerosols away despite rapid gas in-
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flow rates. During clinical use, the patient will lie semi-recumbent with their head and torso

inside the VEIL. About half of the VEILs volume (90 L) will be taken up by the patient.

The air evacuation flow rate of 60-80 L/min is achievable due to current (NFPA 99

[228]) hospital building codes. These require at least 85 L/min vacuum flow rates at 12 cmH2O

vacuum or more for simultaneous use by all patients in a hospital, drawing in air from around

the patient and preventing exudate and viral escape. The VEIL enables >30 air changes per

minute, a typical hospital room undergoes 2-3. This evacuation rate also prevents the risk

of accumulating CO2. Furthermore, the viral particle filters at the exhaust ports effectively

extract viral particles and virus-laden droplets from the air passed through them, preventing

further viral spread to the environment. In addition, the dimensions of the VEIL provide

better mobility and patient comfort, factors which are limited in the case of CPAP “bubble”

helmets or SCUBA masks. Finally, the volume of the VEIL provides an additional safety factor

in case of suction failure, as CO2 accumulation in this large enclosed volume is relatively slow

compared to the far smaller volume of “bubble” helmets and SCUBA masks.

Nasal high airflow (NHF) may provide clinical benefits to patients with hypoxemic

respiratory failure due to COVID-19 infection [218]. The VEIL enables its use for this purpose

in long-term therapy, and has the potential to reduce rates of intubation [219], re-intubation

[221, 229] and mortality [219, 220] in critically ill patients with acute hypoxemic respiratory

failure secondary to COVID-19. The polycarbonate plastic is chemically resistant, easy to

disinfect, and reusable. The VEIL is compatible with standard hospital beds and changes in

bed incline. While this enclosure was developed in light of COVID-19, it is broadly applicable

for reducing transmission of other droplet or aerosol-transmitted pathogens.
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Chapter 9

Remarks and potential future directions

9.1 Micro-scale soft robotic devices

9.1.1 Qualitative and quantitative metrics for steering

While there exists some framework such as the IC3ST scheme [42] for assessing

catheter performance, none include the objective assessment of tip motion, stability, or steer-

ability. To address this, a comprehensive plan including both qualitative and quantitative

metrics with an experimental matrix to compare the performance of the steerable catheter to

the current gold-standard microcatheters has been developed. These include:

• Navigating to the location, including forward pressure on the steerable tool, occlusive

risk, and catastrophic failure events (structure dissection, trauma, perforation);

• Placement in the desired location, including location of tip, angle of device (needle,

forcep, stent, wire) deployment;

• Device utility, including procedure time and procedure yield;
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• Human factors pertaining to willingness to adopt, including device reliability, ease of

use, motion (clumsy/smooth), ability to maintain steerable tip in fixed position after

release, device responds as intended.

Interventionists of varying skill levels (4 skill levels, 2 interventionists per skill level,

skill levels will be defined by number of procedures performed) will each attempt to perform

procedures using 3 methods:

• Current gold-standard method

• Steerable tool system without steering

• Steerable tool system utilizing all steering capabilities as designed

The order in which interventionists will perform the procedures will be randomized.

A case report form to record defined metrics will be created. Each procedure will be recorded

via high resolution video to aid in tracking steerable tip motions and human interventions.

Sentiment analysis with word lists will be used to assess subjective metrics via a Likert-scale

survey of each neurointerventionist on design words: “sticky”, “smooth”,“flexible”,“stiff” and

so on for both the existing catheters and our novel steerable tools. These words will be quan-

tified through utility analysis [230], a classic engineering design technique applied to surgical

devices. Interventionists will be asked to fill out a paper survey with these word lists. The

quantities from utility analysis can tell us why there is an improvement in device performance

if it exists, and what can be done to achieve further improvement.

The collection of these metrics will provide comprehensive and quantified assessment

of the ability of the steerable tools to improve endovascular interventions, and to obtain an

understanding as to why this improvement occurs.
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9.1.2 Additional applications

The working principles of the steerable microcatheter system previously assessed for

use in neurointervention can be extrapolated to address additional applications in interven-

tional cardiology and interventional pulmonology. Steerable tools for these indications will

enable navigating to target locations quicker, with higher precision, and provide diagnosis

or treatment more effectively. The existing approach can be used to design, fabricate, and

generate performance data and enable varying the diameters and stiffness of the steerable

catheters to target additional disease indications. This would further enable investigating

and expanding the steerable tool set to include additional devices such as wires or biopsy

needles. This will facilitate the broader pursuit of dexterous microsurgical tools ultimately

paving the way for improved patient outcomes and recovery times, and reduced procedure

times and healthcare costs.

