
So You Want to Build a 
Needle/Scope-Like Robot

Where Do You Start?
Robert	
  J.	
  Webster	
  III,	
  September	
  11,	
  2013	
  



Introduc)ons/Acknowledgements







Olin	
  Hall

Hospitals



Surgical Engineering at Vanderbilt

http://vanderbilt.edu/vise/

• 1.5 years old

• ~25 Faculty

• 50-50 Med/Eng

• ~$20M in Funding

• 5600 Sq Ft in Med 
Center + OR area

• Mission: 
Translational 
Engineering => 
Patient Benefits



Robotics In ME at Vanderbilt

Webster Valdastri Goldfarb

Simaan Barth Sarkar



Robots/Devices

Clinical Applications



Outline of This Presentation

• History

• Design

• Modeling

• Example: Concentric Tube Robot

• Example: Steerable Needle

Webster and Jones, “Design and Kinematic Modeling of Constant 
Curvature Continuum Robots: A Review,” IJRR, 2010.

A lot of basic material that roughly follows the 
outline of the first 1/3 of this talk is available in:



The	
  First	
  Con;nuum	
  
(actually	
  Hyperredundant)	
  

Robot?
•	
  The	
  Orm	
  (Scheinman	
  &	
  Leifer,	
  circa	
  1965)
•	
  One	
  of	
  the	
  first	
  computer-­‐controlled	
  robot	
  arms
•	
  Pneuma;c	
  bellows	
  actua;on
•	
  For	
  industrial	
  (e.g.	
  factory)	
  applica;ons
•	
  Abandoned	
  due	
  to	
  poor	
  movement	
  precision
•	
  Now	
  on	
  display	
  at	
  the	
  Computer	
  
	
  	
  	
  History	
  Museum	
  in	
  Mountain	
  View,	
  CA	
  



The	
  other	
  candidate	
  for	
  first:	
  The	
  “Tensor	
  Arm”

•	
  Anderson	
  &	
  Horn	
  
	
  	
  	
  T	
  ASME	
  1967
•	
  Designed	
  for	
  
	
  	
  	
  undersea	
  use
•	
  Cable-­‐driven,	
  
	
  	
  	
  hinged	
  design
•	
  Patent	
  granted
	
  	
  	
  in	
  1970



The	
  first	
  Con)nuum	
  Medical	
  Device?

Olympus	
  Lucera

Olympus	
  Evis

•	
  Colononscope	
  developed	
  in	
  the	
  1960s
	
  	
  	
  (catalyst:	
  fiberop)c	
  light	
  sources)
•	
  First	
  wire-­‐actuated	
  version:	
  1970

•	
  These	
  are	
  manually	
  
operated	
  con)nuum	
  “robots”



Late	
  1970s	
  Onward:	
  The	
  Era	
  of	
  Hirose

Began	
  by	
  studying	
  the	
  biomechanics	
  of	
  Snakes

Slim	
  Slime
(pneuma)c)

1991

Elastor	
  
(wire-­‐driven	
  
arm)	
  1981



Other	
  Notable	
  Work	
  In	
  The	
  ‘80s

A. Morecki, K. Jaworek, W. Pogorzelski, T. Zielinska, J. Fraczek, 
G. Malczyk. “Robotics System—Elephant Trunk Type Elastic 
Manipulator Combined with a Quadruped Walking Machine.” 
Robotics and Factories of the Future 1987.J.F. Wilson, U. Mahajan, “The Mechanics and Positioning of 

Highly Flexible Manipulator Limbs,” Journal of Mechanisms, 
Transmissions, and Automation in Design. 1989. 



Early	
  Medical	
  Con)nuum	
  Robots

1mm

12	
  mm

Suzumori,	
  Ikura,	
  and	
  Tanaka	
  “Development	
  of	
  flexible	
  microactuator	
  and	
  its	
  applica;ons	
  to	
  robo;c	
  mechanisms”	
  ICRA	
  1991.

Hirose,	
  Ikuta,	
  and	
  Tuskamoto,	
  "Development	
  of	
  a	
  Shape	
  Memory	
  Alloy	
  Actuator",	
  Advanced	
  Robo;cs,	
  4(1),	
  3-­‐27,	
  1989.



Pneuma)c	
  Colon	
  Robot:	
  1995

Grundfest, Burdick, and Slatkin, “The development of a robotic endoscope,” ICRA 1995.



