Applications of Simulation,
Morphometrics and
Robotics in Craniofacial

Surgery

-

C. B. Cutting, =
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, 1996, pp. 641-662.

Click here for preop/postop pictures
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GOALS

» Computer-assisted planning
of craniofacial osteotomies
based on optimal
approximation to “normal”
(i.e., average) skull shape

 Accurate intraoperative
tracking and 6-dof
positioning of bone
fragments
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Generations of CT-based
Planning Programs

» 1st - 3D "cut and move" simulators

» 2nd - Adds fragment position
optimization

» 3rd - Adds automatic ranking of
best surgical designs
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Cut and Move Simulators

C. B. Cutting, F. L. Bookstein and R. H. Taylor, "Applications of Simulation, Morphometrics and Robotics in Craniofacial Surgery," in Computer-
Integrated Surgery, R. H. Taylor, S. Lavallee, G. Burdea and R. Mosges, Eds. Cambridge, Mass.: MIT Press, 1996, pp. 641-662.
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Cut and Move Simulators

C. B. Cutting, F. L. Bookstein and R. H. Taylor, "Applications of Simulation, Morphometrics and Robotics in Craniofacial Surgery," in Computer-
Integrated Surgery, R. H. Taylor, S. Lavallee, G. Burdea and R. Mosges, Eds. Cambridge, Mass.: MIT Press, 1996, pp. 641-662.
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Cut and Move Simulators

Old Facial Fraclture
presurgiea lanning

[R. A. Robb and D. P. Hanson, "The ANALYZE software system for visualization and analysis in surgery simulation,” in Computer Integrated Surgery, E.
S. Lavallee, R. Taylor, G. Burdea and R. Mosges, Eds.: MIT Press, 1996, pp. 175-189.
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Physical Simulators: Rapid Prototyping

L. Klimek, H.-M. Klein and R. Mosges, "Simulation of Surgical Procedures in
the Craniofacial Region," in Computer-Integrated Surgery, R. H. Taylor, S.
Lavallee, G. Burdea and R. Mosges, Eds. Cambridge, Mass.: MIT PRess,
1996, pp. 663-669..
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Video Simulators

L. Klimek, H.-M. Klein and R. Mosges, "Simulation of Surgical Procedures in the Craniofacial Region," in Computer-Integrated Surgery, R. H. Taylor,
S. Lavallee, G. Burdea and R. Mosges, Eds. Cambridge, Mass.: MIT PRess, 1996, pp. 663-669..
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The ridge curves of the face

Courtesy: Court Cutting
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Computer mesh
corresponding to Dr.
Cutting’s map

* Point landmarks
Ridge curves
Additional curves along

geodesic lines between
landmarks

Triangular and
quadrangular patches
Take this data for many

patients and average to
make atlas
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Click here for
digression on
skull averaging

ke Crivvs

MOUSE CONTROL.
RIGHT SIDE PANELS.
VEFTANF fadge Coave Fid Mo
MDD o

ot < Find Al
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Fitting Error for Landmark Points
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Fitting Error for Ridge Curves
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Fitting Error for Surfaces
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Optimization

Given models bone
fragments
corresponding to
parts of an ideal
skull, the computer
minimizes a
weighted sum of
these three distance
metrics
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Automated Osteotomy Ranking

» Computer plans all common

osteotomies

Computer optimizes bone
fragment motion and
computes error score
Systematically remove
osteotomy lines one at a time
in score order. Re-optimize
positions and rescore

Show clinician the plans

Clinician picks desired plan
and further refines based on
anatomical/clinical knowledge
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MULTISEGMENTS2 NRST SP OPT MULTISEGMENTS2 <356.99>
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Surgical Execution

601.455/655 CIS 1 - Copyright 2023 R. H. Taylor Engineering Research Center for Computer Integrated Surgical Systems and Technology ﬁ

23

Tripartite Osteotomies

* Proposed by
Converse in 1971 to
improve flexibility in
shaping the midface.

« Abandoned due to
technical difficulty of
fragment positioning
and fixation
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Cutting and Grayson Technique:
Inter-occlusal stents

. o

[ .
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Second Move
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Third Move
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Enter robotics ...

