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IPAM miniIPAM mini--reviewreview
SatavaSatava

simssims good enough to allow mistakesgood enough to allow mistakes
digital libraries of patient specific cases (from digital libraries of patient specific cases (from VirtopsyVirtopsy))

Teran/Teran/OlikerOliker/Cutting/Cutting
fast FE, springfast FE, spring--mass models for plastic surgerymass models for plastic surgery
deformation & cuttingdeformation & cutting

TerzopoulosTerzopoulos
facial tissues, neck/body musclesfacial tissues, neck/body muscles

SchillSchill
ophthalmic ophthalmic surgsurg simsim –– deformation & tearingdeformation & tearing

MeglanMeglan
generalizabilitygeneralizability, , ““provenanceprovenance””
TopTop--down face validity requires redo for each new down face validity requires redo for each new simsim

Soft tissue model material parameters Soft tissue model material parameters –– how do you get them?how do you get them?
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Tissue properties Tissue properties -- a black holea black hole
SatavaSatava, c. 2001, c. 2001

c. 2008: Harders, De, Ottensmeyer & friends!

image: National Geographic Picture 
Atlas of Our Universe, 2nd ed., 1986
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MGH/CIMIT Simulation GroupMGH/CIMIT Simulation Group
basic science and proofbasic science and proof--ofof--concept systems for concept systems for 
medical training through simulationmedical training through simulation

MultiMulti--disciplinary research teamdisciplinary research team
M.D. (radiology), mech. eng., M.D. (radiology), mech. eng., comp.scicomp.sci., ., 
industrial designer, fine artsindustrial designer, fine arts

COMETS
Virgil
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MGH/CIMIT Simulation GroupMGH/CIMIT Simulation Group
basic science and proofbasic science and proof--ofof--concept systems for concept systems for 
medical training through simulationmedical training through simulation

MultiMulti--disciplinary research teamdisciplinary research team
M.D. (radiology), mech. eng., M.D. (radiology), mech. eng., comp.scicomp.sci., ., 
industrial designer, fine artsindustrial designer, fine arts

SOFA
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MGH/CIMIT Simulation GroupMGH/CIMIT Simulation Group
basic science and proofbasic science and proof--ofof--concept systems for concept systems for 
medical training through simulationmedical training through simulation

MultiMulti--disciplinary research teamdisciplinary research team
M.D. (radiology), mech. eng., M.D. (radiology), mech. eng., comp.scicomp.sci., ., 
industrial designer, fine artsindustrial designer, fine arts

EVE
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MGH/CIMIT Simulation GroupMGH/CIMIT Simulation Group
basic science and proofbasic science and proof--ofof--concept systems for concept systems for 
medical training through simulationmedical training through simulation

MultiMulti--disciplinary research teamdisciplinary research team
M.D. (radiology), mech. eng., M.D. (radiology), mech. eng., comp.scicomp.sci., ., 
industrial designer, fine artsindustrial designer, fine arts

SITU
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OutlineOutline

in vivoin vivo tissue testing techniques & devicestissue testing techniques & devices
taxonomy axes?taxonomy axes?
compliance testerscompliance testers
elastographicelastographic techniquestechniques
briefly cutting/piercingbriefly cutting/piercing
applications sprinkled inapplications sprinkled in

summary & a few extra slidessummary & a few extra slides
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Possible tissue testing taxonomiesPossible tissue testing taxonomies
Measurement interaction techniqueMeasurement interaction technique

Tension, compression, indentation, shear, aspirationTension, compression, indentation, shear, aspiration
Puncture, cutting (single blade/scissors), crushing, fracturePuncture, cutting (single blade/scissors), crushing, fracture
NonNon--contact, noncontact, non--invasiveinvasive

Rate/range of interactionRate/range of interaction
Static/quasiStatic/quasi--static (ignoring viscosity)static (ignoring viscosity)
Manual manipulation rates (2Hz or less)Manual manipulation rates (2Hz or less)
Soft impact, moderate frequency (<300Hz)*Soft impact, moderate frequency (<300Hz)*
High speed impact, ultrasound responseHigh speed impact, ultrasound response
Strain level: linear to nonStrain level: linear to non--linear material and geometric domainlinear material and geometric domain

Tissue typeTissue type
Solid organ (liver, kidney, brain, muscleSolid organ (liver, kidney, brain, muscle……))
Hollow organ (intestine, stomach, bladder, vesselsHollow organ (intestine, stomach, bladder, vessels……))
Structural (bone, cartilage, tendon, ligamentStructural (bone, cartilage, tendon, ligament……))
Others?Others?

