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Abstract—The manipulation of fast moving, delicate tissues in
beating heart procedures presents a considerable challeado the

Feed-Forward

surgeon. A robotic force tracking system can assist the suepn ‘ Predictive Filter Force Controller

by applying precise contact forces to the beating heart durig Delayed Contact i
surgical manipulation. Standard force control approachescannot PT’S?‘t‘.’e Force Motion
safely attain the required bandwidth for this application due to oston Compensation
vibratory modes within the robot structure. These vibrations are Real-Time Instrument
a limitation even for single degree of freedom systems drivig Tissue Tracker

long surgical instruments. These bandwidth limitations ca be Delayed 3D Ultrasound ’ll Force Sensor
overcome by incorporating feed-forward motion terms in the Volumetric s Mitral Valve
control law. For intracardiac procedures, the required motion Images Ultrasound Annulus
estimates can be derived from 3D ultrasound imaging. Dynanai Probe

analysis shows that a force controller with feed-forward maion

terms can provide safe and accurate force tracking for contet  Fig. 1. The surgical system actuates an instrument to apelgige forces
with structures within the beating heart. In vivo validation against beating heart structures. The controller usesfbote measurements
confirms that this approach confers a 50% reduction in force and feed-forward tissue motion estimates that are derivexh & 3D ultra-

fluctuations when compared to a standard force controller ad  sound tissue tracker and predictive filter.

a 75% reduction in fluctuations when compared to manual

attempts to maintain the same force.

Index Terms—force tracking, beating heart surgery, motion force feedpack fo.r teleoperation of surgical instrumemntd a
compensation, 3D ultrasound, medical robotics robots (reviewed in [6]). Force feedback has demonstrated a
number of performance benefits in the execution of remote
surgical tasks [7], [8] and can enhance safety when used
to implement virtual workspace limits [9]. In this setting,

In beating heart procedures, the surgeon operates on fhe primary role of the force controller is to provide haptic
heart while it continues to pump. These procedures eliffhformation to the user while the user commands the robot to
inate the need for cardiopulmonary bypass and its assOgiteract with the surgical target.
ated morbidities [1], and allow the surgeon to evaluate thein contrast, beating heart applications require the robot
procedure under physiologic loading conditions. The tale controller to autonomously maintain prescribed forceshef t
particularly useful in the repair of cardiac structurelthe instrument against the target tissue despite its fast moBoe
mitral valve that undergo substantial mechanical loadindur major concern is safety, given the well-documented ocogee
the heart cycle [2]. However, surgical manipulation of thef instability in force control [10], [11], [12], [13]. A robtic
beating heart is challenging because heart motion exceegstem for beating heart surgery must be damped and stable
the human tracking bandwidth of approximately one Hz [3}o ensure that it will not overshoot or oscillate in respottse
The mitral valve annulus, for instance, traverses mostof ghanges in the desired force trajectory or sudden target mo-
10-20 mm trajectory and undergoes three direction changews. Furthermore, the system must have sufficient barttiwid
in approximately 100 ms [4]. This makes the application @b reject the disturbance caused by heart motion. Previous
precise forces for surgical tasks like mitral valve annidsty research indicates that standard force control strategfies
difficult. Indeed, recent animal trials indicate that begtheart only achieve stability for low closed-loop bandwidths due
repair of the mitral valve cannot be performed reliably doe to vibratory modes in the robot structure [11], [12], [13].
its fast motion [5]. These findings were obtained in the context of large indaistri

A force controlled robotic surgical system could benefit thebots interacting with stiff targets. To ensure adequat®t
surgeon by applying precise forces to the heart as it mov@grformance and safety, it is essential to determine whethe
Previous work on surgical force control has largely focused the same limitations exist in beating heart surgery wheee th
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I. INTRODUCTION
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Fig. 2. The motion compensation instrument (MCI) is a hafdlisergical
anchor deployment device. It is actuated in one degree eflén® to cancel the
dominant 1D motion component of the mitral valve annulusipAntounted
optical force sensor [15] measures contact forces agaestriy heart tissue.

