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EBIOGRAPHICAL SKETCH

Dr. Russell H. Taylor has over 38 years of professional experience in
the fields of computer science, robotics, and computer-integrated
interventional medicine. He received a Bachelor of Engineering
Science degree from Johns Hopkins University in 1970 and a Ph.D.
in Computer Science from Stanford University in 1976. He joined
IBM Research in 1976, where he developed the AML robot language
and managed the Automation Technology Department and (ater)
the Computer-Assisted Surgery Group before moving in 1995 to
Johns Hopkins University, where he is the John C. Malone
Professor of Computer Science with joint appointments in
Mechanical Engineering, Radiology, and Surgery and is also
Director of the Engineering Research Center for
Computer-Integrated Surgical Systems and Technology (CISST
ERC) and of the Laboratory for Computational Sensing and
Robotics (LCSR). Dr. Taylor’s research interests include robotics,
human-machine cooperative systems, medical imaging & modeling,
and computer-integrated interventional systems. He is the author of
over 400 peer-reviewed publications and book chapters, a Fellow of
the IEEE, of the The American Institute for Medical and Biological
Engineering (AIMBE), of the The Medical Image Computing and
Computer Assisted Intervention (MICCAI) Society, and of School of
Engineering the University of Tokyo. He is also a recipient of
numerous awards, including the IEEE Robotics Pioneer Award, the
MICCAI Society Enduring Impact Award, the IEEE EMBS
Technical Field Award, and the Maurice Miiller Award for
Excellence in Computer-Assisted Orthopaedic Surgery.
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This report is the gist of the commemorative lecture at the 36th Honda Prize Award Ceremony at the Imperial Hotel, Tokyo on
17th November 2015.
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peace and happiness on earth.
}

Whether it be learning or technology, everything
in this world is nothing more than a means to
serve people

- Soichiro Honda
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Goal: Human-machine partnership to fundamentally
improve interventional medicine

Information
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Over 25 years ago: Robotic Joint Replacement Surgery

Brent i

* § Brent Mi
Taylor, Kazanzides, Paul, Mittelstadt, et al. Manual Surgery Robollc Surge ®
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Emerging: Information-Augmented Robotic Surgery

W. P. Liu, S. Reaugamornrat, A. Deguet, J. M. Sorger, J. H. Siewerdsen, J. Richmon, R. H. Taylor
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= . Computer-Integrated
Information Interventional Medicine

! Patient-specific
f Information
u’) ( Images, lab
{ results, genetics, ‘} Model BE) Plan i)
| - etc.)

Act|on

Patient-specific loop

&
General information <- Patient-specific Evaluation
( anatomic atl 2 %
statistics, rules)
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| Information | Interventional Medicine
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My introduction to medical robotics:

asl ‘7 | ] l |
f L )L
lfﬂm e ™ & B8535

=
Copyright @ 2015 R. H. Taylor Engineering Research Center for Computer Integrated Surgical Systems and Technology -ﬁ-ﬁ? ﬁw

X—8

(-8 molT. % DEFITHT 2 EHREPEULEERICONVTBIENZL X,

RMEFEOR Y MIhNDDIRD=01E 1980 % T, ZDERIL IBM Research DR
EHHTLZ. RIZEA FEMDRWEREEBEZ T 2O, ERQRKBREUHEADR Y bO
FIAREMEZ RR T 572012, HU T IV T RFET—EAKRD 2 NDOHRHE &/N S I3k FSE
EITWE L, MAETH- LR Z BRI EZROTWZEZ A, EENIEBRICFERNT
ADVAT AREREDORENE 2RI T 2 72DI/N S RF—L2EE 2RO T<NE L

AEED— AN (Hap Paul [X) 1ZEKE/Z 572D T, @S> ZEI3BIChk->7=Z &ICEAE
Lice BEEZ 1 FRIT, BAITELICHBE T LI AT LEES T ENTE, ZHUd TRobodoc
ELTHIONDEDICRBRDE LR, ZRUIAY 74NV T KR¥ETF—EZRIZEHFE TN, Hap Ki
1990 FICRZMFICL D TOFMizfr ik Uiz, £z Hap K3 IBM O %211 T. AR
ERGICUZERIRIBE S AT LEMHET DAY — 7 v T REEHRTI L. 1992 FITHOFili 217
WE L7z WDl Z# T Robodoc I3¥E L. 4 Tid Think Surgical ££iZ &> THIFE -
eI TNET, FIFEFICHZ> T Robodoc DRIFEF —LAERH TERL I EZ2EEICE ST
WET,