ApplicationApplication
Surgical simulation (realSurgical simulation (real--time & JND constraints)time & JND constraints)
Tissue engineering, implants, prosthetics (offline models?)Tissue engineering, implants, prosthetics (offline models?)
Physiology simulation (voice production Physiology simulation (voice production –– herehere’’s the *)s the *)
Body armor development (model Body armor development (model impactorimpactor + armor + underlying tissue)+ armor + underlying tissue)
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Living TissuesLiving Tissues

Material properties/behaviorsMaterial properties/behaviors
viscovisco--elasticityelasticity——standard linear (Kelvin) modelstandard linear (Kelvin) model

Prefer geom.Prefer geom.--indepindep. properties, . properties, notnot spring spring constsconsts..
NonNon--linear, linear, poroporo--viscovisco--elasticelastic, anisotropic, inhomogeneous, , anisotropic, inhomogeneous, 
age/temp/pathologyage/temp/pathology--dependentdependent
Independent experiments for each parameter!Independent experiments for each parameter!
Yamada (Yamada (‘‘70), Duck (70), Duck (‘‘90), others: 90), others: in vitroin vitro

x

F
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Living TissuesLiving Tissues
Measurement complicationsMeasurement complications

Invasiveness of testingInvasiveness of testing——surgical access to organssurgical access to organs
Motion corrupts data: cardiac, pulmonary actionMotion corrupts data: cardiac, pulmonary action
Limited testing periodsLimited testing periods
NonNon--ideal tissue ideal tissue ““samplessamples””: no standard shapes: no standard shapes
Tensile tests difficultTensile tests difficult
Humidity, temp., body fluidsHumidity, temp., body fluids——effects on hardwareeffects on hardware

Human testing protocol approval!Human testing protocol approval!
……
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Measurement TechniquesMeasurement Techniques

Compliance testingCompliance testing
Deform tissue locally, measure Deform tissue locally, measure ““F(t) vs. X(t)F(t) vs. X(t)””
Use simple approximation or iterative FEA to extract Use simple approximation or iterative FEA to extract 
parametersparameters

ElastographicElastographic testingtesting
Image strain field (2Image strain field (2--D, 3D, 3--D), motion amplitudeD), motion amplitude
Invert to generate qualitative Invert to generate qualitative elastogramselastograms
Iterate on inverse problem for quantitativeIterate on inverse problem for quantitative

Cutting & needle insertionCutting & needle insertion
Recording Recording F(tF(t) vs. ) vs. X(tX(t))
Separate elastic, fracture, frictional componentsSeparate elastic, fracture, frictional components
Currently instrumentCurrently instrument--specificspecific
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Compliance techniquesCompliance techniques

Deformation modesDeformation modes
tensiontension
compressioncompression
indentationindentation

side trip into bench top side trip into bench top ““life supportlife support””

torsion (shear)torsion (shear)
aspiration/suctionaspiration/suction
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Compliance: tensile testingCompliance: tensile testing

TendickTendick, et al.; UCSF/Berkeley, et al.; UCSF/Berkeley
GiPSiGiPSi: open source framework for surgical simulation: open source framework for surgical simulation
Enhanced perception for soft tissue manipulationEnhanced perception for soft tissue manipulation
InteractiveInteractive--rate FEM techniquesrate FEM techniques
Creation of tissue property Creation of tissue property ““atlasatlas””
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Compliance: tensile testingCompliance: tensile testing

UniaxialUniaxial tensile testing apparatustensile testing apparatus
Babcock graspers; open abdomenBabcock graspers; open abdomen
in vivo/vitro porcine stomach, sm. bowel, gall bladder in vivo/vitro porcine stomach, sm. bowel, gall bladder 
(Brower et al., MMVR01)(Brower et al., MMVR01)
40Hz control/sampling;40Hz control/sampling; >150mm motion; 0>150mm motion; 0--6N applied6N applied

Curve fittingCurve fitting
F(F(λλ) = ) = ααeeβλβλ; ; λλ = = l/ll/l00
Tests include response to preTests include response to pre--conditioning: large for in vitroconditioning: large for in vitro
online resource for forceonline resource for force--stretch ratio datastretch ratio data
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Compliance: compression testsCompliance: compression tests

BioRoboticsBioRobotics Lab, U. WashingtonLab, U. Washington
Hannaford, Rosen, et al.Hannaford, Rosen, et al.
Understanding surgical gestures, force/position rangeUnderstanding surgical gestures, force/position range

Blue Dragon, Red Dragon, Markov model descriptionBlue Dragon, Red Dragon, Markov model description

Improving tactile feedback for MISImproving tactile feedback for MIS
Supporting surgical simulation communitySupporting surgical simulation community

http://brl.ee.washington.edu
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Compliance: compression testsCompliance: compression tests

Motorized Motorized EndoscopicEndoscopic GrasperGrasper
Babcock grasper, MIS (10mm port), usually open Babcock grasper, MIS (10mm port), usually open laparotomylaparotomy
in vivo in vivo porcine solid & hollow organsporcine solid & hollow organs
improved improved haptichaptic tissue discrimination; characterize tissue tissue discrimination; characterize tissue in in 
vivo vs. post mortemvivo vs. post mortem
testing up to 3Hz; 30mm testing up to 3Hz; 30mm RoMRoM; 25N (70 max) force (surgical ; 25N (70 max) force (surgical 
scale)scale)

FREG MEG



11 January 2008 Scientific Computing Applications in 
Surgical Simulation of Soft Tissues

19

FREG/MEG: selected resultsFREG/MEG: selected results
Tissue stiffness (FREG) (Rosen et al., MMVR98)Tissue stiffness (FREG) (Rosen et al., MMVR98)

distinguishable stiffness: distinguishable stiffness: in vivoin vivo porcine liver, porcine liver, 
spleen, small bowel, colon, stomach, lungspleen, small bowel, colon, stomach, lung
Curve fitting: Curve fitting: σσ((λλ) = ) = ββ(1(1--eeαα(1(1--λλ))); ); σσ=F/A=F/A00; ; λλ=l/l=l/l00