-0.2 — He f=15Hz oo, =50 Hz |
Motion compensation instrument Beating heart target b 1f5 3 2f5 3
(Rigid model) : Time (s)
L Le
[}
r : Fig. 4. The effect of mitral valve annulus motion on contamtcés. Human
f a | mitral valve annulus trajectory (A) and corresponding éodisturbances for
I f~ of 5, 15, and 50 Hz (B). The mitral annulus has a motion banttwadf
%_]_ m approximately 15 Hz [4]. Gain settings ai€; = 27.5, K, = 45.9 for
k‘e f2 =5Hz; Ky =255.2, K, = 173.8 for f. = 10 Hz; and Ky = 2845.7,

K, = 621.4 for f, = 50 Hz. Mitral valve annulus motion data is from [4].

b

Fig. 3.  Rigid body robot model in contact with a moving, compt py contact). The model in (1) assumes rigid contact between

environment. . . . . .
the instrument and compliant target and is illustrated in
Fig. 3. For simplicity, we neglect force sensor compliance

controller, safe and accurate force tracking can be actiiev8 the model because it is significantly stiffer than theutess
at low bandwidth. In preliminary work we experimentallygnvironment.

demonstrated the efficacy of the approach [14], and in theNow consider a standard force regulator control law
following we provide a Qetqiled anglys_is of t_he feed-fom\/ar fo=fat Kp(fa—f.) — Koi, @)
force controller, as well ais vitro andin vivo validation. In the

first part of this paper we show that simultaneously achigviwhere Ky and K, are controller gains and, is the desired
an adequately damped system with good disturbance rajectiorce [16]. Combining (1) and (2) and applying the Laplace
is challenging because it requires a closed-loop bandwidtansform gives the closed-loop contact force relatigmshi
that would excite undesired vibratory modes in the robot.

Subsequently, we describe a force tracking system that by- Fo(s) =T(s)Fy(s) + Z(s)Xc(s), 3)
Passes '_[hese ba.ndWidth limitations by using feed-forwasith v%/here the force tracking transfer functidf(s) and robot
motion information derived from 3D ultrasound to auQmerfmpedance transfer functioff(s) are

the controller. The system, shown in Fig. 1, is adapted for
beating heart mitral valve annuloplasty. It uses a one @egfe

freedom actuated instrument termed the motion compemsatio T(s) 2 Fe(s) _ %(1 + Ky) (4)
instrument (MCI, Fig. 2) that can follow the rapid, nearly Fyi(s) C(s) 7’
uniaxial motion of the mitral valve annulus [4]. We validate a Fu(s) kes(s + £utb)
our system and demonstrate its utility to the surgeon in an Z(s) = X.s) C(s)m ) (5)
in vivo experiment in a large animal model. ¢ K. +b i

C(s) = 52+”Ts+£(1+Kf). (6)

IIl. RIGID BODY ANALYSIS Equation (3) makes explicit that target motiop is a distur-

To gain some insight into the use of force control in beatingance that perturbg. from f,.
heart surgery, we first consider the case of a perfectly rigid Controller gainsk; and K, are chosen to ensure system
robotic instrument. The robot is modeled as a masand  stability, sufficient damping, and good rejection ©f. The
damperb subjected to a commanded actuator fofseand |ast is achieved by designing(s) to have small magnitude
environment contact forcefe. The damperb captures the in the bandwidth ofX,(s). For the mitral valve annulus, which
effects of friction in the robot, friction at the insertioipt s pandlimited to approximately 15 Hz [4], this is equivalen
to the heart, and fluid motion. Approximating the enVil’OﬂmEI‘fb Setting the impedance corner frequen"gygreater than or
as a spring of stiffness, yields the system dynamics equal to 15 Hz. Fig. 4 depicts typical mitral valve annulus mo
. e B tion [4] and its effect on the contact force for variofisbased
mé + b3 = fo = ke(v — ), @ on simulations of (3)—(5) withf; = 0. Parameter values of
wherex is the instrument tip position and, is the desired m = 0.27 kg, b = 18.0 Ns/m, andk. = 133 N/m are assumed
tissue target position (i.e., its position if it were notdiehed based on system identification of the MCI and preliminary
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Fig. 5. Impedance corner frequengy (A) and damping; (B) over different values of< ; and K, using a rigid body model of the MCI. A trade-off exists
between damping and disturbance rejection. The naturauérecy f,, which is related toK ¢ through (7), is also shown. Dots indicate the gain test goint
used for laboratory tests in Section 11I-B2.