» Surgeon did not
want help in making
the cuts.

» Surgeon did want
help in positioning
and holding the bone
fragments

* Robots can do this

601.455/655 CIS 1 - Copyright 2023 R. H. Taylor Engineering Research Center for Computer Integrated Surgical Systems and Technology EI
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.
But there were some minor concerns ...
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Our approach: navigation + passive manipulation aid

"Normal" Data

D) {gHe {e

Images . Model R Plan/Simulate

Plans and
Models

- Operating Room System

* Realtime Sensing

* Plan Following

* Model-to-Reality Registration
* Graphics, Speech, and other
Man-Mancine Interfaces

3D Tracking
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Optical tracking: NDI Optotrak

I'hree plane detecting cameras at

Accurate (+=0.1 mm) tracking of infrared
LED markers over approx 1 m3 workspace
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Passive
Manipulation Aid

* LED markers on
adjustable manipulation
aid, pointer, and patient
skull
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Passive
Manipulation Aid

* Adjustable surgical
clamp holds bone
forceps

» Six DOF motion with
hand-set brakes

 Remote center-of-
motion with iso-center
in bone

35
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Possible refinement: computer set
brakes with audible feedback cue

» Computer tracked
position of tool optically

* Electric particle brake
set when reached target

» Computer played tone to
give audible feedback
when got close to

Optotra

Rigid Bodies
-

W |\ =

” - :
di .
A2 X

alignment
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Possible refinement: computer set
brakes with audible feedback cue
Results ——
» Were able to achieve .‘
. Optotrak |
very good alignments Rigid Bodies
(sub-mm) - . -
. 1’) ';‘(,\é“~\_——
« Very tedious to use Lo Vil

— Brake was too slow
— No “d-tent” effect
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On to clinical use ...

* For legal reasons, the
IBM hardware was not
used clinically.

* Dr. Cutting was able to
re-implement the
tracking system using a
PIXSYS optical tracker

+ First case encountered
equipment difficulties
and was completed
manually

o ol
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2nd Clinical Case

.~ & UU00]

601.455/655 CIS1- Copyright 2023 R. H. Taylor Engineering Research Center for Computer Integrated Surgical Systems and Technology E

40

20



2nd Clinical Case

+ Patient had radiation
therapy at relatively
early age

» As aresult bone
around one eye
socket failed to grow
properly

+ Goal was to fix this

601.455/655 CIS 1 - Copyright 2023 R. H. Taylor Engineering Research Center for Computer Integrated Surgical Systems and Technology ﬁ
2nd Clinical Case
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2nd Clinical Case
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2nd Clinical Case
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2nd Clinical Case
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2nd Clinical Case
oK)
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2nd Clinical Case: User Interface

Ergonomics!!!
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2'"0I CI|n|caI Case: Dlsplay

nment

OO g @Ilndlcators
M Rendering ‘
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2nd Clinical Case: Display

* Full 3D display
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2d Clinical Case: Display

Ff

* Full 3D display

* Bone fragments
+ slider bars to
show alignment
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2nd Clinical Case: Display

* Full 3D display

* Bone fragments
+ slider bars to
show alignment

* Axes + slider bars
to show alignment

vear e

==l
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Template-Based Osteotomies for Face
Transplant Surgery

C. Gordon, M. Armand, et al.

Gordon CR, Swanson EW, Susal\a SM, Coon D Rada E, Rakan MA Santiago GF, Shores JT, Bonawitz SC, Fishman EK, Murphy R, Armand M, Liacouras P, Grant GT, Brandacher G, Lee
Fort-based, craniomaxillofacial transplantation with enhanced computer-assisted technology. Ann Plast Surg. 2013
Oc\ 71 (4):421 -8. doi: 10. 1097/SAP 0b0138318230d(45 PM\D 24025555 PMCID: PMC3775652.