Tissue stiffness (MEG) (Brown et al., MICCAI03)Tissue stiffness (MEG) (Brown et al., MICCAI03)
liver/small bowelliver/small bowel in vivoin vivo ⇒⇒ in situin situ ⇒⇒ ex corpusex corpus (3x)(3x)
preconditioning, stress preconditioning, stress relaxrelax’’nn effects differ effects differ post post 
mortemmortem, changes between , changes between vivovivo, , ex corpusex corpus @ 25hrs@ 25hrs

Color change (De et al. MMVR06)Color change (De et al. MMVR06)
MEG compression, Canon MEG compression, Canon PowershotPowershot A80, A80, 
spectrophotometer, subjective validationspectrophotometer, subjective validation

Damage thresholds (De et al., IJRR07)Damage thresholds (De et al., IJRR07)
porcine liver (<80kPa @ 30s), porcine liver (<80kPa @ 30s), ureterureter (~100kPa), (~100kPa), 
small bowel (~100kPa)small bowel (~100kPa)
H&E (morphology), MPO IHC (inflammation), H&E (morphology), MPO IHC (inflammation), 
caspasecaspase--3 IHC (apoptosis) staining3 IHC (apoptosis) staining
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Compliance: compression testsCompliance: compression tests

BioRoboticsBioRobotics Lab, Harvard U.Lab, Harvard U.
Howe, Kerdok, Howe, Kerdok, MaenoMaeno, et al., et al.
““Enabling Technologies for Advanced Soft Enabling Technologies for Advanced Soft 
Tissue ModelingTissue Modeling””
Internal Internal parenchymalparenchymal tester for solid organstester for solid organs
Motorized, integrated with NELP systemMotorized, integrated with NELP system

00--100mm/s, 36% strain (7mm compression)100mm/s, 36% strain (7mm compression)

Proof of concept results (Kerdok&HoweProof of concept results (Kerdok&Howe’’03)03)
QLV model, 3 time constants: 0.QLV model, 3 time constants: 0.102, 1.47, 
27.76s
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Compliance: indentationCompliance: indentation

Closed form solutionsClosed form solutions
linear, isotropic, homogeneous, semilinear, isotropic, homogeneous, semi--infiniteinfinite
normal indentation (frictionless)normal indentation (frictionless)
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Compliance: indentationCompliance: indentation

Common method for tissue testing Common method for tissue testing in vivoin vivo
Miller, U. Western Australia: porcine brainMiller, U. Western Australia: porcine brain
Carter, U. Dundee, UK: human liverCarter, U. Dundee, UK: human liver
Ottensmeyer, MIT: porcine liverOttensmeyer, MIT: porcine liver
Kerdok, Harvard: porcine liver, spleenKerdok, Harvard: porcine liver, spleen
TendickTendick, UCSF; , UCSF; SrinivasanSrinivasan, MIT: porcine abdominal tissues, MIT: porcine abdominal tissues
De, RPI: porcine tissues, human cadaversDe, RPI: porcine tissues, human cadavers
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Compliance: indentation testsCompliance: indentation tests

Intelligent Systems for Medicine Lab; U. Intelligent Systems for Medicine Lab; U. 
Western AustraliaWestern Australia

Miller, et al. Miller, et al. 
nonnon--rigid registration, neurosurgical rigid registration, neurosurgical 
planning & simulation, predicting injury due planning & simulation, predicting injury due 
to baseball impactto baseball impact
porcine brain porcine brain in vivoin vivo, 10mm flat cylindrical , 10mm flat cylindrical 
indenterindenter
1mm/s max V; 3.9mm indentation used; 1mm/s max V; 3.9mm indentation used; 
400mN max (applied 400mN max (applied in vivoin vivo))
Iterative FEA using Iterative FEA using hyperviscoelastichyperviscoelastic
constitutive law, MRI for constitutive law, MRI for BCsBCs

Miller et al., 2000, J. Biomech.
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Compliance: indentation testsCompliance: indentation tests

Surgical Skills Unit, Dundee U., UKSurgical Skills Unit, Dundee U., UK
Carter, Carter, CuschieriCuschieri, et al., et al.
diagnostics, tool design, surgical simulationdiagnostics, tool design, surgical simulation
manual application: 5mm (10 max) manual application: 5mm (10 max) in vivoin vivo; ; 
~1N (5 max) ~1N (5 max) in vivoin vivo
4.5mm hemispherical indenter, reference ring 4.5mm hemispherical indenter, reference ring 
12/18mm ID/OD12/18mm ID/OD
first humanfirst human liverliver in vivo!in vivo!
healthy vs. diseased (healthy vs. diseased (cholestaticcholestatic liver w/bile liver w/bile 
obstruction: 2x stiffness)obstruction: 2x stiffness)
porcine liver & spleen porcine liver & spleen in vitroin vitro

Carter et al., 2001, 
Med. Imag. Anal.
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Compliance: indentation testsCompliance: indentation tests