9.1.3 Clinical Background and Relevance

In interventional cardiology, precise positioning of the catheter tip remains a chal-

lenge due to the dynamic and complex three dimensional environment of the beating heart

[61, 126]. Targeted ablation procedures, known to be an effective treatment for cardiac ar-

rhythmias such as atrial fibrillation [231], require navigating catheters through tortuous vas-

culature and the cardiac chambers to access one or several specific ablation target sites. Mov-

ing and placing wires and catheters into specific regions of the heart requires manual guid-

ance from skilled and experienced interventionists. In addition, continuous beating of the

heart in conjunction with respiration poses significant challenges with stability in certain

target cardiac regions [232]. Challenges with precise positioning result in prolonged X-ray ex-

posure for both the patient and the medical staff. Randomized controlled trials have demon-

strated that the use of steerable sheaths in procedures such as ablation for atrial fibrillation
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results in reduced procedure time and X-ray exposure as well as improved single procedure

success rates likely due to improved precision of ablation target access [120]. Comparative

studies between steerable and non-steerable catheters have also demonstrated significant

reductions in procedure time and improvements in patient safety in patent foramen ovale

closure and mitral valve repair [121–123]. Steerable catheters have also been demonstrated

to yield better positioning of sophisticated implants in atrial septal defect repair and mitral

valve clipping [124, 125]. Although steerable sheaths are now commonly used, some limita-

tions remain [126]. Commercially available steerable sheaths are typically no smaller than

8F, and deflection is limited to a single plane [126]. Steerable catheters are a potential solu-

tion, though are not yet widely available. With an increasing incidence of vascular disease,

advancements in coronary interventions, and increasing complexity of cardiac lesions, ad-

dressing the limitations of steerable tools in interventional cardiac procedures may allow for

further improvement of accuracy in target access as well as enable percutaneous coronary

interventions in previously challenging situations including complex stenoses, tortuous and

narrowed coronary vessels, and chronic total occlusions [233, 234].

In interventional pulmonology, bronchoscopy is utilized in transbronchial biopsy

procedures to sample lung nodules or masses to evaluate for malignancy or parenchymal

lung diseases as early as possible. Existing bronchoscopes are too large to access subseg-

mental bronchi that get progressively smaller distally and peripherally. Navigating through

acutely angled bronchi to reach nodules in the peripheral lungs can be challenging as physi-

cians must utilize navigational bronchoscopy systems and steerable guides to reach the tar-

get location in the lung [235]. Although comparative studies have demonstrated that naviga-

tional bronchoscopy results in better performance within acutely angled bronchi in cadaveric

lungs [236], once this target area is reached, pulmonologists must remove steerable guides

and rely on extended working catheters or channels with preshaped tips that are not steer-
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able and cannot be maneuvered in the three dimensional space of the airway. This results

in suboptimal yield if the working catheter or channel lumen opening does not directly align

with the target, even though the tip is in close proximity to the target location; biopsy de-

vices such as needles or forceps, the majority of which are also not steerable, must be aligned

appropriately towards the target to obtain an adequate sample [235, 236]. Collecting diag-

nostic samples at distal airways remains challenging today despite advances in navigational

bronchoscopy [237]. Due to these limitations, a number of lung cancer patients fail to receive

definite diagnosis and require repeat or more invasive biopsy procedures [235].

9.1.4 Proposed steerable tools

Providing interventionists with the ability to precisely steer the distal tip of endovas-

cular and endoscopic tools has the potential to improve single-procedure success rates and

outcomes of interventions and procedures requiring small maneuvers in confined environ-

ments of small-diameter structures. The basis of the prelminary work established by the neu-

rovascular catheter recognizes that microballoons are routinely and safely used in various in-

terventional procedures, representing a crude form of soft robotics [80]. Incorporating novel

microprint-and-cast fabrication techniques and new hyperelastic polymers with microbal-

loon technologies, as we previously done for neurointervention, will facilitate the creation

of a suite of novel, inexpensive, safe steerable tools for use in endovascular and endoscopic

applications for use in a variety of interventions and procedures at sub-centimeter and sub-

millimeter scales.