Design/Modeling	
  Chronology
Late	
  ‘60s:	
  Scheinman	
  &	
  Leifer
	
   Anderson	
  &	
  Horn
Late	
  ‘70s-­‐today:	
  Hirose,	
  et	
  al.
Early	
  ‘90s:	
  	
  Chirikjian	
  

1995:	
  Ivanescu

2000’s:	
  Walker	
  et	
  al.	
  

2002:	
  Loser	
  &	
  Taylor
2004:	
  Simaan	
  &	
  Taylor
2004:	
  Webster,	
  Cowan,	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Chirikjian,	
  Okamura
2006:	
  Webster,	
  et	
  al.	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Dupont,	
  et	
  al.
2008:	
  Camarillio	
  &	
  Salisbury
Recent	
  Years:

•	
  	
  Orm
•	
  	
  Tensor	
  Arm	
  
•	
  	
  First	
  true	
  con;nuum	
  robots	
  –	
  many	
  novel	
  designs
•	
  	
  Modeled	
  Hyperredundant	
  Robots	
  as	
  a	
  Con;nuum
•	
  	
  Modal	
  approach	
  to	
  Inverse	
  Kinema;cs	
  
•	
  Mechanics-­‐based	
  model	
  of	
  	
  an	
  electro-­‐rheologtcal-­‐fluid-­‐	
  
	
  	
  	
  actuated	
  robot	
  tentacle	
  	
  
•	
  	
  Many	
  contribu;ons	
  to	
  design	
  and	
  modeling	
  of	
  non-­‐
	
  	
  	
  medical	
  con;nuum	
  robots	
  (tendon-­‐driven	
  and	
  pneuma;c)
•	
  Steerable	
  needle	
  using	
  concentric	
  elas;c	
  tubes
•	
  Mul;-­‐backbone	
  con;nuum	
  robot	
  
•	
  Bevel-­‐steered	
  needles

•	
  	
  Concentric-­‐tube	
  con;nuum	
  robots
	
  
•	
  	
  Hansen	
  Catheter
•	
  	
  A	
  prolifera;on	
  of	
  innova;ve	
  medical	
  con;nuum	
  robot	
  
	
  	
  	
  designs	
  -­‐	
  several	
  interes;ng	
  designs	
  on	
  subsequent	
  slides

NOTE:	
  Here	
  ends	
  chronology	
  stuff.	
  	
  Don’t	
  infer	
  any	
  “firsts”	
  or	
  “bests”	
  from	
  later	
  references	
  in	
  this	
  talk.



R. J. Webster III and B. A. Jones.  Design and Kinematic Modeling of Constant Curvature Continuum 
Robots: A Review. International Journal of Robotics Research, 29(13), 1661-1683, 2010.

A	
  Recent	
  Design	
  Taxonomy



Another Categorization

Trivedi, Rahn, Kier, and Walker, 
"Soft robotics: Biological 
inspiration, state of the art, and 
future research," Applied Bion. 
and Biomech. 2008.



Some Examples

NOTE: The following is NOT 
comprehensive. 

There are many cool designs out there not 
listed on the following slides



Continuum Robot Design: Some Examples

Push/Pull 
Backbones

Sleeve backbone

Tendon Actuated, Rod Backbone
 Hydraulic

Ikuta, Ichikawa, Suzuki, Yajima, "Multi-degree of freedom 
hydraulic pressure driven safety active catheter," ICRA 2006.

Gravagne, Rahn, and Walker, “Large deflection dynamics and 
control for planar continuum robots,” TMECH 2003.

Simaan, et al. “Design and Integration of a Telerobotic System for 
Minimally Invasive Surgery of the Throat.” IJRR 2009. 

Camarillo, Milne, Carlson, Zinn, and Salisbury, “Mechanics 
modeling of tendon-driven continuum manipulators,” TRO, 
2008.

Tendon Actuated
Sleeve



Spring backbone

Choi, Yi, and Kim, "Design of a spring backbone micro 
endoscope," IROS 2007. Dupont, Lock, Itkowitz, and Butler, "Design and Control of 

Concentric-Tube Robots," TRO, 2010.

Webster, Romano, and Cowan. “Mechanics of 
Precurved-Tube Continuum Robots,” TRO, 2009.

Webster, Kim, Cowan, Chirikjian, and Okamura. 
“Nonholonomic Modeling of Needle Steering,”  IJRR, 2006.