/2. IBM TRAEEDITREMOTO MY 1 T ZHFEL =L E TH % Peter Kazanzides [
3. AY— b7 v T REOLFARRET, Ya X - RTFIAKRFOEF—IT 2002 FiThn
Lo T<NEL, BIEMKIIZ I THARRZHO THET,

Robodoc (EFAHID CTRENT ZE#E DRy MDD T, TOTATAIZDONWT 2,3 fHiFmAs &
EBIT. ZOMBEICET 2 RIEDHIERRIIDONTHRNNERNEKT,



The problem: Precise Preparation of Bones for
Cementless Hip and Knee Replacement Surgery

hitps:iien.wikipedia.orgiwikilKnee_replacement
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Conventional Total hip replacement

inls ih. Hi :
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Conventional Total hip replacement

Placement?
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Robodoc THR Planning

CT images Plan

+ Surgeon selects implant and determines
placement relative to bone

+ Computer calculates cutter path relative
to bone and registration information
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Robotic total hip replacement

\
. surcical 8 ¥ &l
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Ultrasound-assisted Registration

)
(2) Digitize proximal
bone using tracked
pointer

(1) G t (3) Collect tracked US
enerate

images of distal bone
surface model
from CT
\ 4) Reglsier points/contours to surface model
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Combining prior knowledge with online images
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Deformable 2D/3D Registration to Statistical Atlas

Examples: R. Taylor, J. Yao, 0. Sadowsky, G. Chintalapan, 0. Ahmad, .
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2D/3D Registration — Hip Model

* Registration with truncated
images
— FOV: 160mm
— Three views

* Avg surface registration
accuracy: 2.15 mm

Atlas projections overlaid on DRR 2D/3D deformable registration
images after registration

Chintalapani et al. CAOS 2009

U
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Model Completion, Given Partial CT + X-rays
G. Chintalapani, et al. istical Atlas Based E: lation of CT Data for Planning
Periacetabular Osteotomy”, SPIE Medical Imaging 2010

®
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Model Completion of Pelvis from Partial CT Only
R. Grupp, R. Taylor, et al., CAOS 2015

Smooth extrapolation
using only acetabulum
scan

-

Smooth extrapolation
using only acetabulum
scan + 5% of iliac crest

o

Naive cut-and-paste
extrapolation using only
acetabulum scan + 5%
of iliac crest

=

R. Grupp. Y. Otake. R. Murphy, J. Parvizi, M. Armand. and R. Taylor, "Pelvis surface estimation from partial CT for computer-
aided pelvic osteotomies,” in Computer Assisted Orthopaedic Surgery, Vancouver, June 17-18, 2015,
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Information supports in interactive interventions Information supports in interactive interventions

Intraoperative Analysis
Navigation
Augmented Reality
Decision Support

- /
& o U " = < O
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Applications of Simulation,
Morphometrics and
Robotics in Craniofacial
Surgery
C. B Culting, we = *"
F. L. Bookstein
R. H. Taylor

In Computer-Integrated Surgery,
R. H. Taylor, S. Lavallee, G. Burdea and
R. Mosges, Eds. Cambridge, Mass.:
MIT Press, 19986, pp. 641-662.
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 Operating Room System

* Realtime Sensing
* Plan Following
* Model-to-Reality Registration|

* Graphics, Speech, and other
Man-Mancine Interfaces
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Optical
Tracker

Pointer with -
Optical Markers

o § Y
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2" Clinical Case at NYU
I"""lAlignment !

Indicators g

Rendenng ¥ (\
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Information Overlay in Endoscopic Skull Base Surgery

Siewerdsen, Hager, Mirota, et. al.

+ D. Mirota and T. R. Wang H, Ishii M, Gallia G, Hager G, "A System for Video-based Navigation for Endoscopic Endonasal Skull Base
Surgery.", IEEE Trans Med imaging, 2011. PMID 22113772

* D. J. Mirota, A. Uneri, S. Schafer, S. Nithiananthan, D. D. Reh, G. L. Gallia, R. H. Taylor, G. D. Hager, and J. H. Siewerdsen, "High-accuracy
3D based of i beam CT for i ided

ideo to C-arm skull base surgery", in Medical Imaging 2011:
age-Gui and Modeling, Orlando, 79640.-1 to 79640J-10, 2011,
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Robots for Minimally-Invasive Surgery

Engineering Resea
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IBM/JHU LARS System in Lab

Voice and
video interfaces
.
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Remote Center of Motion (RCM)

pasition arm RCM mechanism
(paralielogram)