9.1.5 Prelminary future work

To demonstrate that the approach is not limited to steering, the fabrication method

decribed in Chapter 4 was used to fabricate actuators with different configurations: a spiral
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channel to perform localized torquing (Figure 9.1), multiple tentacles off-set from the center

to perform micro-grabbing (Figure 9.2).

Figure 9.1: Image of a soft-tip enclosing a helical shaped hydraulic channel.

Figure 9.2: Image of tentacle structures for potential application in micro-gripping and ma-
nipulation. Each tentacle has a diameter of 100 µm.

While these early stage concepts would take long to translate into clinical application,

with the knowledge and experience gained from the neurovascular device, the process would

be significantly expedited.

9.2 Intraocular pressure measurement

Chapter 7 describes a novel direct IOP measurement device that provides rapid and

accurate measurements and is independent of the cornea. The device is ergonomic, hand

held, and has a disposable needle and sensor that can be discarded after use. The device was
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tested ex vivo in rabbits and accurately measured IOP in the anterior chamber and vitreous

chamber of vitrectomized eyes, the results were published in early 2020 [5]. A key outcome of

the research study was the inability to measure IOP in the vitreous chamber without vitrec-

tomy because vitreous rapidly clogged the measurement needle, voiding the sensor reading.

A similar result was found in prior cannulation studies. [199].

The research and design methods methods described there can be extrapolated to ob-

tain rapid and accurate readings of IOP in the vitreous chamber. In the future pressure sens-

ing device that enables rapid and accurate measurement of intraocular pressure in the vitre-

ous chamber of the eye can be developed. The key requirements are to obtain readings that

are not dependent on the mechanical properties of the cornea and performance would not

be hampered by clogging of the vitreous. This would be done by attaching a micro-pressure

sensor at the tip of a 33-Gauge needle as opposed to the back. This would enable measuring

pressure changes at the location of the sensor and not via a fluid column in the syringe needle

as measured previously.

9.3 Barrier enclosures for to prevent viral contagion while ad-

ministering non-invasive ventilation therapy

The barrier enclosure described in Chapter 8 is effective in preventing viral contagion

of infectious diseases. However, further studies are needed to ensure temperature control and

safe evacuation of viral particles from the enclosure. Although the vacuum exhaust flow rate

is higher than the expiratory capacity of a person, the ambient temperature, humidity and

carbon dioxide levels within the enclosure have to be quantitative measured. This is not only

important to ensure patient safety and comfort but also for more widespread use and clinical

adoption. In addition to this, the time period after which the viral particle filters would be
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too clogged or ineffictive due to humidity build up is unknown. A potential future study is to

monitor these parameters and make any design alterations needed to ensure the enclosures

safety and efficacy can be further consolidated.
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Appendix A

Supplementary information for biaxial

membrane tests

Plots for the experimental and analytically obtained curves of best fit for the dimen-

sional and dimensionless data.
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Figure A.1: Dimensionless inflation pressure, P/PR plotted with respect to the dimensionless
deformation of the membrane, ∆/R0 for Dragon-Skin™ with the analytically obtained best
fit. α= 0.07, R2 = 0.94.
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Figure A.2: Dimensional inflation pressure, P as a function of the maximum deformation of
the membrane, ∆ for Dragon-Skin™, with the analytically obtained best fit. R2 = 0.94.
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Figure A.3: Dimensionless inflation pressure, P/PR plotted with respect to the dimensionless
deformation of the membrane, ∆/R0 for Dragon-Skin™ + Hexane (1:1, by weight) with the
analytically obtained best fit. α= 0.08, R2 = 0.98.
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Figure A.4: Dimensional inflation pressure, P (y-axis) as a function of the maximum defor-
mation of the membrane, ∆ (x-axis) for Dragon-Skin™ + Hexane (1:1, by weight) with the
analytically obtained best fit. R2 = 0.98.
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Figure A.5: Dimensionless inflation pressure P/PR plotted with respect to the dimensionless
deformation of the membrane, ∆/R0 for Sorta-Clear™ with the analytically obtained best fit.
α= 0.06, R2 = 0.98.
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Figure A.6: Dimensional inflation pressure, P (y-axis) as a function of the maximum defor-
mation of the membrane, ∆ (x-axis) for Sorta-Clear™ with the analytically obtained best fit.
R2 = 0.98.