estimates of the mitral valve annulus stiffness. As we witlontrol forces using multiple degree of freedom robot amms i
show shortly, obtaining a large impedance corner frequencgntact with hard surfaces [11], [12], [13]. In particulfotce

1~ is synonymous with increasing the natural frequefigyof controllers can excite structural modes in the manipulator
the closed-loop system, which is also equivalent to inéngas leading to high amplitude force transients at the end adfect

Ky. These mechanisms do not pertain to this surgical applitatio
The natural frequency,, and damping, of the system can where the end effectors tend to be long, rod-like instrument
be expressed as in order to reach patient anatomy through small ports, and

tissues are highly compliant.
1 % It is well known, however, that axial motion of such
fon = %\/Ee(l + Ky), (7) long rods excites transverse vibrations [17]. The dynamics
K, +b describing this motion are nonlinear and hgve time.varying
¢ = e (8) parameters, but for the purposes of developing effectivesfo

controllers it is not necessary to model these dynamics: we
To avoid potentially dangerous overshoot, we set the syst@i@ed only to determine the frequency at which they become
to be critically damped{( = 1.0). Manipulating (5), (7), significant so that reasonable bandwidth restrictions can b
and (8), it can be shown that the natural frequerfgyof a imposed on the rigid body model and closed-loop system
critically damped system is a function of the impedance eornanalysis of the preceding section. While structural resoaa

frequencyf. by can be used to enhance performance in some situations, it
L is typically avoided because inadvertent excitation of the
V208 — 14\ ° resonance can destabilize the controller, reduce theiquoasit
fn = 6 fz 7 3.7698F. ©) accuracy of the instrument, and cause undue wear to the.robot

In the present application, resonance can further causeyinj

Hence, while a position regulator can follow a trajectorys the patient from the transmission of vibrational energy t
bandlimited to 15 Hz with about the same closed-loop natuf@le tissue in contact with the robot.

frequency, a force regulator must have a natural frequehcy 0| the following, we analytically and empirically demon-
approximately 57 Hz to follow the same motion. This indisatestrate that vibration precludes the use of the high gaineforc
that the force regulator inherently requires high bandwidt eqylator suggested in Fig. 5. We first demonstrate thagvibr
compensate for target motion. From (7)—(9) we calculate gajon occurs at relatively low frequency for surgical robafh
settings of Ky = 255.2 and K, = 173.8 to set our system |ong instruments. Subsequently, we empirically demotsstra
to be critically damped withf. = 15 Hz, assuming that the {hat these vibrations are significant in our system and caah le
rigid body model is appropriate at such high gains. Fig. 9 instability ask; is increased until the natural frequency

shows the system damping and impedance corner frequeggjroaches the resonance of the instrument.

over a range of values fdk; and K. It is clear that there is

a trade-off between the two performance criteria: incregasi o ) )

K increases the corner frequency but decreases damping;Ahdain Limit to Avoid Vibration

opposite is true fork,. Because of this trade-off, achieving Consider a cylindrical rod of lengthand radius- under-

suitable disturbance rejectiorf.(> 15 Hz) while maintaining going axial motion while compressed by a forfe (Fig. 6).

damping ¢ > 1) requires large gains. At low velocities and at compressive loads much smaller than
the Euler buckling load (i.e.f. << Ej{fgf), the fundamental

I1l. BANDWIDTH CONTRAINTS DUE TOROBOT DYNAMICS mode of transverse vibration is well approximated by