HapticsHaptics Laboratory, MIT Laboratory, MIT 
Ottensmeyer, SalisburyOttensmeyer, Salisbury
support for planned laparoscopy simulatorsupport for planned laparoscopy simulator
minimally invasive; 2kHz sampling; 80Hz resonance; 1mm minimally invasive; 2kHz sampling; 80Hz resonance; 1mm 
RoMRoM; 300mN max force; 5mm flat cylindrical indenter, ; 300mN max force; 5mm flat cylindrical indenter, 
12mm OD12mm OD
characterization of small characterization of small defmdefm’’nn frequency responsefrequency response
in vivoin vivo porcine liver, spleen; various porcine liver, spleen; various in vitroin vitro
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TeMPeSTTeMPeST detaildetail

NdFeB magnet

pole
pieces

coil

flexure

LVDT

force sensor
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TeMPeSTTeMPeST in vivo in vivo animal testinganimal testing

DetailsDetails
ARC (Dartmouth), HCMISARC (Dartmouth), HCMIS
pigs in surgical tool testing protocolpigs in surgical tool testing protocol
laparoscopic & openlaparoscopic & open
video clipvideo clip
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TeMPeSTTeMPeST in vivo in vivo animal testinganimal testing

Typical test sequenceTypical test sequence
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TeMPeSTTeMPeST resultsresults

A few examplesA few examples……
examination of effect of capsuleexamination of effect of capsule

stiffer than underlying parenchymastiffer than underlying parenchyma

effect of organ perfusioneffect of organ perfusion
blood pressure preblood pressure pre--stresses capsulestresses capsule

porcine muscleporcine muscle
quasiquasi--static comparison of normal tissue static comparison of normal tissue 
with HIFU lesionwith HIFU lesion
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A short detourA short detour……

in vivo  in vivo  ““gold standardgold standard”” subject to limitationssubject to limitations
time, cardiac/pulmonary action, etc.time, cardiac/pulmonary action, etc.

in vitro in vitro problemsproblems
coagulation, loss of fluids, change in boundary conditionscoagulation, loss of fluids, change in boundary conditions

PerfusionPerfusion
inspired by transplant literature, without chillinginspired by transplant literature, without chilling

in vitro  in vitro  ““silver standardsilver standard””
maintain blood pressure (venous, arterial)maintain blood pressure (venous, arterial)
maintain temperaturemaintain temperature
maintain osmotic, maintain osmotic, oncoticoncotic balancebalance
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NormoNormo--thermicthermic Liver Perfusion SystemLiver Perfusion System

Perfusion systemPerfusion system
provides physiological solution to whole provides physiological solution to whole 
organorgan
for liver: hepatic arterial and venous for liver: hepatic arterial and venous 
pressures, drains through portal veinpressures, drains through portal vein
physiologic temperature controlphysiologic temperature control
hydration maintainedhydration maintained
Lactated RingerLactated Ringer’’s w/dextrose, s w/dextrose, 
HetastarchHetastarch (osmotic & (osmotic & oncoticoncotic balance)balance)

Circulating 
Pump

Liver

39C

Heater

Arterial 
Reservoir

Portal 
Venous 

Reservoir

97 mmHg

18 mmHg
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Perfusion RigPerfusion Rig

Initial versionInitial version
hydrostatic supplies of hydrostatic supplies of perfusateperfusate: high : high 
elevation for arterial supply, lower elevation for arterial supply, lower 
elevation for venouselevation for venous
pump, heater below benchpump, heater below bench
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Perfusion validationPerfusion validation

TeMPeSTTeMPeST teststests
compared compared in vivoin vivo, , perfusedperfused, , unsupported unsupported conditionsconditions
response similar to linear springresponse similar to linear spring--damperdamper
statistical comparison of stiffness, damping coefficientstatistical comparison of stiffness, damping coefficient

x

F
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Compliance: indentationCompliance: indentation

BioRoboticsBioRobotics Lab, HarvardLab, Harvard
Kerdok, Howe (BRL); Ottensmeyer (CIMIT)Kerdok, Howe (BRL); Ottensmeyer (CIMIT)
large deformation tissue characterizationlarge deformation tissue characterization
creep characterization, testing creep characterization, testing in vivo vs. in vivo vs. 
perfusedperfused in vitroin vitro vs. vs. unperfusedunperfused in vitroin vitro
0.250.25”” flat cylindrical indenter; 1kHz flat cylindrical indenter; 1kHz 
sampling; 10mm sampling; 10mm RoMRoM; 20/100/200g step ; 20/100/200g step 
load (manually placed); open abdomenload (manually placed); open abdomen
porcine liver porcine liver in vivo vs. in vitroin vivo vs. in vitro
validated perfusion system for large validated perfusion system for large 
deformationdeformation

Displacement 
potentiometer

Liver

mg

Portal vein perfusion

Indentor and weight cup

Displacement 
potentiometer
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Improved modelImproved model
liver anatomy suggests more complex modelliver anatomy suggests more complex model
hyperelastichyperelastic, , poroporo--viscous elementsviscous elements

Socrate/Kerdok modification of Socrate/Kerdok modification of ArrudaArruda--BoyceBoyce

motorized indenter experimentsmotorized indenter experiments

Compliance: modelingCompliance: modeling
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Compliance: indentationCompliance: indentation