601.455/655 CIS1- Copyright 2023 R. H. Taylor Engineering Research Center for Computer Integrated Surgical Systems and Technology g

52

26



Robot-Assisted Mandibular Surgery

Slide Credit — Jesse Haworth
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Robot-Assisted Mandibular Surgery

Slide Credit — Jesse Haworth
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Robot-Assisted Mandibular Surgery

Slide Credit — Jesse Haworth
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Robot-Assisted Mandibular Surgery

Slide Credit — Jesse Haworth
601.455/655 CIS 1- Copyright 2023 R. H. Taylor Engineering Research Center for Ci Integrated gi y and T

56

28



Robot-Assisted Orthognathic Surgery

Wu J, Hui W, Chen S, Niu J, Lin Y, Luan N, Zhang S, Shen SGF. Error Analysis of
Robot-Assisted Orthognathic Surgery. J Craniofac Surg. 2020 Nov/Dec;31(8):2324-
2328. doi: 10.1097/5CS.0000000000006767. PMID: 33136882.
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Real-time Q
patient tracking ; &« =
~ Minimally invasive
treatment
@
Accessible Accurate and precise
surgical site implant placement
el | A
—)/ Intraoperative
e —1_ | flexibility
Multisensory feedback |
https://www.neocis.com/products-and-services/yomi-robot/
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Robot-Assisted Dental Implants

Real-time
patient tracking

Minimally invasive
treatment

i FO}I‘! \ 7:7
. Accurate and precise
— w implant placement
= U‘ W '

|
— —_— Intraoperative
=i flexibility

(&R

Accessible
surgical site

Multisensory feedback

https://www.neocis.com/products-and-
services/yomi-robot/

https://www.youtube.com/watch?v=bUvDTJp7qlY
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Some Other Examples

. Klein M, Hein A, Lueth T, Bier J. Robot-assisted placement of craniofacial implants. Int J Oral Maxillofac
Implants. 2003 Sep-Oct;18(5):712-8. PMID: 14579960.

. Badiali G, Ferrari V, Cutolo F, Freschi C, Caramella D, Bianchi A, Marchetti C. Augmented reality as an aid
in maxillofacial surgery: validation of a wearable system allowing maxillary repositioning. J Craniomaxillofac
Surg. 2014 Dec;42(8):1970-6. doi: 10.1016/j.jcms.2014.09.001. Epub 2014 Sep 11. PMID: 25441867.

. Ramly EP, Kantar RS, Diaz-Siso JR, Alfonso AR, Rodriguez ED. Computerized Approach to Facial
Transplantation: Evolution and Application in 3 Consecutive Face Transplants. Plast Reconstr Surg Glob
Open. 2019 Aug 19;7(8):€2379. doi: 10.1097/GOX.0000000000002379. PMID: 31592022; PMCID:
PMC6756666.

. Sun, Mengzhe MD; Chai, Yuanhao; Chai, Gang MD PhD; Zheng, Xiaohu PhD. Fully Automatic Robot-
Assisted Surgery for Mandibular Angle Split Osteotomy. Journal of Craniofacial Surgery 31(2):p 336-339,
March/April 2020. | DOI: 10.1097/SCS.0000000000005587

. Wu J, Hui W, Niu J, Chen S, Lin Y, Luan N, Shen SG, Zhang S. Collaborative Control Method and
Experimental Research on Robot-Assisted Craniomaxillofacial Osteotomy Based on the Force Feedback
and Optical Navigation. J Craniofac Surg. 2022 Oct 1;33(7):2011-2018. doi:
10.1097/SCS.0000000000008684. Epub 2022 Jul 22. PMID: 35864585; PMCID: PMC9518970.

. Xu C, Lin L, Zhou C, Xie L. A Compact Surgical Robot System for Craniomaxillofacial Surgery and its
Preliminary Study. J Craniofac Surg. 2021 Jan-Feb 01;32(1):101-107. doi:
10.1097/SCS.0000000000007022. PMID: 32956317.

. Wu J, Hui W, Niu J, Chen S, Lin Y, Luan N, Shen SG, Zhang S. Collaborative Control Method and
Experimental Research on Robot-Assisted Craniomaxillofacial Osteotomy Based on the Force Feedback
and Optical Navigation. J Craniofac Surg. 2022 Oct 1;33(7):2011-2018. doi:
10.1097/SCS.0000000000008684. Epub 2022 Jul 22. PMID: 35864585; PMCID: PMC9518970.
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