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Abstract

Natural orifice endoscopic surgery can enable incisionless approaches, but a major challenge is the lack of small and

dexterous instrumentation. Surgical robots have the potential to meet this need yet often disrupt the clinical workflow.

Hand-held robots that combine thin manipulators and endoscopes have the potential to address this by integrating seam-

lessly into the clinical workflow and enhancing dexterity. As a case study illustrating the potential of this approach, we

describe a hand-held robotic system that passes two concentric tube manipulators through a 5 mm port in a rigid endo-

scope for transurethral laser prostate surgery. This system is intended to catalyze the use of a clinically superior, yet rarely

attempted, procedure for benign prostatic hyperplasia. This paper describes system design and experiments to evaluate

the surgeon’s functional workspace and accuracy using the robot. Phantom and cadaver experiments demonstrate suc-

cessful completion of the target procedure via prostate lobe resection.

Keywords

Surgical robotics, medical robotics, concentric tube robots, prostate surgery, HoLEP, benign prostatic hyperplasia

1. Introduction

Endoscopic surgery enables access to surgical sites through

small incisions and has become the standard of care for

many types of surgeries. In recent years, there has been

increasing interest in further reducing invasiveness by elim-

inating skin incisions completely, in favor of delivering

endoscopes and manipulators through natural orifices. A

major challenge in natural orifice surgeries is maintaining

the dexterity of both the endoscope and surgical instru-

ments in the presence of the constraints imposed by the

natural orifice and anatomical pathway to the surgical site.

Because of this, natural orifice procedures are typically

difficult to complete when first conceived of by

forward-thinking surgeons, because procedure-specific

instrumentation has yet to be developed.

The surgical robotics community has been actively

engaged in remedying this in recent years by developing

small manipulators which can be passed through (or along-

side) endoscopes, to provide surgeons with enhanced dex-

terity and larger workspaces. There has been a great deal of

interest in particular in single port surgeries, where the

robot enters the body through a small incision, typically in

the abdomen.

For example, the system design of Piccigallo et al.

(2010) delivered two six-degree-of-freedom (DOF) manip-

ulators, with motors embedded in the manipulator arms,

through a 30 mm umbilical access port. Lehman et al.

(2011) focused on triangulation with an elbow-based design

that delivered two four-DOF arms, one for cautery and one

equipped with a gripper, for dissection tasks through a

26 mm abdominal port. Phee et al. (2008) demonstrated a

24 mm system which could be delivered via the mouth or

anus with an endoscope and two six-DOF manipulators dri-

ven by Bowden cables for scarless gastrointestinal surgery.

The 19 mm ViaCath system was introduced in Abbott et al.

(2007), and delivers two six-DOF flexible, nylon manipula-

tors and a standard flexible endoscope through the mouth
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to access the gastrointestinal tract. The compact design of

Shang et al. (2012) delivered two articulated arms with

interchangeable instruments and an articulated camera

through a 16 mm port. The single-port design with perhaps

the smallest diameter to date that delivers two manipulators

was shown by Ding et al. (2013). Their flexible robotic plat-

form provides two seven-DOF continuum manipulators and

a three-DOF stereo vision module via a single 15 mm inci-

sion. The above are just a few of the many examples of the

surgical robotics community’s active and ongoing efforts to

increase the dexterity, visualization capability, and work-

space of surgeons in single port and natural orifice settings.

These systems demonstrate the remarkable progress that

has been made in the design and miniaturization of robotic

surgical systems, but some of the most demanding natural

orifice applications (e.g. nostril, ear canal, or transurethral

procedures) require further miniaturization. Another chal-

lenge in the clinical adoption of many robotic systems is

that they often significantly affect the clinical workflow, for

example by moving the surgeon from direct interaction at

the patient’s bedside to a console away from the patient.

Indeed, it has been suggested that future surgical robotic

systems should devote increasing attention to clinical work-

flow by including features such as smaller, more ergonomic

actuation units (see e.g. Taylor and Stoianovici, 2003), with

compact functionality (see e.g. Camarillo et al., 2004), and

hands-on surgeon interfaces (see e.g. Rodriguez y Baena

and Davies, 2010).

In keeping with these ideas, in this paper we present a

hand-held system that fits seamlessly into the current clini-

cal workflow for transurethral laser-based treatment of

benign prostatic hyperplasia (BPH). Our objective in creat-

ing this robot is to catalyze the use of a procedure that is

known to be clinically superior, yet is rarely attempted by

surgeons because of the degree of difficulty associated with

accomplishing it with current instruments. This procedure

is holmium laser enucleation of the prostate (HoLEP)

wherein the surgeon uses a laser fiber introduced through a

straight, rigid endoscope to manually resect prostate tissue

(see Figure 1). The robotic system we have developed gives

surgeons manual, hand-held control of both the endoscope

and two concentric tube robotic manipulators that pass

through the 5 mm port included in the endoscope (see

Figure 2).

Concentric tube robots are a type of miniature, needle-

sized continuum robot composed of concentric, precurved,

elastic tubes first proposed for use as robotic manipulators

simultaneously by Webster III et al. (2006) and Sears and

Dupont (2006). They are typically made of superelastic niti-

nol, which is well suited for this application because it has

large recoverable strain and can be shape-set into desired

curves while maintaining its superelasticity. When these

precurved tubes are translated and rotated at their bases,

their elastic interaction creates ‘‘tentacle-like’’ motion (elon-

gation and bending) of the device.