R2 values for the dimensionless and dimensional data for all five materials tested are

provided in Table A.1.
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Table A.1: R2 values obtained through minimization of the least squared error comparing the
analytical and experimental data.

Material R2 Dimensionless R2 Dimensional

Dragon-Skin™10 0.94 0.94

Ecoflex™ 0.91 0.90

Sorta-Clear™40 0.98 0.98

Sylgard™184 (PDMS) 0.99 0.99

Dragon-Skin™10 + Hexane(1:1) 0.98 0.98

Figure A.7: Dimensional inflation pressure, P (y-axis) as a function of the maximum deforma-
tion of the membrane, ∆ (x-axis) for Dragon-Skin™ for separate experiments with the same
material.
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Figure A.8: Dimensionless inflation pressure P/PR plotted with respect to the dimensionless
deformation of the membrane, ∆/R0 for Dragon-Skin™ with the analytically obtained best
fit. α= 0.072, R2 = 0.95. Repeat run
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Figure A.9: Dimensional inflation pressure, P (y-axis) as a function of the maximum defor-
mation of the membrane, ∆ (x-axis) for Dragon-Skin™ with the analytically obtained best fit.
R2 = 0.95. C1 = 177.5 kPa, C2 = 12.78 kPa Repeat run.
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Appendix B

Fabrication steps for the VEIL - vacuum

exhausted isolation locker

There are two versions of this enclosure. One that fits on a standard sized gurney and

one that fits on a conventional hospital bed.

The only dimension that changes is the width at the base. A 1/8" thick polycarbonate

sheet was pre-cut using a table router to the following shapes:

1. Gurney measures: Show side by side of flat sheet and 3D
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Figure B.1: Dimensional drawing and 3D illustration of gurney version

2. Hospital bed measures: Show side by side of flat sheet and 3D

Figure B.2: Dimensional drawing and 3D illustration of hospital bed version

3. Using a thermo-bender, heat was precisely applied along the bend lines shown in Fig-

ure B.1 and B.2.

117



Figure B.3: Dimensional drawing and 3D illustration of hospital bed version

Tip: The flat pre-cut polycarbonate piece with the exhaust holes can be used as the

limiting bend angle.

Figure B.4: Angle on the back piece with enhaust holes

4. The edges were sealed with clear plastic adhesive (Weld-on SC 16, Compton, CA, Mc-

Master part no: 7515A11)
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5. Worbla sheets (Eplastics SKU: WORBLACLR39X59) were cut into dimensions shown in

Figure B.1 and B.2. The side panel pattern was traced and cut into the worbla sheet.

The slit at the bottom enables access for HFNC or BiPAP tubing

Figure B.5: Worbla sheet side panel cutting pattern

6. The worbla side panels were attached using an instant-bond plastic adhesive Loctite

495 (McMaster part no: 7520A12) along the top and the sides of the access slot.

Figure B.6: Image of the worbla sheet side panels attached

7. DRAPE: Clear chemical resistant PVC film (0.008" thick, McMaster part no: 8562K17z)
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was cut to the following dimensions

Figure B.7: Dimensions of the drapes. a) Gurney version, b) Hospital bed version

8. Adhesive backed snap together clear polycarbonate fastener 1" (W) (McMaster part no:

94935K17) was cut to lengths of 4". These were placed at 1" on both sides of the top

mid-point of the drape. The design enables quick snap attachment and release with

matching clear polycarbonate fasteners on the top of the box.

9. Side-skirts: Clear chemical resistant PVC film (0.008" thick) was cut to triangular shape

with the following dimensions:

Figure B.8: Image of the side skirts dimensions and then final image attached on the box on
the right
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These were sealed to the sides of the enclosure using Loctite 495 to ensure a flexible seal

while it is placed on the hospital bed.

10. Two multi adaptors 15 mm I.D. × 22 mm O.D. were placed into the exhaust holes. These

enable easy plug in, plug out of the virus particle filters attached at the back.
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[51] T. Liu and M. C. Çavuşoğlu, “Three dimensional modeling of an mri actuated steerable
catheter system,” in 2014 IEEE International Conference on Robotics and Automation
(ICRA), pp. 4393–4398, IEEE, 2014.

[52] T. Liu, N. L. Poirot, D. Franson, N. Seiberlich, M. A. Griswold, and M. C. Çavuşoğlu,
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