“Qa

RCM point . )
I d 201 (tocar point) —fe.
Jun;8(2):127-45. doi:
10,1002/ ) 0=
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RREFMITHENT, RCM IEFifrds EOVEE DRITA > TO < G ICEREZ2 & S X9,
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daVinci Fi> 2 7 LB BRI TT,
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Remote Center of Motion (RCM)

i £ -
- \ . 4
- < : - O
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D=0 RCM ZFRHL TE=HDO—ETT,

Steady Hand Manipulation

Robodoc Canine Surgery, 1990 LARS Robot in IBM Lab, ca. 1993
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Retinal Microsurgery

Enginering Researen Cenerfor Computer e grated Sugical Systems and Technlogy 7 Rl
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AREIINFHBEMSE CTUEOKTEE S 2, ARTWD b0 EEHFITET 2 Filiat0EH® 2 B
ROT 272012, EEEEVICLET, ABREOZBIIAH T, HEHOHAMIMERL x>
TWET,

Microsurgery Assistant Workstation

3D Display
with
Overlays

FBG Interrogator

—~— ¥ |
Force and OCT
sensing tools
. =]
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= Overall System Performance
« System Ergonomics
« Collect Data

— Robot /Force / OCT

- Video / Audio

inkegrated Surgival Sysisans amd Technology %VW
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Retina Mosaicking, Annotation, and Registration

=

Live view Building mosaic

R. Richa, B. Vagvolgyi, G. Hager, and R. Taylor, "Hybrid Tracking for Intra-ops i ion in Retinal
Surgery”, in Medical Image Computing and Computer-Integrated Interventions (MICCAI), Nice, October, 2012. pp. 397-404.

Copyfight @ 2015 R. H. Taylor
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Tool and Retina Tracking

Recorded Human Case Phantem

R. Richa, M. Balicki, E. Meisner, R. Sznitman, R. Taylor, and G. Hager, "Visual tracking of surgical tools for proximity
detection in retinal surgery”, in i in Computer Assisted ntions (IPCAI), Berlin, June 22-
23,2011

R. Richa, M. Balicki, E. Meisner, R. Sznitman, R. Taylor, and G. Hager, "Vision-based Proximity Detection in Retinal
Surgery”, IEEE on vol. §9- 8, pp. 2291-2301, August, 2012.
10.1108/TBME.2012.2202903, PMC3467358.
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Force-Sensing Tools for Vitreoretinal Surgery
I. lordachita, X. He, B. Gonenc, R. Taylor, et al.

2-DOF Force-Sensing Micro-Forceps
(Steady-Hand Robot Compatible)

 2-DOF Force-Sensing Micro-Forceps.

3-DOF Force-Sensing Micro-Forceps
(Steady-Hand Robot Compatible) - Concept Design

—_— a . x ®1==
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Helping the surgeon control tool-to-tissue forces

Force Feedback and Audio Cues Video Overlay Cues

LT -
a5 o ‘F
i

o
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Bimanual manipulation with steady hand robots

X. He, Marcin Balicki, P. Gehlbach, J. Handa, R. Taylor, and |. lordachita, "Variable Admittance Robot Control with
A New Dual Force Sensing Instrument for Retinal Microsurgery”, in /EEE Int. Conf. Rob. Automnat, Hong Kong,
May 31-June 5, 2014. pp. 1411-1418.
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Dual Force Sensor

ith A New
Pp. 14111418,

in Bali nd 1. lordachita, "Variable Admi
Sensing Instrument for Retinal Microsurgery”, in IEEE Int. Conf, Rob. Automat, Hong Kong, May 31~June 5, 2014,
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Imaging (OCT) Built Into 0.5mm Surgical Tool

M. Balicki, J. Han, X. Liu, I. lordachita, P. Gehlbach, J. Handa, R. Taylor, J. Kang.

e Fourier Domain
Common Path OCT
(FD CPOCT)

o Combined
Superluminescent
Diodes

o Functional and
structural images

0 o )-‘«
et g
M

—

y
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Autonomous Surface Following
M. Balicki, J.-H. Han, I. lordachita, P. Gehlbach, J. Handa, R. H. Taylor, and J. Kang, MICCAI 2010

1mm

Error [ pm]
Position [ pm ]

Time [ sec. ]
* 500 pm/s Velocity Limit

Tmm

{Noise Rem. /Thresholded/Ca nny

O
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Robotic ENT Microsurgery System (REMS)
Kevin Olds, M. Balicki, Y. Sivimli, L. Akst, M. Ishii, J. Richmon, R. Taylor et al.

K. Olds, Robotic Assistant Systems for Otolaryngology-Head and Neck Surgery, PhD thesis in
Biomedical Engineering, Johns Hopkins University, Baltimore, March 2015.
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Robotic ENT Microsurgery System (REMS)

Kevin Olds, M. Balicki, Y. Sivimli, L. Akst, M. Ishii, J. Richmon, R. Taylor et al.