Geometrically exact mechanics-based models now exist

for these manipulators (Dupont et al., 2010; Rucker et al.,

2010) and a variety of real-time control methods have been

described (Burgner et al., 2014; Dupont et al., 2010; Xu

and Patel, 2012).

Concentric tube robots are particularly well suited to the

hand-held paradigm due to the small size and weight of the

manipulators and the fact that actuators can be located

away from the surgical site, at tube bases. The hand-held

approach in surgical robotic devices has been previously

Fig. 1. An image of a transurethral endoscope (Storz, Inc. 27292

AMA) with a HoLEP laser fiber introduced through the working

channel. In a HoLEP procedure, the surgeon grasps a similar

endoscope outside the patient, passes it transurethrally to the

prostate, and manually adjusts endoscope pose to attempt to

simultaneously control endoscope view, bring the laser to bear on

the desired target, and manipulate soft tissue with the endoscope

tip. The challenge of accomplishing all three tasks

simultaneously is generally agreed to be the reason HoLEP can

currently only be offered by a few of the most skilled physicians,

despite proven clinical benefits for the patient.

Fig. 2. Our new robotic system integrates two concentric tube

manipulators with a standard clinical endoscope in a hand-held

(counterbalanced) system. The system fits seamlessly into the

clinical workflow because the surgeon still has direct manual

control of endoscope pose, and can simultaneously control the

manipulators that extend through the endoscope with thumb and

finger motions.
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beneficially applied in the context of articulated laparo-

scopic forceps (Yamashita et al., 2004), hand-held da Vinci

tools (Focacci et al., 2007), steerable needles (Okazawa

et al., 2005), and articulated endoscopic tools (Shang et al.,

2011), among others. For concentric tube robots, a single-

tube robot has been employed as a reach extender in eye

surgery (Wei et al., 2009) and in neuroendoscopy to deliver

an electrocautery wire (Butler et al., 2012). Our robot fol-

lows the hand-held paradigm of these prior systems, but is

the first system of which we are aware that has incorpo-

rated multiple concentric tube manipulators in a hand-held

device.

As briefly mentioned earlier, our system is clinically

motivated by the prospect of increasing the utilization of

HoLEP to treat BPH, a procedure that has demonstrated

excellent clinical outcomes, yet is rarely used because of its

degree of difficulty for the surgeon. HoLEP is currently

conducted using a straight, rigid endoscope, which the sur-

geon holds and introduces transurethrally into the prostate.

A straight holmium laser fiber is passed through the work-

ing channel of the endoscope and used to resect (i.e cut,

not thermally ablate) the tissue. The holmium laser is a

‘‘contact laser’’ intended to be positioned in close proximity

to the target tissue to be cut. Beneficial aspects of the laser

in this surgical procedure are its ability to both cut and cau-

terize tissue simultaneously and the fact that thermal energy

is highly localized (Mandeville et al., 2011). Enucleation

refers to the use of the laser to resect the prostate tissue as a

solid mass (‘‘peeling’’ internal prostate tissue away from the

prostate capsule without cutting into it). Once the mass of

tissue is free, it is then pushed into the bladder. A device

called a morcellator is then introduced through the urethra

into the bladder and used to simultaneously cut the prostate

tissue into small pieces and remove it from the body using

suction.

HoLEP has been clinically demonstrated to have signifi-

cantly better outcomes for patients than traditional transure-

thral resection of the prostate (TURP) procedures, which

use sharp dissection or electrocautery. The benefits include

a 50% reduction in catheterization time, a 33% reduction

in hospitalization duration, and the elimination of the need

for blood transfusions (Ahyai et al., 2007). Recently, long-

term follow-up data has shown that HoLEP requires fewer

re-operations, which is leading many in the urology com-

munity to conclude that HoLEP should become the new

gold standard treatment for enlarged prostate (Van Rij and

Gilling, 2012). Despite these compelling clinical advan-

tages, HoLEP is currently conducted at only a few institu-

tions because it is extremely challenging for the surgeon

(Lingeman, 2011). It is physically demanding because

large forces are required to angle the endoscope, due to the

soft tissues surrounding it. To make matters worse, the sur-

geon must simultaneously manipulate soft tissue using the

endoscope itself, and bring the laser fiber (which has no

articulation, aiming straight out from the endoscope at a

fixed position with respect to the image) to bear on the

desired surgical target, which requires a high degree of

surgical skill. The robotic system described in this paper is

designed to make HoLEP easier by providing two indepen-

dent concentric tube manipulators, introduced through the

existing working channel of a standard clinical endoscope.

These two concentric tube manipulators can be used coop-

eratively by the surgeon: one arm facilitates tissue manipu-

lation and retraction, while the other aims the laser fiber.

The transurethral approach in our system draws inspira-

tion from several prior robotic systems. TURP was one of

the earliest surgical robotics applications (Davies, 2006;

Davies et al., 1991) in which a robotized endoscope was

used for autonomous sharp dissection of the prostate, based

on medical imaging. Somewhat surprisingly, since this pio-

neering work, only a few research groups have developed

robotic systems designed for transurethral deployment. In

2001, robotic transurethral laser resection of the prostate

through a standard endoscope was briefly mentioned (Ho

et al., 2001), though the authors’ main focus was on the

Nd:YAG laser used, rather than on the robotic system. In

2002, master–slave teleoperation of a robot holding an

endoscope for TURP was described (De Badajoz et al.,

1998). In 2004, a four-DOF manipulator for prostate resec-

tion delivering a drill and cutter through an 8 mm rigid

tube, with ultrasound guidance, was developed (Hashimoto

et al., 2004). Here, a major focus was on the removal of

excised tissue from the body, since a morcellator was not

available. In 2013, the feasibility of transurethral robotic

bladder access was demonstrated by Goldman and col-

leagues, which was the first use of a continuum robot in a

transurethral application. This robot consisted of a 5 mm

continuum manipulator that delivered a laser fiber, a fiber-

scope, and biopsy forceps into the bladder for visual inspec-

tion and tumor resection (Goldman et al., 2013). Our

system follows the continuum robot paradigm of Goldman

et al., but focuses on the prostate rather than the bladder. It

also differs in the use of the continuum robots as manipula-

tors at the tip of the endoscope rather than as an outer

deflectable tube for carrying instruments to the surgical

site.