BioRoboticsBioRobotics Lab, HarvardLab, Harvard
Howe, Kerdok, JordanHowe, Kerdok, Jordan
ElectroForceElectroForce TestBenchTestBench, , in vitroin vitro
w/perfusion system; 12mm motion w/perfusion system; 12mm motion 
stress relaxation, arbitrary inputsstress relaxation, arbitrary inputs
NonNon--slip suction contactslip suction contact
33--D ultrasoundD ultrasound

indenter tip

arterial reservoir

venous reservoirultrasound probe
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Compliance: parameter extractionCompliance: parameter extraction

Parameter identification algorithmParameter identification algorithm
iterative FE approachiterative FE approach
simulate with trial parameterssimulate with trial parameters
compare with experimentcompare with experiment
update parametersupdate parameters
repeat until convergencerepeat until convergence

(MSE)

(Simplex method)

Fm

d

Fe

d
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Compliance: more tissuesCompliance: more tissues
In vitro In vitro teststests

Rodent (rat) liver, kidney Rodent (rat) liver, kidney 
NASA Ames/Stanford Virtual Rat Project NASA Ames/Stanford Virtual Rat Project 
(Bruyns & Ottensmeyer, MICCAI(Bruyns & Ottensmeyer, MICCAI’’02)02)

Ovine, bovine, human vocal tissuesOvine, bovine, human vocal tissues
MGH Ctr. for Laryngeal Surgery & Voice RehabilitationMGH Ctr. for Laryngeal Surgery & Voice Rehabilitation
Testing real tissues to quantify properties to develop Testing real tissues to quantify properties to develop 
compatible biopolymerscompatible biopolymers

Porcine brain, muscle/liverPorcine brain, muscle/liver
In situ cerebral cortex testingIn situ cerebral cortex testing
Harmonic Motion Imaging (Konofagou et al., Harmonic Motion Imaging (Konofagou et al., 
UltrasonicsUltrasonics’’04)04)

HIFU lesion
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Compliance: indentation testsCompliance: indentation tests
Phantom 1.5 (Phantom 1.5 (SensAbleSensAble) ) –– a neat little robot!a neat little robot!

125Hz mechanical resonance125Hz mechanical resonance
190x270x380mm workspace190x270x380mm workspace
1.4N continuous force (8.5N max)1.4N continuous force (8.5N max)

TendickTendick (UCSF/Berkeley)(UCSF/Berkeley)
20mm hemispherical indenter20mm hemispherical indenter
in vivoin vivo porcine stomach/liver/spleen/skinporcine stomach/liver/spleen/skin
Brower et al., MMVRBrower et al., MMVR’’0101

SrinivasanSrinivasan (MIT (MIT TouchLabTouchLab))
rampramp--hold, sinusoidal (0hold, sinusoidal (0--3Hz) motion3Hz) motion
2mm flat cylindrical indenter2mm flat cylindrical indenter
in vivoin vivo porcine liver/spleen/kidney/esophagusporcine liver/spleen/kidney/esophagus
Kim et al., MICCAIKim et al., MICCAI’’03, 03, TayTay et al., MMVRet al., MMVR’’0202

De, et al. (RPI)De, et al. (RPI)
human cadaver measurements, in presshuman cadaver measurements, in press

http://touchlab.mit.edu
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Closed form solutionsClosed form solutions
semisemi--infinite, noninfinite, non--slip, isotropic, homogeneous, linearslip, isotropic, homogeneous, linear

TorsionalTorsional shearshear

Tangential shearTangential shear

Compliance: shear testsCompliance: shear tests
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Compliance: Compliance: torsionaltorsional shearshear

ROSA2: ROSA2: KalanovicKalanovic/Gross (/Gross (TuebingenTuebingen), ), 
OttensmeyerOttensmeyer

open surgeryopen surgery
applappl’’nsns: tissue characterization, : tissue characterization, surgsurg. . simsim..
20Hz bandwidth; 3020Hz bandwidth; 30°° RoMRoM; 0.45mNm torque; 0.45mNm torque
6mm needle/adhesive tip; reference ring 6mm needle/adhesive tip; reference ring 
16/20mm ID/OD16/20mm ID/OD
in vivo in vivo porcine liver, porcine liver, in vitro in vitro bovine liverbovine liver
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Compliance: tangential shearCompliance: tangential shear

The LarynxThe Larynx
airflow excites airflow excites 
oscillation in vocal foldsoscillation in vocal folds
stable, efficient sound stable, efficient sound 
production depends on production depends on 
geometry, geometry, viscovisco--
elasticityelasticity
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Compliance: tangential shearCompliance: tangential shear

The LarynxThe Larynx
airflow excites airflow excites 
oscillation in vocal foldsoscillation in vocal folds
stable, efficient sound stable, efficient sound 
production depends on production depends on 
geometry, geometry, viscovisco--
elasticityelasticity

Vocal fold damageVocal fold damage
overuseoveruse
cancercancer
infectious diseaseinfectious disease
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Compliance: tangential shearCompliance: tangential shear

Therapeutic concept:Therapeutic concept:
Inject/implant biomaterialInject/implant biomaterial

synthetic gelssynthetic gels
processed processed autologousautologous fatfat

Necessary propertiesNecessary properties
long residence time; minimal inflammation, no rejectionlong residence time; minimal inflammation, no rejection
appropriate mechanical behavior!appropriate mechanical behavior!