K. Olds, Robotic Assistant Systems for Otolaryngology-Head and Neck Surgery, PhD thesis in
Biomedical Engineering, Johns Hopkins University, Baltimore, March 2015.
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Robotic ENT Microsurgery System (REMS)
Kevin Olds, M. Balicki, Y. Sivimli, L. Akst, M. Ishii, J. Richmon, R. Taylor et al.

K. Olds, Robotic Assistant Systems for Otolaryngology-Head and Neck Surgery, PhD thesis in
i i i i Johns Hopkins Uni ity, Baltimore, March 2015.

Copyright & 2015 R. H. Taylor Engineering Research Center for Computer Integrated Surgical Systems and Technology ﬁ\?@

X —46

(M—46) ZOREHEBRFERICBNT, ARHEIZRE OB ICHN TICHRAEZHE S 2 < TR £
Ao

ZHUE, T A DR IUTEENICATRRRY A7 225 LRI ETAREDNT +—<
SAZ BB LIZHDTT,

25



St .\ B ; .":“»
S\ ®cal-Ghord
SadaveMExperiment )

K. Olds, M. Balicki, L. Akst, R. Taylor
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Cadaver Study: Sinus Surgery with Virtual Fixtures

Cadaver Demonstratior]""

K. Olds, M. Balicki, M. Ishii, R. Taylor
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Image-Guided Tool and Needle Placement

JHU - ca. 1995-99

Copyright @ 2015 R. . Taylor Engineering Research Center for Computer Integrated Surgical Systems and Technology ﬁ\?@
—49

(M—49) HlogooRy ~OFMAEE, ERTRES NS —7 v b, et Fiids 5
ZIEMEICERET DI E Tl AT1 ROEMTIE, NEEET A TRESNZY =7 v MZF
AR EORESBEZ T 2720, LARS ORy bAINEEDIERT v > )V OfERD Z LT
WEDONEAET, HARNATL =20 X BHA ROH ETHIRICHFR S — R 2 HDIADDIT
aRy bEFEAT S, HIIOEBRNS AT LZHHT 5EEBETT,

27



Image-guided needle placement

Steerable Needie
NG ey

Okamura, Webster, Cowan, Chirikjian ... Krieger, Fichtinger, Whitcomb, ...

ides,Burdette, Song ... Fischer, Tokuda ... Taylor, Masamune, Susil, Patriciu, Stolanovici,...

=2
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Video-CBCT guidance for TORS

W. P. Liu, S. Reaugamornrat, A. Deguet, J. M. Sorger, J. H. Siewerdsen, J. Richmon, R. H. Taylor

Experimental System: not for clinical use
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Beating Heart MIS with 3D US Guidance

Paul Thienphrapa, Alek ira Popovic, R Il Taylor

Dexterous Manipulator _

Combined
RCM Robot and
Dexterous Manipulator

Foreign |
Body ,/
J

3DTEE
Probe

Workstation Philips 3D
Computer Ultrasound
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Dexterous “Snake” Robot

1. N. Simaan, R. Taylor, and P. Flint, "A Dexterous System for Laryngeal Surgery - Multi-Backbone Bending
Snake-like Slaves for Teleoperated Dexterous Surgical Tool Manipulation”, in IEEE Conf. on Robotics and

Automation, New Orleans, April, 2004.
2. N. Simaan, R. Taylor, and P. Flint, "High Dexterity Snake-like Robotic Slaves for Minimally Invasive

Telesurgery of the Throat', in Medical Image Cc ing and Ct Assisted Interventions, October,
2004. pp. 17-24.
3. A. Kapoor, N. Simaan, and R. H. Taylor "Suturing in Confined Spaces: Constrained Motion Control of a
Hybrid 8-DOF Robot", in ional C on d Robotics, Seattle, WA, July 17-20, 2005, pp.
452-459.
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Beating Heart
Phantom

- A /. ,
« R Snake Robot

E\? Paul Thienphrapa, March 2013 - PHILIPS
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Retrieval Experiment Results

H 8B 38 8B B 3 8 8

3

0 5 10 5 .1} - 30
Elapsed Time (s)
PHILIPS Thienphrapa et al. 2013
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APL Large Lumen, Dexterous Snake for MIS

= Joint project with JHU APL

* Innovative fabrication process completely
isolates drive cables

= Current prototypes
— 2 DoF (C-bend) and 4DoF (S-bend)
— Nitinol structure with high stiffness
— 6 mm OD; Large 4 mm lumen allows insertion of
surgical instruments
* [nitial application: Minimally-invasive
curettage of osteolytic lesions

M. Armand, R. Taylor, M. Kutzer, R. Murphy, S. Segrett,i F. Alambeigi, |. lordachita, H. Liu, Y. Otake et al.
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Treatment of Osteolytic Lesions
M. Armand, R. Taylor, M. Kutzer, R. Murphy, S. Segrett,i F. Alambeigi, I. lordachita, H. Liu, Y. Otake et al.