1.1. Contributions

The primary contribution of this paper is to establish the

feasibility of single-operator hand-held control of an endo-

scope and two articulated transendoscopic manipulators.

Within the prostate surgery application, the system we

describe is the first hand-held robot for transurethral sur-

gery of which the authors are aware, and also the first

robotic system specifically designed to facilitate the

HoLEP procedure. A design contribution is the idea of

using field-of-view reachability as an objective function for

optimally selecting tube parameters in a concentric tube

robot. Experimental contributions include a comparison of

task space control and joint space control that demonstrated

the surgeons were more accurate using task space control,

contrary to the experimenting surgeons’ initial assumption

that joint space control would be superior, and a
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demonstration of the system’s practicality via phantom and

cadaver HoLEP resection experiments.

This paper is an archival unification of results previ-

ously described in preliminary form at three conferences

(Hendrick et al., 2014a,b,c). In addition to merging and

streamlining results from these three sources, noteworthy

additions/enhancements in the current paper include a more

detailed analysis and discussion of benchtop experimental

results including reporting additional experimental data, as

well as the first report of a cadaver experiment with the

system.

2. System design

There are two elements to the design of our system: the

mechanical design of the actuation unit and user interface,

and the selection of tube curvatures in the manipulators.

The overall system consists of four main modules: the user

interface (Figure 3, left), the transmission (Figure 3, right),

the endoscope (Figure 5, left), and the counterbalance

(Figure 5, right).

2.1. Mechanical design

At the end of the robot nearest the surgeon is the user inter-

face module (see Figures 2 and 3, left). This module is

designed to quick-connect to the transmission module

through spring-loaded shaft couplings and houses nine

16 mm, 8 W brushless motors with 29:1 gearheads (Maxon

Motor, Inc.). Fixed to the outside of the user interface mod-

ule are handles, where the surgeon grasps the robot and can

manually manipulate the entire system to control endoscope

pose. Each handle has an embedded joystick and trigger

that are used to control the concentric tube manipulators. A

screen is also placed between the surgeon’s hands, which

can be used to display the endoscopic view.

The transmission section (see Figures 2 and 3, right)

converts the rotation of the motors in the user interface

module into translation and rotation of the tubes. The

transmission was designed such that one concentric tube

manipulator could include three precurved tubes (six DOF),

while the other manipulator could include two tubes with

the outer tube straight (three DOF). In the set of experi-

ments described in this paper, however, both arms were

configured as two-tube, three-DOF manipulators. Linear

motion of the tubes is achieved via lead screws

(0:33 in=rev), which drive tube carriers that ride on ball

bearing blocks on a guide rail. Rotation of the tubes is

achieved via square shafts, which transmit torque through a

gear train to the tube; see Figure 4 for a detailed view of a

single carrier. By using square shafts that run the entire

length of the transmission section, torque can be transmitted

Fig. 3. (Left) The user interface section houses the motors and has two handles which are equipped with joysticks and triggers that

give the surgeon control of each manipulator, while a screen displays the endoscopic view. (Right) The transmission section: square

shafts transmit torque to rotate the concentric tubes, and lead screws drive tube carriers to translate the tubes.

Fig. 4. A detailed view of a single carrier is shown. Rotation of

the square shaft transmits torque through the gear train and

rotates the tube. Rotation of the lead screw translates the carrier

on the guide rail which translates the tube.
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over a variable distance, allowing the motors to be static and

compactly packaged. Friction was mitigated throughout the

transmission section by choosing plastic (PET) lead nuts, a

ball bearing block that rides on the guide rail, and a PTFE

sleeve that translates on the square shaft. Friction between

the interacting tubes also affects the system. The effect is

minimal in translation, since the axial stiffness of the tubes

make it easy to break static friction. In rotation, however, the

tubes can store torsion such that the tube rotation at its base

is not equal to the tube rotation at the tip. To mitigate this

effect, adequate clearance between the tubes is critical.

The endoscope (see Figures 2 and 5, left) is mounted to

the front of the transmission section and is a clinical 26 Fr

(8.28 mm) endoscope (Storz, Inc. 27292 AMA). Because

this endoscope is rigidly mounted to the robot, manipula-

tion of the robot via the user interface handles also manipu-

lates the endoscope. This endoscope contains optics and

light sources as well as a 5 mm tool channel, through which

we pass our concentric tube robots. A 500 mm laser fiber is

passed through the inner channel of one of the robotic arms.

Because the manipulators and the endoscope lens have a

fixed geometric relationship independent of endoscope

pose, the transformations between the user interface, endo-

scope, and manipulator frames are all constant.