In this section, we study the effect of high gains on robot
performance. Extensive prior work on force control hasrdeli f~ 3.5156 [E (1) (10)
eated a number of instabilities that can arise in attempting 4w p \12/’



Fig. 7. Instrument with force sensor vibrating due to an laxdmusoidal motion at 10 Hz (A), 27 Hz (B), and and 30 Hz (Cposed at the base of the
instrument shaft. Transverse vibration is maximal at 27 tHe, predicted resonance frequency from Section IlI-A. Expe times are 200 ms. Scale marks
at right are in millimeter. Horizontal white dash indicatize displacement extremities.

T affect the accuracy of the instrument tip position and aé¢sal|
) to unstable behavior. We furthermore validate (10) and {d11)
“—> ! fe predicting the fundamental resonance frequency and gait i
2r K'mt, respectively.
l 1) Characterization of Transverse Vibration Over Fre-

guency: The MCI was positioned horizontally and clamped

along its base to restrict vibrations to only the instrument
shaft. The instrument was commanded to follow axial, sinu-
soidal motion inputs at frequencies between one and 100 Hz.

where E and p are respectively the Young's modulus and he axial position of the actuator was measured by a high
density of the material making up the rod [18]. At large velodinearity potentiometer (CLP13-50, P3 America, San Diego,
ities, the fundamental frequency is time varying [17]. Agla CA. USA) at 1 kHz. Transverse vibration of the instrument
compressive loads, the fundamental frequency decrea8ps [{iP was imaged by a digital camera (EOS 20D, Canon, Tokyo,
We omit both of these phenomena for ease of analysis. Japan) with 200 ms exposure time. Vibration amplitudes were
The closed-loop natural frequency of the system should Bieasured by a scale placed in the image and oriented to the
set lower than the first resonance (i.,, < f1) in order to Plane of motion.
avoid the effects of vibration. Combining (7) and (10) poes Fig. 7 depicts the transverse vibrations observed at 10, 27,
a limit on the proportional gain and 30 Hz. Large transverse motions are apparent at 27 Hz.
Fig. 8 shows the magnitude of the transverse displacement
normalized by the magnitude of the axial displacement over
ke 4p 3 frequency. The resonance frequency occurs at 27 Hz, in close
The value of Ky should be chosen substantially lower thaﬁlgreement with the predicted value from Section IIl-A. The

KMt S0 that the gain of the closed-loop system is Sme{ltfsonance peaks to a value of 9.8 dB and its effect becomes

small at approximately 22.2 Hz. Vibration for inputs with
through the spectral extent of the resonance. . o
. . . fr{aquenues below 10 Hz and from 50-100 Hz were negligible.
The MCI is mounted with a stainless steel 14 gauge blun Excitati f the ob d 1d not b fo f
needle € = 200 GPa,p = 7900 kg/m?, r = 1.1 mm) with i('CI ar'\on ‘t’ €o SeFrve reior‘t""“tﬁe WO.;‘ I”OI €sa elor
an inner stainless steel push rod used for anchor deploym.gﬁ?1 INg heart surgery. For context, the mitral valve ansiuiu
IS a ring of smooth tissue with an approximate width of a

in mitral valve annuloplasty [20]. Its length is= 22.8 cm!. ifmet Vibrati hile i tact with th |
For simplicity we approximate the entire structure as adsoITew mifimeters. vibration while in contact with the annsiu
uld cause the instrument to slip into the mitral valve or

cylindrical rod. Assuming the same system parameters o . o
before, (10) and (11) predict that the fundamental resama jacent cardiac structures. Contact with tissue couldpeam

occurs atfy — 29.8 Hz and the limit on the proportionalt e vibration but this would also transfer its energy to the

gain is K™ = 70.1. Referring to the rigid body performanceP@tient anatomy and could_c-ause injury. _ ,
plots in Fig. 5, it is clear that the controller gains cannet b 2) Force Regulator Instability at High Gain: In this ex-
set high enough to simultaneously avoid resonance and megtiment we study the effect of vibration on stability by