TwoTwo--part challengepart challenge
measure normal, healthy tissue responsemeasure normal, healthy tissue response
measure implant behavior to confirm successmeasure implant behavior to confirm success
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Compliance: tangential shearCompliance: tangential shear

DeMontfortDeMontfort U., Leicester, UKU., Leicester, UK
Goodyer et al. 2006a,b: Goodyer et al. 2006a,b: 

human in vivo, quasihuman in vivo, quasi--staticstatic
fixed displacement step shearfixed displacement step shear
pharmaceutical adhesive bondingpharmaceutical adhesive bonding
G G = = 0.70.7--2.2 2.2 kPakPa (possible over(possible over--estimate?)estimate?)
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Compliance: tangential shearCompliance: tangential shear
Early tests with Early tests with TeMPeSTTeMPeST

unsuitable for intraunsuitable for intra--operative useoperative use

Development of Development of VoCCIVoCCI
imposes tangential oscillation, records reaction forceimposes tangential oscillation, records reaction force
Scotch yoke drive to >250Hz Scotch yoke drive to >250Hz 

human vocal fundamental from 100human vocal fundamental from 100--300Hz300Hz
50% strain 50% strain 

vocal fold

suction tip

direction of 
motion

to head to lungs
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Compliance: Compliance: last one!last one!
Aspiration testingAspiration testing

ETH Zurich, SwitzerlandETH Zurich, Switzerland
Surgical simulation, prediction of cervical Surgical simulation, prediction of cervical incompetanceincompetance
(loss of pregnancy)(loss of pregnancy)
human cervix in vivo, ex vivo; human liverhuman cervix in vivo, ex vivo; human liver
need for sterilityneed for sterility
30Hz frame rate; 3mm displacement observed; 100mbar 30Hz frame rate; 3mm displacement observed; 100mbar 
vacuum; 12mm circular openingvacuum; 12mm circular opening

x

P < Patm
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Compliance: aspiration testingCompliance: aspiration testing

Hollenstein et al., ISBMSHollenstein et al., ISBMS’’0606
stronger prestronger pre--conditioning effect ex vivoconditioning effect ex vivo
QLV model with capsuleQLV model with capsule
parameter extraction using FEAparameter extraction using FEA
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ElastographyElastography

Imaging techniquesImaging techniques
UltrasoundUltrasound

RealReal--time imaging (& inversion)time imaging (& inversion)
Mechanically deform tissue / focused US shear wavesMechanically deform tissue / focused US shear waves
22--D imaging (with a few exceptions) D imaging (with a few exceptions) 
Estimate 3Estimate 3--D strain tensorD strain tensor

Magnetic Resonance ImagingMagnetic Resonance Imaging
33--D imaging, arbitrary directions w/equal sensitivityD imaging, arbitrary directions w/equal sensitivity
Long scanning/computation timesLong scanning/computation times
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ElastographyElastography

Static deformationStatic deformation
Ultrasound: Ultrasound: OphirOphir, et al., 1990, et al., 1990
Magnetic Resonance Imaging: Magnetic Resonance Imaging: PlewesPlewes, et al. 1995, et al. 1995

US: Scan preUS: Scan pre-- & post& post--deformationdeformation
Normalize, calculate strain & invertNormalize, calculate strain & invert
Note strain artifactsNote strain artifacts

scan compress & rescan strain field
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ElastographyElastography

Dynamic testing: mechanical stimulationDynamic testing: mechanical stimulation
Lerner, et al., late Lerner, et al., late ’’80s: 80s: ““sonoelasticitysonoelasticity imagingimaging””
Muthupillai/Manduca/EhmanMuthupillai/Manduca/Ehman, ~, ~’’95: MRI95: MRI
Mechanical surface vibration (normal or shear)Mechanical surface vibration (normal or shear)
Measure local velocities/amplitude/shear wave velocityMeasure local velocities/amplitude/shear wave velocity
Invert amplitude or direct calculation from shear wave Invert amplitude or direct calculation from shear wave 
velocityvelocity

G = vG = vss
22ρρ for for HookeanHookean, isotropic medium, isotropic medium
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ElastographyElastography

Dynamic testingDynamic testing
Focused ultrasound as stimulusFocused ultrasound as stimulus

Create local impulse (or train of impulses)Create local impulse (or train of impulses)
Observe traveling shear wave with high frame rate U/SObserve traveling shear wave with high frame rate U/S
Elasticity related to shear wave velocityElasticity related to shear wave velocity
Linear Linear viscoelasticviscoelastic model: displacements ~10model: displacements ~10 µ µmm
Fink: Supersonic Shear Imaging: healthy human breast tissue, Fink: Supersonic Shear Imaging: healthy human breast tissue, 
11--3kPa Young3kPa Young’’s mod. (s mod. (BercoffBercoff et al., IEEE et al., IEEE UltrasonicsUltrasonics SympSymp’’03)03)