To assist the surgeon by supporting the weight of the

hand-held robot, a spring-loaded counterbalanced arm

(Dectron, USA) is provided (Figure 5, right). A custom

orientation frame was also constructed, providing three pas-

sive orientation DOF so that the overall counterbalance sys-

tem enables the surgeon to manipulate the robot freely in

six DOF without perceiving the system as having any

weight. When the robot is used in transurethral prostate

surgery, the endoscope approximately operates through an

anatomically constrained center of motion near the front of

the prostate. This constraint is created by the soft tissue

pressure provided by the urogenital diaphragm. Thus, the

surgeon must typically manually coordinate four-DOF

endoscope motion (roll, pitch, yaw, and insertion) during

surgery.

2.2. Tube design: Optimizing the reachable field

of view

Design optimization of concentric tube robots is an active

area of research. Tube parameters can be optimized to max-

imize the reachability of a target anatomical volume

(Burgner et al., 2013), or to navigate through constrained

anatomy and reach specified target positions (Bedell et al.,

2011). In HoLEP, since the endoscope view and manipula-

tor bases will move together and be repositioned during

surgery, it is desirable for the manipulators to be able to

reach as much of the endoscope’s field of view as possible.

Thus, to design optimal manipulators for HoLEP, we maxi-

mize the overlap between the endoscopic field of view and

the workspace of the manipulator (i.e. the ‘‘reachable field

of view’’ (RFOV)). To determine the RFOV, we must model

both the endoscope’s field of view and the concentric tube

robot’s workspace, and then compute the intersection of the

two.

We model the field of view of the endoscope as a cone

with its vertex at the lens. Manufacturer specifications

describe this endoscope as having a 6� angle of view, 103�
field of view, and 30 mm depth of view, and we deter-

mined that the lens is located approximately 1.2 mm from

the tip of the endoscope. The modeled field of view is

shown in Figure 7. In considering manipulator workspace,

we note that while it is possible to use several tubes and

non-constant precurvatures, in this paper we restrict our

attention to manipulators consisting of a straight outer tube

and a constant curvature inner tube. These tubes can move

Fig. 5. (Left) The rigid endoscope is shown with two concentric tube robots passing through it. The endoscope and two fiber optic

bundles providing illumination are built into the endoscope. The two manipulators pass through a single 5 mm port inside the

endoscope. A custom plastic tube separator constrains the exit axes of each manipulator at the endoscope tip. (Right) A spring-loaded

positioning arm provides passive gravity compensation and a custom orientation frame provides orientation DOF for the surgeon.
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in three DOF, and RFOV optimization is conducted over

one parameter, namely the curvature (k) of the inner tube.

The concentric tube manipulator’s position in the endo-

scope cross-section is shown in Figure 6.

In the absence of constraints, the manipulator’s

trumpet-shaped workspace can be analytically determined

by revolving a circular arc with a cylinder appended, as

shown in Figure 7. In practice, RFOV can be increased by

placing the base of the concentric tube robot a short dis-

tance inside the tip of the endoscope, so that the manipu-

lator can begin to curve before passing out of the tip of

the endoscope. This modification requires pushing the

tube separator from Figure 5 a short distance into the tip

of the endoscope. Under these conditions the concentric

tube manipulator’s workspace is also limited by the

boundary shown in Figure 6. Important quantities in

mathematically describing this boundary on the work-

space include the rotation of the inner tube (a1), the clear-

ance between the manipulator axis and the boundary

(c(a1)), the radius of the inner tube (r), the angle sub-

tended by the curved portion of the inner tube (u), and

the critical angle subtended by the inner tube at which it

collides with the boundary (uc). This angle and the

distance behind the tip of the endoscope where the

straight tube should end to achieve it, d, are given by

uc = cos�1 ck� 1

rk� 1

� �
ð1Þ

d = k�1 sin (uc) ð2Þ

From this, the trumpet-shaped workspace boundary sur-

face, b, can be shown to be

b(a1, u)=
�k�1 sin (a1)( cos (u)� 1)
k�1 cos (a1)( cos (u)� 1)

k�1 sin (u)� d

2
4

3
5 ð3Þ

where a1 2 [0 2p), u 2 0 p=2
� �

, and an origin on the tube

axis at the endoscope tip is assumed as shown in Figure 6,

right. The closed curve defined at u = 90� forms the bottom

of a cylinder that extends axially to form the remainder of

the workspace boundary, which can be accessed by extend-

ing out both tubes together.

We began by discretizing the curvature of the inner tube

into 100 evenly spaced values within a range of 20 m21 to

70 m21. The lower curvature bound was selected because it

Fig. 6. (Left) A cross-section of the endoscope tip. The concentric tube manipulator base frame is located a short distance inside the

tip of the endoscope, and its workspace is partially defined by the boundary indicated in black straight lines in the figure above. The

boundary is defined by the endoscope sheath, a line tangent to the light sources, and the midline of the endoscope between the two

manipulators. (Right) The workspace surface, b(a1,u), of a concentric tube robot is shown. The chosen coordinate frame and all

parameters required to calculate the surface are illustrated for an example point on the surface.

Fig. 7. Manipulator workspace overlaid on field of view for (a) a tube design of k = 30.1 m21 (RFOV=8.9%), (b) optimal design

with manipulator base at endoscope tip (k = 47.8 m21, RFOV=29.5%), and (c) optimal design (k = 34.6 m21, RFOV=64.9%) when

the manipulator base is located inside the tip of the endoscope.
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was clear geometrically that this workspace would have lit-

tle overlap with the field of view, while the upper curvature

bound approaches the limit of a tube that we could shape-

set. We defined the radius of the inner tube as r = 0.5 mm

to approximate our initial prototypes. For each curvature,

the workspace was computed and the percentage of the

visualization volume covered was determined. This was

done by discretizing the visualization cone into a total of n

isotropic 0.5 mm voxels and counting the nr total voxels

whose centers are inside the manipulator’s workspace. This

allows us to define the RFOV metric as RFOV= nr=n.