the criteria of a damped system with high bandwidth. testing increasing values ot that approach the predicted
K'}m“ = 70.1 from Section IlI-A. This is equivalent to testing
) ) . the system at increasing natural frequencies that appitbach
B. Experimentally Observed Vibration and Instability experimentally observed 27 Hz resonance of the MCI.
Although avoiding vibratory motion in a surgical robot is As before, the MCI was positioned horizontally on a flat
intuitively appealing, it remains unclear if such motion isurface and clamped along its body to restrict vibrations to
severe enough to present a problem in beating heart surgenly the instrument shaft. The instrument tip was placed in
Here we experimentally demonstrate that these vibratians cseries with a steel leaf spring with a stiffness matched to
the approximate stiffness of the mitral valve annulés &
!Preliminary animal testing found this to be the minimum kngecessary 133 N/m). The desired forcg,; was a unit step and the MCI
for the instrument to access the mitral valve during beatisart procedures in . .
was controlled by the force regulator law in (2). Gain values

a porcine model. The instrument approach was from the |gél appendage ! )
through the second intercostal space in a left thoracotomy. for Ky ranged from zero to 55 in steps of five aid, was

Fig. 6. Axially oscillating cantilevered rod of lengthand radius-. Lateral
motion at the base of the rod) excites transverse vibrationg)([17].

limit _
Ky =

270 .2
m <3.5156 Er ) 1 (11)



IV. FORCECONTROL WITH FEED-FORWARD
TARGET MOTION

N I 1 The preceding sections indicate that vibrational modes in
surgical instruments prevent the high gain settings reguir
for a force regulator to obtain both damping and good heart
motion rejection. Rather than use a pure force error feddbac
control strategy, an alternative strategy employs feeddiod
target motion information in the controller. Previous wawks
TR T ey ¥ shown that this approach can improve force tracking when
dealing with moving or uneven surfaces [21]. This approach
Fig. 8. Magnitude of transverse displacement normalizethbymagnitude is well suited to our application because accurate prexgistdf

of the axial displacementy(and z, respectively, as shown in Fig. 6). The ; ; i ; RGNS
resonance occurs at 27 Hz, which is near the predicted meoelgliéncy in heart motion can be obtained by explomng Its perIOdICJI}/, [

22.17 Hz

Transverse Motion Gain (dB)
I
1

Section IlI-A. The estimated 0 dB frequency is marked. [22], [2311 [24]-
Consider the control law
Natural Frequency f (Hz) fo=fa+ Kf(fd —fo) + Ku(fe — &)+ bSC?e + mfe’ (12)
4681012 14 16 18 20 22 24 26 S ) )
__ 100 which is (2) augmented with feed-forward estimates of the
S gl : target velocity . and accelerationz,. The contact force
_73 soh : relationship in (3) becomes
= ! .
o wof : F.(s) = T(s)Fa(s) = Z(s) (Xo(s) = Xe(s))
& 20} X
2 _ _ _ r whereT'(s) and Z(s) are defined as before in (4) and (5),
0 10 20 30 40 50 60 respectively. Observe that the use of feed-forward tefins
K and z. enable the cancellation of the motion disturbange

without the need to greatly increase the natural frequeficy o
Fig. 9. Stability over increasing proportional gaiti;. Percentage is taken the system. The controller can then_ be deSIQned Wlt_h a low
over 10 trials for each value ok ;. The natural frequencyf,, which is closed-loop natural frequency to avoid the effects of wibra
related toK (f thrOI)Jgh (7),kisdalsohsh?jwnthelz 0dB dcorner freqtrl]ency of thand other high order dynamics that lead to reduced damping
resonance (Fig. 8) is marked with a dashed line and coincidsthe onset : o : :
of instability in the controller. and |nstab_|l|ty. The feed—forwa_lrd bgndW|dth is sgt equal to
the bandwidth of the heart motion disturbance, which is lowe
than the resonance frequency of the robot.