U
S 

ar
ra

y

tissue
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ElastographyElastography

Dynamic testingDynamic testing
Focused ultrasound as stimulusFocused ultrasound as stimulus

Create local impulse (or train of impulses)Create local impulse (or train of impulses)
Observe traveling shear wave with high frame rate U/SObserve traveling shear wave with high frame rate U/S
Elasticity related to shear wave velocityElasticity related to shear wave velocity
Linear Linear viscoelasticviscoelastic model: displacements ~10model: displacements ~10 µ µmm
Fink: Supersonic Shear Imaging: healthy human breast tissue, Fink: Supersonic Shear Imaging: healthy human breast tissue, 
11--3kPa Young3kPa Young’’s mod. (s mod. (BercoffBercoff et al., IEEE et al., IEEE UltrasonicsUltrasonics SympSymp’’03)03)

U
S 

ar
ra

y

tissue
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HIFU lesion

HMI: Konofagou, et al.; BWH/ColumbiaHMI: Konofagou, et al.; BWH/Columbia
in vitro in vitro so farso far
applappl’’nsns: creating and characterizing lesions : creating and characterizing lesions 
in tissue (e.g. tumor ablation)in tissue (e.g. tumor ablation)
200 & 800 Hz harmonic force; ~5200 & 800 Hz harmonic force; ~5--1010µµm m 
amplitude; force not directly measurableamplitude; force not directly measurable
in vitro in vitro liver & muscle to dateliver & muscle to date
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Cutting & Needle InsertionCutting & Needle Insertion

More limited data, instrumentsMore limited data, instruments
TendickTendick (Brower et al., MMVR01)(Brower et al., MMVR01)

measuring tool force on needle driver & measuring tool force on needle driver & 
scissorsscissors
66--dof needle force, 1dof needle force, 1--dof cutting/spreadingdof cutting/spreading
30Hz sampling30Hz sampling
33--0 suture through porcine stomach wall, 0 suture through porcine stomach wall, 

Okamura, Okamura, HapticsHaptics Exploration Lab, JHUExploration Lab, JHU
scissor cutting forcesscissor cutting forces

IEEE Trans.Rob.IEEE Trans.Rob.’’07, in press07, in press

percutaneouspercutaneous simsim & needle insertion modeling& needle insertion modeling
Elastic response, puncture, Elastic response, puncture, KarnoppKarnopp frictionfriction
Okamura et al., IEEE TBMEOkamura et al., IEEE TBME’’0404
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Cutting & Needle InsertionCutting & Needle Insertion

Desai, RAMS Lab, Desai, RAMS Lab, U.MarylandU.Maryland
single blade cuttingsingle blade cutting

varying cutting speed, blade anglevarying cutting speed, blade angle
developed model predicting elastic slope, developed model predicting elastic slope, 
fracture modelfracture model
ChanthasopeehpanChanthasopeehpan et al., TBMEet al., TBME’’07a,b07a,b

needle insertionneedle insertion
fluorofluoro imaging of tissue, needle, internal imaging of tissue, needle, internal fiducialsfiducials
position/force tracking, porcine tissue in vitroposition/force tracking, porcine tissue in vitro
generated simulation generated simulation w/hapticsw/haptics of needle of needle 
insertioninsertion
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Cutting & Needle InsertionCutting & Needle Insertion

U.WesternU.Western Ontario, CanadaOntario, Canada
AbolhassaniAbolhassani, ProcEMBS, ProcEMBS’’0404
bevelledbevelled needle insertion for prostate needle insertion for prostate brachytherapybrachytherapy
axial/rotational instrument, 6axial/rotational instrument, 6--DoF force sensingDoF force sensing
turkey tissue model, insertion rate testingturkey tissue model, insertion rate testing
Excellent survey paper: Excellent survey paper: AbolhassaniAbolhassani et al., MedEng&Physet al., MedEng&Phys’’0707
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SummarySummary
Wide range of techniquesWide range of techniques

compliance testingcompliance testing
compression, tension, indentation, torsion, aspirationcompression, tension, indentation, torsion, aspiration
quasiquasi--static to 100Hzstatic to 100Hz——full range of surgical strain ratesfull range of surgical strain rates
extremely small to large deformationsextremely small to large deformations

elastographyelastography, coming up, some clinical uses, coming up, some clinical uses
small deformations have questionable application to small deformations have questionable application to surgsurg. . simsim..
current applications for diagnostic purposescurrent applications for diagnostic purposes

topologytopology--altering testingaltering testing
needle insertion, scalpel, scissorsneedle insertion, scalpel, scissors
limited available datalimited available data

growing body of growing body of in vivo in vivo data, including data, including humanhuman
still need more organs, improved constitutive models (& still need more organs, improved constitutive models (& 
parameters), healthy vs. other conditionsparameters), healthy vs. other conditions……
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And a few other notesAnd a few other notes……

AIMS: Advanced Initiatives in Medical SimulationAIMS: Advanced Initiatives in Medical Simulation
501(c)(6) non501(c)(6) non--profit consortium (profit consortium (““lobby grouplobby group””))
promotes medical simulation for improving patient safety, reducipromotes medical simulation for improving patient safety, reducing ng 
errors, ensuring competency, reducing costserrors, ensuring competency, reducing costs……
improve awareness, unify the improve awareness, unify the ““messagemessage””, secure resources, secure resources
Enhancing SIMULATION Act, 2007 (H.R.4321)Enhancing SIMULATION Act, 2007 (H.R.4321)

