


targets lying directly in line with the entry point [10].

Flexible endoscopes and fiberscopes allow a surgeon to reach

targets off of a straight line, allowing the use of natural

cavities. This minimizes trauma to soft tissue. Steering inside

the body is enabled by active and passive deflection of the

distal end of the scope, however, serious injury can occur

when the endoscope does not bend fully to the intended

trajectory [11]. Typical ventriculoscopes used in neuroendo-

scopic procedures have an active tip deflection of 160 degrees

down and 100 degrees up [10]. Endoscopes for ureteroscopy,

the diagnosis and treatment of intrarenal kidney stones, can

reach tip deflections up to 270 degrees. This flexibility is

often used when nearby the target to aid with visualization.

However, in both cases, the deflection is greatly reduced by

introducing a tool in the working channel [12].

The development of concentric-tube robots aims to tackle

difficulty in steering catheters along an arbitrary 3-D trajec-

tory through tissue while avoiding bone and organs. These

robots actuate multiple tubes of varying stiffnesses that

have a common axis, forming a mutually resultant curvature

[13, 14]. The dexterity in these systems is important in

tackling the challenges when removing large kidney stones.

The maneuverability is limited by the number and stiffness

of the concentric tubes, requiring careful design.

Capsule endoscopy is another strategy for following com-

plex paths such as the small intestine [9]. These small

devices are swallowed and enable visualization of the entire

gastrointestinal tract as they pass through the body. This free-

floating method limits the ability to control orientation which

adds difficulty to view a specific target. Even in controllable

capsule endoscopes there are challenges in performing safe

operations such as taking a tissue sample [2, 15].

Finally, a hand-held controllable colonoscope can be

driven through the colon, aided by an inverted sheath [16]. A

set of wheels drive the inverted section of the sheath, everting

it at the tip. The everting sheath eliminates shear friction

between the scope and colon wall. The scope has a fixed

length that moves from outside of the colon to inside as the

sheath inverts. This process can be reversed. The forces from

interacting with the colon wall steer it along the intestine.

In this paper we present the design of a novel soft catheter

that employs a fundamentally different solution by increasing

length from the tip as shown in Fig. 1 [17]. This strategy

has advantages over traditional catheters because it does not

impart forces on the body to shape or guide the catheter.

The results suggest a reduction in shear and normal forces

with peak reduction in the normal direction over 100 times.

Experimental verification and modeling is done to show the

ability to predict forces during insertion into the body. While

these results are preliminary and are tested in artificial tissue

with prototype catheters, they suggest the potential for impact

in the area of minimally invasive medical procedures.

II. DESIGN

A. Extension Method

The soft catheter consists of a thin-walled, hollow plastic

tube that can be folded inside of itself, or inverted. This
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Fig. 2: Apical extension without sliding relative to the

environment. Red arrows indicate motion of catheter material

as it emerges and everts at the tip.

folding process is accomplished by tucking one end inside

the tube using a rigid ramrod or by pulling a string secured

to the end. Applied internal pressure causes the tucked

material to extend out of the tip, or evert. It is able to

minimize forces and follow trajectories due to the apical

extension shown in three stages in Fig. 1. Once visible on

the outside of the soft catheter, the colored dots do not

move while the rest of the catheter finishes following the

trajectory. Fig. 2 highlights this method of reaching a target

surgical location, mapping the internal movement of material

to stationary outer points along the trajectory. This pressure-

driven tip extension is inspired by the principle of growth

found in some plant and fungal cells [18, 19]. Once the

catheter is fully extended, the internal pressure is increased

to raise stiffness and minimize forces that tools apply to

the tissue as they are passed to the surgical site. After the

operation is complete, the internal pressure is released so

the catheter completely deflates, minimizing stiffness, before

being retracted manually. Currently, the pressure range tested

for successful extension and tool passing is 15.5 kPa to

31.0 kPa. This ability to control stiffness is also shown

with the fluidic actuation and granular jamming of a surgical

manipulator[20]. In contrast, our soft catheter extends along

a predefined trajectory, but is still capable of varying stiffness

by changing internal pressure.

This movement strategy is also related to whole skin

locomotion robots, which are comprised of a thin membrane

formed into an elongated toroid, which are inspired by

cytoplasmic streaming in ameobae [21, 22]. The skin of these

robots is everted in a single continuous motion, similar to a

tank tread. This type of robot requires shear force on the

environment in order to locomote.

For a thin-walled vessel with internal pressure P, diameter

D, and thickness t, the hoop stress is given by (1), and the

longitudinal stress (approximate, assuming t � D) is given

by (2). This indicates that the likely failure mode for the

soft catheter due to internal pressure would be circumfer-

ential rupture. To account for this, future iterations of the

soft catheter could include circumferential reinforcement in

the form of strong and stiff fibers. Such reinforcement is

already used in modern balloon catheters used for treating

occlusions.