fixed at 50. These gain values are marked in Fig. 5 to illustratv
. . ; : . . TISSUEMOTION ESTIMATION WITH 3D ULTRASOUND
their locations in the controller design space for a rigidao

The sample and control frequency was 1 kHz, which is fastBecause our surgical application is performed on the mitral
enough that approximating the controller as continuouslislv valve annulus inside of the beating heart, a real-time imggi
since the effects of discretization are negligible: thexplaad technology that can image tissue through blood is requived f
a natural frequency of 3.5 Hz and the closed-loop systegiidance. We employ 3D ultrasound because it is currently
reached a maximum natural frequency of 26.4 Hz. Ten tridide only technology that meets these criteria while pragdi
were performed for each gain setting for a total of 120 trialgolumetric information. To obtain the motion terms needed
Controller performance was judged to be stable or unstable fn the feed-forward controller, we first determine the posit
each trial, with the latter criteria defined as exhibitinghno Of the tissue in the ultrasound volume using the real-time
decaying oscillations in excess of 50% overshoot for mofgsue segmentation algorithm from [20]. The algorithmetak
than one sec after the unit step input. advantage of the high spatial coherence of the instrument,
Fig. 9 gives the percentage of stable trials ovéf. As whi(_:h appears as a bright and_ straight opject in_ the vplume,t
expected, increasing the gain reduces damping and evbntug?s'gnate th_e tissue target._Flg. 10 dep_|cts using this adeth
leads to unstable behavior. Instability first arises for 1605 [© track a mitral annulus point in a beating porcine heart.
the trials atk; = 40, which corresponds to a closed-loop AS N previous work [4], we model the nearly uniaxial
natural frequency off,, = 22.6 Hz and is nearly coincident mo_t|on o_f the mitral valve annulus as a tlme—yarymg Fourier
with the location of the 0 dB corner frequency for the obsdrveres With an offset and truncated:to harmonics
resonance (Fig. 8). Increasinf; to 50 and above leads n ]
to 100% of the trials being unstable. This is less than the we(t) = c(t) +Z”(t) sin(6; (1)), (13)
predicted upper bound ofk™ = 70.1 but is nonetheless =1
expected because of the spectral width of the resonance sebere c(t) is the offset,r;(t) are the harmonic amplitudes,
in Fig. 8. Overall, these results suggest that excitingatibnal and 6;(t) = z’fgw(r)dT + ¢:(t), with heart ratew(t) and
modes in even a single degree of freedom robot can leadh@armonic phases;(t). Prior to contact, measurements from
an unstable, unsafe controller. the tissue tracker are used to train an extended Kalman filter



TABLE |

Motion STANDARD DEVIATIONS OF FORCES IN EACHTRIAL
Compensation
«“Instrument Feed-Forward
‘ . Trial No. Manual (N) Force Regulator (N)  Force Control (N)
1 0.58 0.23 0.13
AW 2 0.50 0.23 0.09
~ 3 0.37 0.20 0.21

%
o=~
Annulus
Point

condition. The experimental protocol was approved by the
Children’s Hospital Boston Institutional Animal Care andeJ
Committee. The animal received humane care in accordance
with the 1996 Guide for the Care and Use of Laboratory
Animals, recommended by the US National Institute of Health.
Fig. 10. Slice through real-time 3D ultrasound volume shgwiissue — |n g|| force controlled trials, the controller gains were
tracklng._ Squares denote the instrument with tip-mountadef sensor and desianed for — 1. — 8Hz (Ks =41 andk. = 10.
the surgical target located on the mitral valve annulus. g C 05, fn =8 ( f v 0 5)
based on parameter values = 0.27 kg, b = 18.0 Ns/m,
andk. = 133.0 N/m. The gains were left intentionally low to
guarantee controller stability in the unstructured envinent
of the operating room where off-axis loading could result
in instrument bending, as well as to account for uncertainty
and variability in heart stiffness. The elastic propertiéshe
heart can vary by a factor of three from patient to patient
in normal human hearts and hearts afflicted with congestive
cardiomyopathy are on average five times stiffer than the
average healthy heart [25].
; fe X The force tracking system uses a dual CPU AMD Opteron
L\ Motion compensation ' 285 2.6 GHz PC with 4 GB of RAM to process the ultrasound
—gstrument ' data and control the MCI. The 3D ultrasound machine streams
volumes at 28 Hz to the PC over a 1 Gb LAN using TCP/IP. A
program written in C++ retrieves the ultrasound volumes and
loads them onto a GPU (7800GT, nVidia Corp, Santa Clara,