Continuum Robot Design: Some Examples

Nested, 
notched 
tubes

Kutzer, Segreti, Brown, Armand, Taylor, and Mears, "Design 
of a new cable-driven manipulator with a large open lumen," 
ICRA 2011.

Steerable Needles

Active Cannula/
Concentric Tube     
      Robot



Fiber Sleeve

Layer Jamming

Granular jamming
Wurdemann, Jiang, Nanayakkara, Seneviratne, Althoefer, 
“Variable Stiffness Controllable and Learnable Manipulator for 
MIS,” ICRA 2012.

M.S. Moses, M. Kutzer, M. Hans, M. Armand. “A Continuum 
Manipulator Made of Interlocking Fibers.” ICRA 2013.

Y. Kim, S. Cheng, S. Kim, K. Iagnemma, "Design of 
a tubular snake-like manipulator with stiffening 
capability by layer jamming," IROS 2012.

HARP
Degani, Choset, Wolf, and Zenati, "Highly articulated 
robotic probe for minimally invasive surgery," ICRA 2006.

Stiffening 
Sleeves

Continuum Robot Design: Some Examples



Even Heartlander is a Continuum Robot!

And of Course Stiff Flop is Too



Modeling: The Big Question - 
Constant Curvature?

Stuart S. Antman. Nonlinear Problems of 
Elasticity. Springer Science, 2nd edition, 2005.

C
O

N
S

TA
N

T 
C

U
R

VA
TU

R
E

Simaan 
et al.

Camarillo,
Salisbury
et al.

“Statics and Dynamics of Continuum Robots With General 
Tendon Routing and External Loading,” TRO 2011.

VA
R

IA
B

LE
 C

U
R

VA
TU

R
E

Stereotaxis Inc
Tunay, "Spatial Continuum Models of Rods Undergoing 
Large Deformation and Inflation," TRO 2013.

Rucker and Webster



Constant Curvature Modeling

R. J. Webster III and B. A. Jones.  Design and Kinematic Modeling of Constant Curvature Continuum 
Robots: A Review. International Journal of Robotics Research, 29(13), 1661-1683, 2010.



Constant 
Curvature
Kinematics



Constant Curvature Kinematics

= p



Constant Curvature Kinematics



Robot-Specific Mapping



Robot-Specific Mapping: A Geometry Problem

4 and 3 wire cases where wires are don’t follow arc reviewed in:
R. J. Webster III and B. A. Jones.  Design and Kinematic Modeling of Constant Curvature 
Continuum Robots: A Review. Int’l Journal of Robotics Research, 29(13), 1661-1683, 2010.



Multi-Section Coupling

• Co-Located: No Coupling
• Co-Radial: Easier
• Distributed: Iterative process: “tangle-untangle”
Jones and Walker, "Practical Kinematics for Real-Time Implementation of Continuum Robots," TRO 2006.

• General method for any 
number of wires, general 
routing, external loads 

Rucker and Webster “Statics and Dynamics of Continuum Robots With General Tendon Routing and External Loading,” TRO 2011.



Inverse Kinematics



Inverse Kinematics: Single Section

Neppalli, Csencsits, Jones, and Walker, “Closed-form inverse kinematics for continuum manipulators,” 
Advanced Robotics, 23: 2077–2091, 2009.



Inverse Kinematics: Multi-Section
• Model the robot as a series of ball in socket joints connected  

by rigid links. 

• Apply algorithm from:

• Solve several single-section problems

Han and Rudolph, “A unified geometric approach for inverse 
kinematics of a spatial chain with spherical joints,” ICRA 2007.

Neppalli, Csencsits, Jones, and Walker, “Closed-form inverse kinematics for continuum manipulators,” 
Advanced Robotics, 23: 2077–2091, 2009.



Inverse Kinematics

Depends on the robot. Try to invert your geometry problem.



Inverse Kinematics

Alternative: Use the Jacobian to Servo the Robot, 
Solving Inverse Kinematics Iteratively



Jacobian of Independent Mapping

Webster and Jones, “Design and Kinematic Modeling of Constant Curvature Continuum Robots: 
A Review,” IJRR 2010.

• Single Section

• Multi-Section



Examples

Steerable Needle

Concentric Tube Robot





Endonasal	
  Skull	
  Base	
  Surgery

415

• 1	
  of	
  5	
  people	
  
will	
  have	
  a	
  
pituitary	
  tumor

• 1	
  in	
  120	
  need	
  
surgery

• 39%	
  of	
  brain	
  
tumors	
  arise	
  in	
  
tuberculum	
  
sellae



Tradi)onal	
  Approaches
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Can	
  We	
  use	
  da	
  Vinci?