Three different example cases of overlaid workspace and

view volume are shown in Figure 7, and RFOV versus k is

shown in Figure 8.

The most noteworthy result from this study is that locat-

ing the base of the concentric tube manipulator a short dis-

tance inside the endoscope behind its tip is useful for

reaching the maximum percentage of the visualization vol-

ume, with lower required curvature.

3. Manipulator kinematics and control

This section begins by discussing the kinematics and

Jacobian of the concentric tube manipulators in our hand-

held robotic HoLEP system. We then describe the

singularity-robust resolved rates algorithm used to map sur-

geon inputs to manipulator tip motions.

3.1. Manipulator forward kinematics and

Jacobian

The two-tube concentric tube manipulator discussed previ-

ously in the design section (Figure 9) is a special case of

the general concentric tube robot model given in Rucker

et al. (2010) and Dupont et al. (2010). Despite the fact that

the general model must be solved numerically, this special

case enables the kinematics and Jacobian of the manipula-

tor to be written in closed form. The actuation variables are

q = a1 b1 b2½ �T, where a1 denotes the angular rotation

of the inner tube, b1 2 s (where s measures arc length)

denotes the location where the inner tube is held by its car-

rier, and b2 2 s denotes the location where the outer

straight tube is held by its carrier. We define s = 0 at the tip

of the endoscope, with positive s out of the endoscope. Let

‘1 and ‘2 be the total lengths (i.e. the sum of the straight

and curved lengths) of the inner and outer tubes, respec-

tively. We define a fixed frame at the endoscope tip, with

the z-axis tangent to the endoscopic axis, and its x-axis

defined as the direction about which the inner tube curves

at a1 = 0, as shown in Figure 9. We also define a body-

attached frame at the tip of the robot with its z-axis tangent

to the robot backbone and its x-axis in the direction about

which the tube curves. Using these definitions, the forward

kinematic map, gst, is given by

gst =
R d

0 1

� �
, R =

ca1
�sa1

cg sa1
sg

sa1
ca1

cg �ca1
sg

0 sg cg

2
64

3
75

d =

�k�1sa1
(cg � 1)

k�1ca1
(cg � 1)

l2 + b2 + k�1sg

2
64

3
75

ð4Þ

where g = k(b1 2 b2 + ‘1 2 ‘2). It is shown in Murray

et al. (1994) that a spatial Jacobian can be determined from

the forward kinematics.
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Fig. 8. RFOV as a function of tube curvature. The three labeled

points correspond to the numbered illustrations in Figure 7. Base

at tip refers to the base of the manipulator being at the tip of the

endoscope. Base behind tip refers to the base of the manipulator

being located a short distance inside the endoscope.

Fig. 9. The concentric tube manipulators used in our

experiments are a special case where the outer tube is straight and

stiff and the inner tube is curved and elastic. We define the fixed

base frame of the manipulator at the tip of the endoscope, and a

body-attached frame at the tip of the inner tube. Rotation of the

inner tube, translation of the inner tube, and translation of the

outer tube are given by the variables a1, b1, and b2, respectively.
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We prefer to express the velocity mapping via the hybrid

Jacobian, so we convert this spatial Jacobian to a body

Jacobian and then express the twists in the fixed frame,

which results in the following hybrid Jacobian:

Jh =

k�1ca1
(1� cg) sa1

sg �sa1
sg

k�1sa1
(1� cg) �sgca1

sgca1

0 cg 1� cg

0 kca1
�kca1

0 ksa1
�ksa1

1 0 0

2
6666664

3
7777775

ð5Þ

For a detailed description of this analysis in the context of

constant curvature continuum robots, see Webster III and

Jones (2010).

3.2. Manipulator control

A singularity exists for the concentric tube manipulator

when the two tubes have their tips at the same point, which

occurs when the two tubes extend the same distance out of

the tip of the endoscope. To account for this singularity, we

implemented a singularity-robust resolved rates algorithm

based on Wampler II (1986). The update step in this algo-

rithm is given as

_q = (JT
h Jh + l2I)�1JT

h _x ð6Þ

where

l2 =
0, sm � e
1� sm2

e2

� 	
l2

max, sm\e



ð7Þ

Here e determines how close to singularity one wishes the

system to be before implementing the damping factor, lmax

is the maximum damping factor, and sm is the minimum

singular value of Jh, which indicates how well-conditioned

the Jacobian is (Chiaverini, 1997).

3.3. User interface mappings

The surgeon manipulates the concentric tube robots via the

embedded joystick (with pushbutton capability) under his/

her thumb and an analog trigger under his/her index finger.

Initially, likely due to familiarity with manipulating manual

clinical tools through endoscope ports, surgeons expected

to prefer direct joint space control of the rotation and axial

extension of the tubes. In task space control, surgeons were

initially surprised by rapid robot motions near singularities,

perceiving these as a lack of control of the concentric tube

robot. However, this disagreed with the idea that task space

teleoperation is often preferable in robotic systems. To

explore this apparent contradiction, we implemented both

joint and task space control in order to experimentally com-

pare the two in user studies.