σθ =
Pd

2t
(1)
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Fig. 10: Phantom brain tissue traversal from left ventricle entry to third ventricle drainage target. Soft catheter: (a) at entry

point, (b) prior to 90 degree bend, (c) at drainage point. Standard catheter: (d) at entry point, (e) prior to 90 degree bend,

(f) unsuccessful in achieving 90 degree bend.

IV. DISCUSSION

A. Pre-forming the Catheter Path

The small standard deviation in pre-forming a bend angle

of 90 degrees or less in the catheter allows for the predic-

tion of normal forces along the trajectory. This allows for

modification or selection of trajectories if the initial path

results in forces that exceed the desired forces or the path is

not the desired shape. Errors when pre-forming bend angles

larger than 90 degrees are due to hysteresis in the forming

process as well as deformation during removal of the solid

core. Using a core with multiple parts or a material that can

be easily dissolved would improve the precision.

Once extended, the soft catheter we propose can be

thought of as a passive, continuous, variable stiffness version

of patient specific concentric-tube robots [27]. It has uniform

stiffness and the ability to pass a standard 3 French surgical

wire, but does not currently allow for the change of a pre-

defined path like is possible with concentric-tube robots.

B. Catheter and Surgical Wire Insertion

With the reported decrease in normal forces applied to

phantom tissue, lower risk surgeries may be possible, by

minimizing the damage to brain or soft tissue. This could

expand the patient population that can benefit from surgeries

like ETV and also might allow surgeons freedom to choose

complex, but less invasive or sensitive paths to the surgical

site. Even when a tool is passed through the soft catheter, the

normal force is substantially lower than a standard catheter.

Stiffer tools decrease this difference but could be mitigated

by reinforcing soft catheters to get higher pressure.

Extending the soft catheter at lower pressures maintains

the safe, low forces while reaching the surgical site. The

internal pressure could then be increased to a level to

minimize the forces applied by the tool during insertion.

Finally, the pressure could be set to zero after tool retraction,

and the soft catheter could be retracted with very little force.

This ability to control the stiffness of the soft catheter by

orders of magnitude is helpful in minimizing normal forces.

C. Extension in Tissue Model

The shear force threshold suggests that there is no motion

of the catheter relative to the environment. This is an impor-

tant distinction from standard catheters as it means the shear

forces on the tissue could be much smaller and not increase

with insertion length and that the surface characteristics do

not affect the extension as it travels through the body.

The ability of the soft catheter to safely and easily fol-

low the ventricle trajectory to perform the simulated ETV

surgery highlights its advantages in terms of low forces and

constrained environments. Reaching the surgical site is made

considerably simpler than with a standard catheter, as the
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surgeon will only be controlling the length of the catheter.

This process requires no manual manipulation, decreasing

user error and the training necessary to accomplish a surgery.

Simplifying and enabling a lower-skill level to accomplish

the surgery could reduce the cost of needing a more skilled

professional and decrease time in the operating room.

V. CONCLUSIONS

In order to extend the reach of catheters and endoscopes,

this work presents a new soft catheter design capable of

accurately tracking any trajectory with angles 90 degrees or

less and radii of curvature 5 mm or greater. By relying on

apical extension, the soft catheter travels inside constrained

environments with minimal shear force. The ability to pre-

define the path through heat treatment allows for complex

trajectories. This possibility extends the range of catheters

to reach locations such as the small intestines and the

calyces of the kidney. The normal forces minimized by pre-

forming can be predicted by cantilever beam-bending models

and are experimentally verified, allowing for safe trajectory

selection before surgery. The ability to use standard surgical

tools while still applying 6.4 to 12.6 times less force than

standard push-catheters for 60 and 30 degree bends enables

safer operations that limit tissue damage or potential for

complications such as hemorrhage. The controllable stiffness

allows for minimizing forces while extending, when passing

tools to a surgical site, and for manual retraction.

Building upon this initial device, an exploration of pos-

sible surgical uses and variety of tools capable of being

used in conjunction with our catheter is needed to realize

its potential. Other materials such as water-proofed high-

strength fabrics should be explored to improve robustness

and resistance to puncture. The ability to provide steering and

real-time control would also enable more reliable movement

rather than relying on imaging and a pre-formed trajectory.

This could enable the catheter to perform corrections without

relying on other surgical methods if complications arose

requiring access to a different area than originally desired.

Methods to regulate the extension rate should be tested to

travel at a safe, controlled rate to the desired location.
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