Our	
  System	
  Concept

Burgner,	
  Rucker,	
  Gilbert,	
  Swaney,	
  Russell,	
  Weaver,	
  and	
  Webster,	
  “A	
  Telerobo;c	
  System	
  for	
  
Transnasal	
  Surgery,”	
  TMECH	
  (In	
  Press).



Actuation
Unit

Image 
Guidance

Surgeon 
Interface

Manipulators

End Effectors



Image 
Guidance



Image 
Guidance

Image Guidance



Actuation
Unit

Image 
Guidance

Surgeon 
Interface

Manipulators

End Effectors



End Effectors



End Effectors



Chip Tip Camera 
(Awiba NanEye)



Wrist Designs



Actuation
Unit

Image 
Guidance

Surgeon 
Interface

Manipulators

End Effectors



Manipulators



Assumptions Method Publications
Rigid Outer Tubes Geometry only Furusho et al. ’05, Daum patent submit ’95 award ’03

Bending Only Bernoulli-Euler Loser ’02,	
  Webster ’06,	
  Dupont ’06

Bending + Trans. Torsion B-E + Energy Webster, et al. ‘06, ‘08, ‘09 

Bending + General Torsion, 
General Tube Shapes

Energy Methods/ 
Cosserat Rods

Rucker and Webster et al. ‘08, ‘09,	
  ’10,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Dupont, et al. ‘09, ‘10

External Loads, Single Rod Cosserat Rods Dupont et al. TRO ’10

External Loads, Free Tubes Cosserat Rods Rucker, Jones, and Webster TRO ’10

Fric;on?Bifurca;ons? Tube	
  Tolerances?
(Webster	
  ’09) (Dupont	
  ’11) (Webster	
  ’10)

Model	
  Development

Descrip)ve	
  Pow
er	
  

Com
plexity	
  

Rigid	
  outer	
  needle,	
  
curved	
  inner	
  catheter.

Two	
  fully	
  overlapping
tubes,	
  pure	
  rota;on.



Needle Steering – ICRA 2005

Kinematics for Cannula

Each region is a curved robot “link”
Goals: 
 - describe curve shape (Forward Kinematics)
 - describe velocity of any point (Differential Kinematics)

Modeling Goal: Obtain “Arc Parameters”

{l,φ,κeq}
{l,φ,κeq}

{l,φ,κeq}



Needle Steering – ICRA 2005

One Link: Planar Case

Tubes Analogous to Springs In Parallel



Needle Steering – ICRA 2005



Needle Steering – ICRA 2005

Worked Terribly!



Needle Steering – ICRA 2005

Solution: Model Torsion in the Straight Transmission



Assumptions Method Publications
Rigid Outer Tubes Geometry only Furusho et al. ’05, Daum patent submit ’95 award ’03

Bending Only Bernoulli-Euler Loser ’02,	
  Webster ’06,	
  Dupont ’06

Bending + Trans. Torsion B-E + Energy Webster, et al. ‘06, ‘08, ‘09 

Bending + General Torsion, 
General Tube Shapes

Energy Methods/ 
Cosserat Rods

Rucker and Webster et al. ‘08, ‘09,	
  ’10,	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
Dupont, et al. ‘09, ‘10

External Loads, Single Rod Cosserat Rods Dupont et al. TRO ’10

External Loads, Free Tubes Cosserat Rods Rucker, Jones, and Webster TRO ’10

Fric;on?Bifurca;ons? Tube	
  Tolerances?
(Webster	
  ’09) (Dupont	
  ’11) (Webster	
  ’10)

Model	
  Development

Descrip)ve	
  Pow
er	
  

Com
plexity	
  

The	
  Sweet	
  Spot?



Single	
  Rod
Sta)c	
  Equilibrium

Cons)tu)ve	
  Law

Explicit	
  Differen)al	
  
Equa)ons	
  –	
  BVP

+

Expand	
  
&	
  Solve

Modeling:	
  General	
  Tube	
  Shapes,	
  External	
  Loads

Explicit	
  Differen)al	
  
Equa)ons	
  –	
  BVP

Sta)c	
  Equilibrium

Cons)tu)ve	
  Law
+

+

Constraints	
  for	
  
Concentric	
  Tubes	
  

Concentric	
  Tubes

Stuart S. Antman. Nonlinear Problems of 
Elasticity. Springer Science, 2nd edition, 2005.