to provide estimates of the model parametérs, 7;(t), (), CA, USA) for real-time beating heart tissue segmentatidmis T
andd;(t). These parameters are used to generate smooth fedi@vides tissue position measurements that are used tahii
forward Ve|ocity and acceleration terms for the force colfgr extended Kalman filter. After 5 sec of initialization, thedil

of (12) using the derivatives of (13). After contact, filtePUtputs estimates of the tissue velocity and acceleratibese
updates are stopped because the robot interacts with soe fisare used in tandem with force measurements from a custom,
causing subsequent position measurements to no longertiBemounted optical force sensor (0.17 N RMS accuracy and

representative of the feed-forward (i.e. desired) tissotian. 0-4 N range [14], [15]) according to the control law in (12)sin
1 kHz servo loop. As before, the controller was approximated

as continuous because the effects of 1 kHz discretization on
this 15 Hz bandlimited system is negligible. The MCI is
A. Experimental Setup powered by a linear power amplifier (BOP36-1.5 M, Kepco,
In vivo validation of the system was performed in a beatinglushing, NY, USA).
heart Yorkshire pig model (Fig. 11). The tip of the MCI was
inserted into the left atrial appendage and secured by apur
string suture. The 3D ultrasound probe (SONOS 7500, Philips
Healthcare, Andover, MA, USA) was positioned epicardially Fig. 12 provides example force traces for the task executed
on the free wall of the left ventricle to image the mitramanually, with the force regulator, and with the feed-fordva
valve and instrument. The probe was placed in a bag wilbrce controller. Table | lists the force standard deviagidor
transmission gel to improve contact with the irregular scef each trial. Averaged across all trials, manual contact with
of the heart. The surgeon was instructed to hold the insamennulus yielded force standard deviations0of8 £+ 0.06 N
tip against the mitral valve annulus with a constant 2.5 fnean+ std error). The force regulator reduced these de-
force for approximately 30 sec. This task was performedations t00.22 + 0.01 N with clear statistical significance
under three conditions: manually (i.e. fixed instrumenthwitin a two-sided t-testy( = 0.012). The feed-forward force
no robot control), using the force regulator in (2), and gsincontroller reduced the deviations to approximately 25% of
the feed-forward force controller in (12). Contact forcesrev the manual case0(11 + 0.02 N, p = 0.017). Statistical
visually displayed to the surgeon during the task and reambrdsignificance was also found between the force regulator and
for offline assessment. Three trials were attempted for eaeed-forward controller conditiong (= 0.009). These results

Ultrasound probe

Fig. 11. In vivo experiment setup.