In joint space mode, the index finger trigger was

mapped to rotational velocity of the inner tube ( _a1), and

upward motion of the joysticks (on each handle) were

mapped to translational velocity of the tubes ( _b1, _b2). The

surgeon was able to reverse the direction of rotation by

clicking the joystick and then again depressing the index

finger trigger. All commanded velocities were linearly pro-

portional to the deflection of the relevant analog input from

thumb joysticks and index finger triggers. In task space

mode (shown in Figure 10), the tips of the manipulators

move relative to the camera frame. Thumb joystick deflec-

tions (both vertical and horizontal) were mapped to end-

effector velocity commands in the plane of the endoscopic

view. The index finger trigger was mapped to end effector

velocity perpendicular to the image plane, and clicking the

joystick reversed the direction of motion perpendicular to

the image plane. In this mode, each manipulator can be

independently controlled by the handle on the correspond-

ing side of the robot, which enables bimanual operation.

4. Experiments

We evaluate the ability of surgeons to use this system to

accomplish surgical objectives through four experiments

described in this section. The purposes of these experi-

ments are (1) to explore the surgeons’ ability to access a

larger area of relevant surgical positions with the robot

compared to a standard straight endoscope, (2) to compare

the surgeons’ ability to follow a desired tip path using task

and joint space user interface mappings, (3) to show that

surgeons can use our system to perform a realistic laser

resection in an anthropomorphic phantom prostate, and (4)

to demonstrate a HoLEP resection procedure on an ex vivo

cadaveric prostate specimen. The expert surgeons in this

set of experiments are co-authors Dr Duke Herrell and Dr

Christopher Mitchell.

4.1. Desired resection surface access experiment

One of the primary intended benefits of our robotic system

over conventional HoLEP instrumentation is that the

Fig. 10. (Left) One of the handles of the user interface,

illustrating an analog joystick (with pushbutton) and trigger. The

joystick provides for two bidirectional inputs, and the trigger

gives a third unidirectional input. The pushbutton is used to

reverse the direction of the trigger input. (Right) The endoscopic

view is shown with the task space mapping from the user

interface to the motion of the manipulator end-effectors.
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manipulators should give the surgeons easier access to

resection targets, and/or access to a greater number of use-

ful targets. In this experiment, we set out to evaluate how

well the surgeon can access the intended resection surface

in the prostate in a geometric sense (i.e. without tissue

deformation). This test is conservative, since tissue defor-

mation tends to help expose targets, and therefore make

access easier. Disallowing deformation is a starting point in

experimental validation of our system only; subsequent

experiments will evaluate the ability of surgeons to use our

robot for HoLEP under realistic conditions with soft tissue

deformation.

To approximate the remote center of motion (RCM)

imposed by the patient’s soft tissues in a benchtop setting,

we used a wooden support with a hole through it, posi-

tioned at an anatomically accurate distance from the pros-

tate resection surface model. To simulate the surgeon’s

desired surface for laser resection in HoLEP, we affixed a

3D printed ellipsoid of anatomically correct dimensions

(30 mm × 42 mm × 47 mm; Leenstra et al., 2007)

made of hard plastic behind this center of motion as shown

in Figure 11. A magnetic tracking system (Aurora

Electromagnetic Measurement System, Northern Digital

Inc.) was registered to the test stand, and a 0.5 mm electro-

magnetic tracking coil was embedded in the tip of the con-

centric tube robot.

Two experienced urologic surgeons then used the system

to scan the surface of the desired resection ellipsoid. One

two-tube, three-DOF manipulator was used under both joint

space and task space control and the surgeons scanned one

quadrant of the axially symmetric model.

This experiment was completed prior to the design of

the counterbalance arm, so a passive lockable arm was

used to support the robot. It was locked in place during the

experiment, but the surgeons were allowed to pause surface

scanning, unlock the arm and reposition the robot, and then

re-lock the arm and continue scanning, as often as desired

during the experiment.

The experimental results are shown in Figure 12, and a

typical endoscope image during the experiment is shown in

Figure 13. A cannula tip point was considered to be on the

surface of the resection ellipsoid if the point was less than

2 mm from the surface in order to account for test setup

registration error and magnetic tracking error. Figure 12

illustrates that surgeons were able to access nearly the entire

available ellipsoidal surface of the model with both control

mappings. The lighter area in Figure 12 shows the theoreti-

cal reachable area of a conventional, straight endoscope. It

was computed using tangent lines to the ellipsoid that pass

through the RCM. This experiment shows that our robot is

capable of reaching points relevant to prostate resection.

Tissue deformation is evaluated in subsequent experiments.

Fig. 11. The experimental setup constrains the endoscope to operate through an approximate anatomically constrained center of

motion. The surgeon scans the desired resection surface (the surface of the plastic model) with the instrument tip using endoscopic

video feedback. The instrument tip is magnetically tracked.

Fig. 12. Magnetic tracking data showing the positions on the desired resection surface accessed by two surgeons using the system in

joint space mode (left) and task space mode (right). The lighter colored region indicates the best-case scenario for the surface

reachable by a conventional straight endoscope, without tissue deformation (i.e. the reachable area without using the robot and using

only a straight, rigid endoscope).
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In addition, this experiment did not reveal a difference

between joint and task space operation in terms of reach-

ability, which motivated experiments to compare them in

terms of trajectory tracking, as described in the following

subsection.

4.2. Trajectory tracking experiment

This experiment used the experimental setup described in

the previous subsection, but rather than asking surgeons to

scan the surface we asked them to follow a specified 3D

curve along the surface. Both accuracy and task completion

time were recorded, and surgeons were alerted to the fact

that both metrics would be used for evaluation before the

experiment commenced. This experiment was done once

with the arm unlocked (so that the surgeons could position

and orient the endoscope as well as the concentric tube

manipulators to follow the path) and once with the arm

locked (requiring surgeons to use only the concentric tube

manipulators, without changing the endoscope pose). The

paths for the two scenarios can be seen in Figure 14. These

paths were drawn on the model with input from the sur-

geons and are intended to approximate the circumferential

cuts required in a HoLEP procedure. Nevertheless, the pri-

mary aim of this experiment was to characterize the sur-

geon’s ability to follow some desired tip path using

different control modes. The ability to accomplish the

entirety of a HoLEP procedure is not evaluated here, but

rather in subsequent phantom and cadaver experiments pre-

sented in Sections 4.3 and 4.4.