Rucker, Jones, and Webster, “A Geometrically Exact Model for Externally Loaded Concentric Tube 
Continuum Robots,” TRO 2010.



Tube	
  Design



Burgner,	
  Gilbert,	
  and	
  Webster,	
  “On	
  the	
  Computa;onal	
  Design	
  of	
  Concentric	
  Tube	
  Robots:	
  
Incorpora;ng	
  Volume-­‐Based	
  Objec;ves”	
  ICRA	
  2013,	
  Best	
  Medical	
  Robo;cs	
  Paper	
  Finalist





Top of the sella turcia

Wall interactions

Tissue-only interactions

Bekeny, Swaney, Webster, Russell, Weaver, “Forces Applied at the Skull Base During Transnasal 
Endoscopic Transsphenoidal Pituitary Tumor Excision,” J Neurol. Surg. Part B: Skull Base. (In Press).



Actuation
Unit

Image 
Guidance

Surgeon 
Interface

Manipulators

End Effectors



Actuation
Unit



Quadramanual Design Concept



Biocompatible, Sterilizable Robot Design



Bagging
Procedure

Tube Change
Procedure



Actuation
Unit

Image 
Guidance

Surgeon 
Interface

Manipulators

End Effectors



Surgeon 
Interface



Trajectory 
Following and 
Teleoperation



Model:
Nonlinear	
  BVP

INPUTS:	
  
Actuators,	
  q	
  
Loads,	
  w

OUTPUTS:
Robot	
  Shape,	
  g(s)	
  

Mechanics-Based Model for Concentric-Tube Robots



	
  Jacobian Compliance	
  Matrix

Can compute 
these (unloaded) 
at 1kHz in C++ ! 
Loaded approx. 
300 Hz

Mechanics-Based Model for Concentric-Tube Robots

Rucker	
  and	
  Webster,	
  “Compu;ng	
  Jacobians	
  and	
  Compliance	
  Matrices	
  for	
  
Externally	
  Loaded	
  Con;nuum	
  Robots.	
  ICRA	
  2011.





Experiments







What	
  Else	
  Might	
  It	
  Do?





Lung	
  
System	
  
Concept,
Planning	
  &
Simula;on



Intracerebral	
  Percutaneous	
  Interven)on

Burgner,	
  Swaney,	
  Lathrop,	
  Weaver,	
  and	
  Webster,	
  “Debulking	
  From	
  Within:	
  A	
  Robo)c	
  Steerable	
  Cannula	
  for	
  
Intracerebral	
  Hemorrhage	
  Evacua)on,”	
  TBME	
  (In	
  Press).



In Vitro Experiment



MRI Compatible Robot For Epilepsy

Comber, Barth, and Webster, “MR-
Compatible Precision Pneumatic 
Active Cannula Robot,”  ASME J. 
Med. Devices (In Press).

Comber, Slightam, Barth, Gervasi, 
and Webster, "Design and 
Precision Control of an MR-
Compatible Flexible Fluidic 
Actuator," Fluid Power and Motion 
Control Conference (In Press).





Present

Future?



Examples

Steerable Needle

Concentric Tube Robot



Needle Steering – ICRA 2005

Needle Placement Must Be Improved

• High Impact 
-  Thousands per day
-  Success depends on 

     accuracy

• Applications
-  Biopsy
-  Thermal ablation
-  Brachytherapy
-  Drug injection
-  And many others…



Needle Steering – ICRA 2005

Tool Positioning and Registration

Image credit: Xu, SPIE ‘06

Image credit: Xu, SPIE ‘06



Needle Steering – ICRA 2005

Why Steer Needles?

Organ
surface

Skin

Target

Layers of
muscle
fat, etc.