VI. IN VIVO SYSTEM VALIDATION

Results



VIl. DISCUSSION

The results from ourin vivo experiment underscore the

z benefit of a force controlled robot in beating heart procedur
g Without force control, placement of the instrument agaihst
|_5|_ mitral valve annulus gave peak-to-peak force swings of R57
) ) ) ) ) ) ) which is unacceptable compared to the desired 2.5 N force set
0 5 10 15 20 25 30 35 40 point. The standard force regulator reduced this fluctnabip
Time (s) 50% and the feed-forward controller reduced it by another
4 . . . . . . . 50%. In the case of the feed-forward controller, the preaisi
=3l B ] of the contact forces was 0.11 N. In all of the force con-
= trolled experiments, the surgeon expressed greater cocéde
52 in instrument manipulation against the beating mitral galv
2 af annulus, with the feed-forward controller subjectivelyttbe
Ou . . . . . . . than the standard force regulator. These findings suggast th
o 5 10 15 20 25 30 35 40 robotic force control may be an effective aid to the surgeon
Time (s) . .
for beating heart mitral annuloplasty. We note, howeveat th
4 C " " " " " " " a potential limitation of the current study is that manual
= 3t ; tasks were done with a (nonactuated) motion compensation
° ) instrument, which is heavier than typical surgical tools.
% The in vivo results also verify that safe, precise robotic
| force tracking is feasible inside of the beating heart thiou
05 s 0 15 20 x  30 = the use of feed-forward target motion information in the

Time (s) controller. This approach enables the robotic system toat@e
at the motion bandwidth of the heart while simultaneously
ensuring damping and providing good disturbance rejection
Fig. 12. Example contact force records for manual (A), fargulator (B), In Contra_St’ a purely_force feedba_‘Ck Con_trO”er would regjui
and feed-forward force control (C) test conditions. Theirdescontact force @ bandwidth approximately 3.8 times higher than the heart
of 2.5 N is indicated (h(_)ri;ontal line). Data was drawn frone trials with  motion bandwidth to have the same performance_ Our ana|ysis
the lowest standard deviations. and laboratory experiments indicate that force controuahs
high bandwidth excites transverse vibrations in the robat t
could lead to a variety of dangerous outcomes, including

Az: controller instability.
%0_5_ T l The difficulty in achieving a fast and stable force contnolle
3 oa} I ) has been examined extensively by other researchers, typi-
3 oa} ) cally in the industrial setting where large, multiple desyief
8 oot = ) freedom robots interact with stiff, nearly motionless aggs.
| ! Their analyses found a number of fundamental sources for
o instability at high bandwidth such as sampling time [10],
Manual Force control Feed-forward : C .
force control actuator bandwidth limitations [12], force measuremertetfil

ing [12], actuator and transmission dynamics [13], and filexi
Fig. 13. Disturbance rejection measured by standard dewiaif forces. modes in the robot arm [11] [13]_ Receantvivo force control
Mean + std error is shown. . . - .
experiments using a multiple degree of freedom endoscopic
robot in contact with liver indicate that arm dynamics can
limit controller bandwidth to the extent that it is not able

. . . . . to adequately reject slow respiratory motion [26]. For our
are summarized in Fig. 13. The third trial for the fee quately rel W bl y lon [26] "

f d f troll itted f tatistical s system and application, the dominant source of instability
orward force controller was omitted from statistical arsis is from the flexible modes in the surgical instrument. This

begau?eththe a”'”_‘a' S?O\_/rvﬁd _redll.!ce? card|?(ih\_/|ab|lltyltat §esomewhat surprising given the simplicity of our robot:
end ol the experiment. 1he impiications ol 1nis result an asically a small, one degree of freedom actuator mounted

possible improyelments FO the surgical procedure are d:‘iecuswith a stiff, nonarticulated rod as an end effector. Howgver
in greater detail in Section VII. our analysis and experiments confirm that these resonances
The force regulator and feed-forward force controller alsghould and do occur in our robot and are also likely to occur
reduced peak-to-peak forces. Manual use of the instruménthe instruments mounted to standard surgical robots.
gave swings in the contact force 267+ 0.29 N. The force  To overcome the bandwidth limitations imposed by vibra-
regulator and feed-forward force controller reduced these tion, we developed a system that exploits the quasipeiitgdic
1.16 + 0.10 N and 0.65 &+ 0.04 N, respectively. Statistical in heart motion to generate feed-forward motion terms fer th
significance was found between all conditiongat 0.05. force controller. Similar approaches have been used fatiob



position tracking of the beating heart. Independently®irx controller at high bandwidth.
et al. [23] and Bebek and Cavusolgu [24] have demonstrated
that the use of model predictive control can increase the ACKNOWLEDGEMENT
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