The first path was traced with counterbalance assistance

by two surgeons, each using both control modes on separate

trials, each performing two trials per mode, yielding a total

of eight experimental runs. The mean accuracies for both

control modes with counterbalance assistance were 1.5 mm

for joint space and 1.6 mm for task space. The maximum

error during each run averaged 6.4 mm with joint space

control and 4.3 mm with task space control. Total time to

complete the task averaged 70.2 s for joint space control

and 41.9 s for task space control. These results indicate that

the surgeons are capable of using either control mode to fol-

low the prescribed path, but that joint space mode required

substantially more time, while also occasionally resulting in

relatively large errors. Figure 15 illustrates the time sur-

geons spent at various levels of error.

Noting qualitatively that surgeons were using substantial

endoscope manipulation, particularly with joint space con-

trol, we performed another similar experiment in which we

fixed the endoscope pose by locking the counterbalanced

support arm. Surgeons were then asked to trace the path

shown in the center of Figure 14 using only the concentric

tube manipulators. Again, two surgeons attempted to com-

plete this task in both control modes, twice each per mode,

for a total of eight experimental runs. The results of this

experiment showed substantial differences for joint and

task space control. First, task space control results did not

change substantially from the free endoscope experiment,

with a mean error of 1.6 mm and an average maximum

error of 4.0 mm. The only significant difference in compar-

ing task space control in this experiment to task space con-

trol with free endoscope movement was that surgeons

traced the path more slowly. It took them approximately

the same amount of time (40.3 s) to trace a shorter path in

this experiment as it did to trace the longer path in the

experiment with free endoscope manipulation.

The joint space control results, however, revealed a sharp

contrast between free endoscope manipulation and fixed

endoscope pose. Completion of the task was not achievable

within a reasonable amount of time for the surgeon using

joint space control with a fixed endoscope. On all four runs,

the experiment was ended at surgeon request after an aver-

age time of 2 min, with over 15% of the time spent in

excess of 3 mm error. We do not report the mean or maxi-

mum error since the task could not be completed, but the

percentage of experiment time spent in large error states is

shown in Figure 15. This indicates that the joint space con-

trol mapping was too mentally taxing for the surgeons to

achieve rapidly and accurately without the assistance of

endoscope pose manipulation. This means that surgeons

were likely primarily using endoscope pose manipulation to

trace the path in the corresponding experiment with free

endoscope manipulation. This agrees with prior results

where increased mental fatigue was noted with joint space

operation of 3D flexible endoscopes, in which it was noted

that operating these devices ‘‘quickly overwhelms the men-

tal and motor abilities of most surgeons’’ (Swanstrom and

Zheng, 2008).

4.3. Laser resection of an anthropomorphic

prostate phantom

In this experiment, we set out to experimentally test our

system in a realistic HoLEP model. We aimed to evaluate

the performance of the system in an anatomically accurate

model, and to explore the surgeon’s ability to coordinate

Fig. 13. Endoscopic view of a surgeon scanning the desired

resection surface model.
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two concentric tube manipulators simultaneously (one to

expose tissue and one to laser resect tissue).

We utilized a TruLase Prostate HoLEP simulator

(TPR100, TruCorp Ltd), which is designed for training sur-

geons in HoLEP (see Figure 16). This anatomically accu-

rate simulator enables laser enucleation of a synthetic

prostate specimen in a fluid-filled environment that mimics

the conditions in clinical HoLEP surgery. The surgeon used

both concentric tube manipulators in task space control,

with a 500 mm holmium laser fiber passed through one

manipulator, and the other used for tissue retraction. Both

manipulators were identical two-tube, three-DOF devices,

as shown in Figure 9.

The simulator was filled with saline solution and endo-

scopic saline irrigation was used in the same manner as in

a clinical HoLEP procedure. The synthetic prostate used in

this experiment was the three lobe prostate insert (TPRO-

03, TruCorp Ltd) as shown in Figure 16. A clinical 80 W

holmium laser was used, and the surgeon could fire the

laser on demand using a foot pedal, just as they would in a

clinical HoLEP case. The counterbalance arm was used

and the endoscope (and robot) were free to be spatially

oriented as desired. Two surgeons were asked to laser

resect and remove a single lobe of the prostate and push it

into the bladder, just as they would in a clinical HoLEP

case (the specimen then gets morcellated within the bladder

in the current clinical HoLEP procedure, and our system is

designed to follow the same protocol for specimen

removal). There were no restrictions or instructions regard-

ing use of robotic manipulators versus endoscope pose

control; surgeons were free to use both as they wished.

Qualitatively we noticed that surgeons manipulated both

endoscope pose and concentric tube manipulators simulta-

neously during the procedure and were not relying primar-

ily on endoscope pose manipulation. It is also worth noting

that this was each surgeon’s first experience using both

manipulators simultaneously.