Organ

  Registration  
  Calibration 
  Bending
  Tissue deformation
  Patient movement
  Other unmodeled effects

Alignment      Accuracy

  Needle
Entry Point

Steer Around 
      Obstacles



Needle Steering – ICRA 2005

Harnessing Tip Asymmetry

Flexible Needle
Asymmetric Tip

Target
6-DOF
Pose

θ

X

2 Input DOF

Plot from O’Leary, et al. ICRA 2003



Needle Steering – ICRA 2005

Harnessing Tip Asymmetry

θ

X

Flexible Needle
Asymmetric Tip

Target
6-DOF
Pose

2 Input DOF

Plot from O’Leary, et al. ICRA 2003



Needle Steering – ICRA 2005

Harnessing Tip Asymmetry

θ

X

Flexible Needle
Asymmetric Tip

Target
6-DOF
Pose

2 Input DOF

Plot from O’Leary, et al. ICRA 2003



Needle Steering – ICRA 2005

Harnessing Tip Asymmetry

θ

X

Flexible Needle
Asymmetric Tip

Target
6-DOF
Pose

2 Input DOF

Plot from O’Leary, et al. ICRA 2003



Needle Steering – ICRA 2005

(video)

(video)



Needle Steering – ICRA 2005

Robotic Flexible Needle Driver

R. J. Webster III, J. Memisevic, and A. M. Okamura. Design Considerations for Robotic Needle Steering.  IEEE ICRA, 2005. 



Needle Steering – ICRA 2005



Needle Steering – ICRA 2005

Is It Constant Curvature?

Looks good so far ...



Needle Steering – ICRA 2005

Is It Constant Curvature?

Not really ... but maybe not too far off?



Needle Steering – ICRA 2005

Needle Kinematic Modeling

Unicycle

One Parameter: κ Two Parameters κ, l2

Bicycle e1
e2

e3

Webster, Kim, Cowan, Chirikjian, and Okamura, “Nonholonomic Modeling of Needle Steering,” IJRR, 25(5–6), 2006.



Needle Steering – ICRA 2005

Bicycle Results

Webster, Kim, Cowan, Chirikjian, and Okamura, “Nonholonomic Modeling of Needle Steering,” IJRR, 25(5–6), 2006.



Needle Steering – ICRA 2005

Needle Tip Design

5.5 in

Riviere et al. CMU

Reed, et al. RAM 2011



Duty	
  Cycling:	
  Tissue	
  Damage

Kinked	
  Tip	
  Steerable	
  Needle

Bevel	
  Tip	
  Surgical	
  Needle



Flexure Tip Needle: 
A Tissue-Sparing “Kink”!

Swaney,	
  Burgner,	
  Gilbert,	
  
and	
  Webster,	
  “A	
  Flexure-­‐
Based	
  Steerable	
  Needle:	
  
High	
  Curvature	
  with	
  
Reduced	
  Tissue	
  Damage,”	
  
TBME	
  2013.



Duty	
  Cycling:	
  Tissue	
  Damage

Flexure	
  Tip	
  Steerable	
  Needle

Bevel	
  Tip	
  Surgical	
  Needle

•	
  Reduced	
  Tissue	
  Damage
•	
  Max	
  curvature	
  same	
  as	
  kinked	
  )p



Control: How Can We Drive the 
Needle to a Desired Location?

Control Planning

Where along this spectrum should we be?

Can we do 
this in 3D?

Can we do 
this (in 3D) 
fast enough?

Reed, et al. "Robot-Assisted 
Needle Steering," IEEE RAM 
18(4), pp. 35-46, Dec. 2011.



Control

Rucker, Das, Gilbert, Swaney, Miga, Sarkar, and Webster, “Sliding Mode Control of Steerable 
Needles. TRO, (In Press).



Rapid Replanning as Control

C P



Experimental Setup





ACOUSTx

Gilbert	
  and	
  Webster,	
  “Can	
  Concentric	
  Tube	
  Robots	
  Follow	
  
the	
  Leader?”	
  ICRA	
  2013.
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•	
  Intui;ve	
  Surgical
•	
  Korea	
  Inst.	
  Sci.	
  Tech.
•	
  The	
  Thomas	
  Family

Concentric	
  Tube	
  Robots	
  (Modeling/General):
Okamura	
  -­‐	
  Stanford	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Cowan,	
  Chirikjian,	
  Taylor	
  -­‐	
  Johns	
  Hopkins	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Jones	
  -­‐	
  Miss.	
  St.	
  
Lyons,	
  Alterovitz	
  -­‐	
  UNC	
  	
  	
  	
  	
  	
  	
  	
  	
  Romano	
  -­‐	
  Penn	
  	
  	
  	
  	
  	
  	
  	
  	
  Rucker,	
  Lathrop,	
  Gilbert,	
  Swaney,	
  Burgner	
  -­‐	
  VU



For More
Google: 
“Vanderbilt VISE”

Google: 
“Vanderbilt MED Lab”



Questions?