« Indication: Osteolysis behind a
well-fixed acetabular component

— Leads to component loosening
and failure of THA

‘ /STEM
» Surgical Goals
— Minimally invasive removal of
the osteolytic lesion

— Treatment of the lysis without
full replacement of the
acetabular component

« Surgical Procedure

— Access the lesion through the
screw holes of the acetabular
component (minimally invasive)

— Remove and grafting the lesion
— Replace the polyethylene liner

oY== ]
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APL Minimally-Invasive Osteolysis Curettage

M. Armand, R. Taylor, M. Kutzer, R. Murphy, S. Segrett,i F. Alambeigi, I. lordachita, H. Liu, Y. Otake et al.
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Statistical process control for radiation therapy

Overall Goal: Use a
database of previously
treated patients to
improve radiation
therapy planning for
new patients

Team:

CS: R. Taylor, M.
Kazhdan, P. Simari, A.
King

BME: R. Jacques

Rad. Oncology: T.
McNutt, J. Wong, B.
Wu, G. Sanguinetti

Support: Paul Maritz,
Philips, JHU internal
funds
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Conventional Radiation Therapy Planning

Specify Optimization Optimize
Goals & Constraints

it
parameters

|

Simulate treatment
& visualize results

Model of Tumor
& Surrounding
Structures

Yes

Treat Physician Approves? Treatment plan

o=}
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New patient PTV and
critical structures

f .

QVH

oy _i Patient

Specify Optimization
Goals & Constraints

¥

—
(" Dosimetrist )
e

Current
planning
process

Input to planning process |

‘ Quality control check
L

New patient |

Identify patients with
similar OVHs

Eeelor)

Best DVH for similar
patients

i| Database
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Original plan

T. McNutt, A. Patriciu, B. Wu, R.. Taylor et al.

Automated plan

Sample automated radiation planning result

30% reduction in dose to parotids

07} ----t-Ah 4
06

05

08r----M--Q---- Auto plan b |
PP Original Plan | :
Dot: right ”

v No-dot: left \

04—~
03

02 ---- -

01

NS

W0 20 %

40 50 80 80
Dose(Gy)
brain (Gy) (max) Brainstem (Gy) (max) Cord4mm (Gy) (max) L inner ear (Gy)(mean)
original 61.25 54.58 41.75 57.18
re-plan 56.33 46.48 37.89 43.72
R inner ear (Gy) (mean) mandible (Gy) (max) larynx for edema (V50) esophagus (Gy)(max)
original 40.57 66.58 61% 63.74
re-plan 38.38 63.78 59% 61
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The computer-integrated operating room

PACS, other
patient data bases

Logistics &
scheduling

v

Assistant
Workstation

Anesthesia, vital signs,
logistics, back table, etc.
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The computer-integrated operating room

Manipulation
assistance

Intracperative
analysis

Preoperative
images &
other data
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The computer-integrated operating room

Manipulation [5777 Postoperative
_ assistance L | analysis &
I‘_l_ process
Intraoperative r===< improvement
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support
> Intraoperative S
” analysis record of

intervention

Preoperative
images &
other data
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Qutcome
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The computer-integrated operating room

The computer-integrated operating room

Manipulation [£ Postoperative Manipulation [~} Postoperative
assistance i____ analysis & assistance i_____ analysis &
process process
Intraoperative r---1 improvement Intracperative r---1 improvement
information e+ information e+~
support support

f

Intraoperative
analysis

f

Intraoperative
analysis

Complete
record of
intervention

Complete
record of
intervention

Preoperative
images &
other data

Preoperative
images &
other data

“smart tool”
sensors

robotic devices
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How can we get there?

Strong and committed
teams
— Clinicians
— Engineers
— Industry

Focus on systems that
address important needs

— Driving applications
— Modular interfaces
— Integration

Rapid iteration with
measurable goals
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The real bottom line: patient care

* Provide new capabilities that 7
transcend human limitations
in surgery

* Increase consistency and
quality of surgical treatments

* Promote better outcomes and
more cost-effective processes
in interventional medicine
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Finally ... And Most Importantly

g
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