Two lobes were successfully laser resected from the

prostate model and pushed into the bladder, one by each

surgeon. One surgeon removed the median lobe (the lobe

in the center of Figure 16), while the other removed one of

the lateral lobes. The post-experiment synthetic prostate

model can be seen in Figure 17. After a short learning

curve in which the surgeons focused primarily on the laser

Fig. 14. (Left) Desired path of concentric tube robot tip for the experiment with free endoscope manipulation. (Middle) Desired path

of concentric tube robot tip for the experiment with a fixed endoscope pose. (Right) Concentric tube robot following the desired path

on the prostate resection surface model.
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Fig. 15. An illustration of the time spent at various levels of error in the two path-tracing experiments, with and without endoscope

pose manipulation. y The surgeons requested termination of this experiment prior to completion.
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arm, surgeons began to use coordinated movement of both

arms, increasingly relying on retraction from the retraction

arm. The retraction arm was used to expose desired targets

within tissue and the laser arm to cut the exposed surface

with the laser.

4.4. Ex vivo laser resection of a cadaveric

prostate specimen

To evaluate the system in biological tissues we used a dis-

sected urethra, prostate, and bladder specimen for a lobe

removal experiment similar to that conducted in phantoms

in the previous section. The surgeon’s goal in this experi-

ment was to remove one of the lateral lobes of the prostate

(the lateral lobes are considered more challenging to

remove than the median lobe).

A challenge in this experiment was holding the speci-

men in a manner that approximates the surrounding tissue

constraints present in the human body. To approximate

these, we used sutures to loosely hold the specimen in

place, with a layer of adhesive plastic wrap to provide a

compliant support to the bladder, prostate, and urethra. To

perform the resection we again used the clinical 80 W hol-

mium laser, which the surgeon could fire on demand using

a foot pedal. Saline irrigation was provided through the

endoscope, both manipulators were active, and the counter-

balance was used. The experimental setup is shown in

Figure 18 and two endoscopic views are shown in

Figure 19.

Fig. 16. (Left) The counterbalanced robot operates transurethrally through the HoLEP simulator. The surgeons visually servo the

concentric tube manipulator tips in the task space with high-definition endoscopic video feedback. In this experiment, surgeons

preferred a large off-board monitor to the onboard screen between their hands, though it is possible to show the endoscope image on

either or both displays. (Right) The endoscopic view shows the three lobes of the synthetic prostate. Each surgeon was tasked with

laser resecting one lobe of the prostate phantom.

Fig. 17. (Left) The left manipulator retracts the tissue, exposing

the targets for the right manipulator to cut with the holmium

laser. (Right) A photograph of what the prostate model looked

like before and after the experiment.

Fig. 18. (Left) The experimental setup shows the endoscope

inserted into the specimen. The specimen is held with an

adhesive plastic wrap and sutures through the specimen and the

test stand. (Right) The dissected, sectioned post-operative

specimen is shown. A catheter is placed through the urethra for

reference, and the robotically removed 2.7 g lateral lobe is shown

next to the specimen. The defect in the prostate where the lobe

was removed is also visible.

Fig. 19. (Left) An endoscopic view inside of the prostatic

urethra shows both manipulators. (Right) The laser manipulator

is shown endoscopically in the bladder.
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The surgeon successfully removed a 2.7 g lateral lobe

from the specimen (see Figure 18), using the robotic sys-

tem for the entire procedure. The surgeon was able to resect

the tissue up to the outside edge of the prostate (i.e. the

prostate capsule) and enucleate the lobe, following the cap-

sule around the organ during enucleation, mimicking the

current surgical technique. The dissected and sectioned

lobe of the prostate is shown postoperatively in Figure 18.

We did note one small capsule perforation, indicating the

need for further refinement and testing of the system, as

well as perhaps the need for additional surgeon experience

and training with the robot system (this was the surgeon’s

first cadaver case with the system). Future experiments are

also needed to compare the robot to standard HoLEP in

terms of procedure completion time, correspondence of

actual enucleation volume to planned enucleation volume,

and complication rates.

5. Conclusion

This paper has introduced a new system that enables hand-

held coordination of both an endoscope and two concentric

tube manipulators delivered through its 5 mm working

channel. One useful feature of this robot is that it fits seam-

lessly into the clinical workflow of the HoLEP procedure in

the sense that the surgeon maintains hand-held control of

the endoscope and the patient and surgeon positions in the

operating room are the same as in the current clinical work-

flow. We presented the mechanical design of the system

and a method to select tube parameters in the concentric

tube manipulator for optimal overlap of the manipulator’s

workspace and the endoscope’s field of view. We also

described the kinematics of the system and compared task

and joint space control mappings via user studies with sur-

geons. This user study showed that the experimenting sur-

geons spent more time in large error states when utilizing

joint space mode. Lastly, we described initial phantom and

cadaver studies, which showed that the system can be used

by surgeons to resect prostate lobes with the holmium laser.

In the future, we plan to compare the system directly to the

current manual approach in a series of user studies with

experienced surgeons to explore our hypothesis that this

robotic system has the potential to make HoLEP surgery

easier to perform accurately and safely. If this hypothesis is

proved correct, then the robot described in this paper may

pave the way to wider use of the HoLEP procedure, and

thereby enable many more patients to benefit from its

demonstrated clinical benefits. We also believe that the

basic concept behind our system, namely hand-held control

of concentric tube robots extending through endoscopes, is

generalizable to many other locations in the human body.

Examples include endonasal surgery, throat surgery, brain

surgery, and other surgeries that can benefit from dexterity

in manipulators delivered through endoscopes. We believe

that the hand-held paradigm is broadly applicable in surgi-

cal robotics, and user interfaces like the one we propose in

this paper are a key to making them fit well enough into

the existing workflow of the operating room that clinical

personnel can easily adopt them.
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