((SSafety afety IIn n MMedicine edicine UUtilizing tilizing LLeading eading AAdvanced Simulation dvanced Simulation 
TTechnologies to echnologies to IImprove mprove OOutcomes utcomes NNow) ow) 
reps Forbes (Rreps Forbes (R--VA), Kennedy (DVA), Kennedy (D--RI)RI)

SAVE THE DATE: 5SAVE THE DATE: 5thth Annual AIMS Conference & ExhibitionAnnual AIMS Conference & Exhibition
May 6May 6--7, 2008, Washington, DC7, 2008, Washington, DC
attended by industry, academia, members of congressattended by industry, academia, members of congress

www.medsim.orgwww.medsim.org
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And a few other notesAnd a few other notes……

AIMS: Advanced Initiatives in Medical SimulationAIMS: Advanced Initiatives in Medical Simulation
501(c)(6) non501(c)(6) non--profit consortium (profit consortium (““lobby grouplobby group””))
promotes medical simulation for improving patient safety, reducipromotes medical simulation for improving patient safety, reducing ng 
errors, ensuring competency, reducing costserrors, ensuring competency, reducing costs……
improve awareness, unify the improve awareness, unify the ““messagemessage””, secure resources, secure resources
Enhancing SIMULATION Act, 2007 (H.R.4321)Enhancing SIMULATION Act, 2007 (H.R.4321)

((SSafety afety IIn n MMedicine edicine UUtilizing tilizing LLeading eading AAdvanced Simulation dvanced Simulation 
TTechnologies to echnologies to IImprove mprove OOutcomes utcomes NNow) ow) 
reps Forbes (Rreps Forbes (R--VA), Kennedy (DVA), Kennedy (D--RI)RI)

SAVE THE DATE: 5SAVE THE DATE: 5thth Annual AIMS Conference & ExhibitionAnnual AIMS Conference & Exhibition
May 6May 6--7, 2008, Washington, DC7, 2008, Washington, DC
attended by industry, academia, members of congressattended by industry, academia, members of congress

www.medsim.orgwww.medsim.org

HR4321 calls for:
• federal funding for Centers of Excellence for med sim R&D
• support for solving challenges in med sim
• grants for academic sites to acquire simulators
• support to develop curricula integrating simulation
• grants to accreditation organizations for standards development
• federal med sim coordinating council
• $50,000,000 for FY’08, sums as necessary for FY’09-’12
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And a few other notesAnd a few other notes……

ISBMSISBMS’’08: International Symposium on 08: International Symposium on 
Computational Models for Biomedical Computational Models for Biomedical 
SimulationSimulation

July 7July 7--8, 2008.  London, UK8, 2008.  London, UK
www.imperial.ac.uk/medicine/isbms08www.imperial.ac.uk/medicine/isbms08
Topics of Interest:Topics of Interest:

anatomical modeling; hard & soft biomechanics; anatomical modeling; hard & soft biomechanics; 
physiological models; validation; simulators; physiological models; validation; simulators; 
hapticshaptics; GPU; GPU--based based simsim; etc.; etc.

12 March 2008: full papers due (8 page max)12 March 2008: full papers due (8 page max)

successor to ISsuccessor to IS44TMTM’’03 (INRIA), ISMS03 (INRIA), ISMS’’04 (CIMIT), 04 (CIMIT), 
ISBMSISBMS’’06 (ETH)06 (ETH)
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And a few other notesAnd a few other notes……

IMSHIMSH’’08: International Meeting on Simulation in 08: International Meeting on Simulation in 
HealthcareHealthcare

January 13January 13--16, 2008. San Diego, CA16, 2008. San Diego, CA
www.ssih.orgwww.ssih.org
Users, developers, stakeholders in mannequin & computerUsers, developers, stakeholders in mannequin & computer--
based simulators, VR systems, standardized patients, task based simulators, VR systems, standardized patients, task 
trainerstrainers
This year: 1This year: 1stst Technology Track workshop seriesTechnology Track workshop series

physical physical simsim development; softwaredevelopment; software--based based simsim ((HardersHarders); ); 
crosscross--platform issues (tissue props, realism, etc.); contact platform issues (tissue props, realism, etc.); contact 
between end users and academic/industrial developersbetween end users and academic/industrial developers
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Questions & further informationQuestions & further information

Support for some of this work provided by the Department of the Support for some of this work provided by the Department of the 
Army, grant number DAMD 17Army, grant number DAMD 17--0101--11--0667 and by the Institute of 0667 and by the Institute of 
LaryngologyLaryngology and Voice Restoration.  The ideas and opinions expressed and Voice Restoration.  The ideas and opinions expressed 
to not necessarily represent those agencies.to not necessarily represent those agencies.

www.medicalsim.orgwww.medicalsim.org

www.cimit.orgwww.cimit.org

ottensmeyer.mark@mgh.harvard.eduottensmeyer.mark@mgh.harvard.edu


