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Abstract—Performing surgery on fast-moving heart structures Y Output signal of a control system
while the heart is freely beating is next to impossible. Never- C| Cubic Interpolation

theless: the ability to do this would greatly benefit patients. ?y EKE Extended Kalman filter
controlling a teleoperated robot to continuously follow the heart's . .

motion, the heart can be made to appear stationary. The surgeon POI Pomt of mtgrest

will then be able to operate on a seemingly stationary heart when SP Smith predictor

in reality it is freely beating. The heart's motion is measured ZOH Zero order hold

from ultrasound images and thus involves a non-negligible delay

due to image acquisition and processing, estimated to be 150 ms

that, if not compensated for, can cause the teleoperated robet . INTRODUCTION

end-effector (i.e., the surgical tool) to collide with and puncture . . . . ..

the heart. This research proposes the use of a Smith predictor "€ heart is a quick-moving organ with velocities and
to compensate for this time delay in calculating the reference accelerations up to 210 mm/s and 3800 ninvsspectively [1]
position for the teleoperated robot. The results suggest that et  making it an extremely difficult organ to perform a surgical
motion traCking is imprOVed as the introduction of the Smith procedure on Wh"e |t |S freely beat|ng One Would requ”'e

predlctor S|gn|f|cantly decreas.es the mean absolute error, which superhuman skills to manually compensate for the heart's
is the error in making the distance between the robot's end-

effector and the heart follow the surgeon’s motion, and the mean @St motion and simultaneously perform a surgical prooedur
integrated square error. Hence, most surgical procedures are performed on an alreste

Index Terms—Beating-heart surgery, Robotic assistance, Ul- heart or_on a mechanically-stabilized heart [21'
trasound image guidance Arresting the heart may have undesirable side effects. Dur-
ing arrested-heart surgery, the heart is stopped and thenpat
is connected to a heart-lung machine, which circulates the

) NOMENCLATURE blood and ventilates the lungs. After the procedure, thethea
C A controller in a time delayed system is massaged and the surgeon attempts to restart it. However,
H A transfer function of a time delayed system complications such as irregular heartbeats may occur.rOthe
Py,pn Estimated position of the heart in the frequency andrawbacks include an increased risk of stroke [3] and/og{on
time domains, respectively term cognitive loss [4]. On the other hand, mechanically-
C A controller in a system without a time delay stabilized-heart surgery avoids the dangers of arrestedth
Dru,dru Distance between the robot and the heart tissuedargery but cannot completely cancel all of the heart’s amoti
the frequency and time domains, respectively and is only effective for surgeries performed on the surfzfce
e Command following errorfs — drp) the heart.
G The plant, i.e., the robot These side effects and limitations can be eliminated if the
H A transfer function of a system without a time-delayheart is allowed to beat freely during the surgical procedur
Py,py Position of the heart in the frequency and timahis would be feasible if a robot could follow the heart’s
domains, respectively beating motion, allowing the surgeon, who is teleoperating
Ps,ps Position of the surgeon in the frequency and timghe surgical robot, to operate on a seemingly stationarythea
domains, respectively In addition, normal heart beating motion during the surgery
R Input signal to a control system would allow forintra-operative evaluation of the effectiveness
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based cardiac procedures [6], and sonomicrometry crystals

have been used to prevent occlusions caused by surgical tool ' N );' \

in visual data [7]. Some researchers mechanically staioiliz @ A/ 4 A,%" : \

the heart first and then tracked the residual motion with Convler 7 N NG

a camera [8]. High-frame-rate video cameras provide rich va

visual data, but can only be used for extracardiac procedure @_|Traj;ig“(ﬂfggay)|._| Delay H%

[9]; whereas, medical (mainly ultrasound) scanners pevid image Acquistion _ Ulizasound Probe

images of the tissue and can be used for both intracardiac a@dlz The teleoperated image-guided beating-heart surgical setup for pericardiacentesi

extracardiac procedures [10]_ However, medical scanrere hThe needle is inserted through the chest wall and into the pericardial sac bid shap

low frame rates. For instance, the frame rate of a 3D ultragoy™*" ' '"® o2t tssue [14]

scanner can be as low as 28 Hz [11]. The location of the

POI must be found in each image frame, which introduces a

delay. This time delay and the low image acquisition ratetmus

be compensated for. Otherwise, the teleoperated robot end- N

effector (i.e., the surgical tool) may collide with and pture \3 pea’

the fast-moving heart. Despite these drawbacks, ultrasoun '

images are used for this research as they have the ability to

visualize the entire heart, even through the opaque blootl po

This is important as the goal is to have a robot simultangousl| Simulated

follow a POI regardless of whether it is on the interior or Heart

exterior surface of the heart. Fig. 2: A 3D ultrasound of the experimental setup. The bright areas of tagenare
Once the location of the POl on the heart has been trackéi@’ulated tissue and the needle and the dark areas are fluid-filled regions.

the robot-assisted surgical system can be made to follow

the heart’s motion. In addition, the surgeon must also be . - .
. . . old his/her breath as the needle is inserted. However, if
able to control the surgical robot-assisted system in otoer . .
. . ; the needle punctures a coronary artery, immediate surgery
perform a surgical procedure. Different techniques hawnbe X . . :
. may be required to stop the bleeding, making this emergency
employed to allow the surgeon to control the surgical robot- ! : :
) rocedure highly stressful. To reduce the risks associaitd
assisted system. For example, the surgeon could use a mofjon

. i ... IS procedure, the general framework of beating-heagesyr
compensating hand-held tool [10] and [L1]. Another posiybi using a heart motion-synchronized needle can be appligd. Th

IS to attach the surgeon's arm to a platform which is moving Will allow the surgeon to insert the needle as if the heart wal

the same manner as the beating heart [12]. Many, includimg t . ; . :
) ) is stationary, making the operation safer for the patiemt an
proposed research, involve a user interface for the surgeoq
ess stressful for the surgeon.

part of a teleoperated robot-assisted surgical systenallfzin ) . .
although beyond the scope of this paper, giving the surgeon az) Annuloplasty: Annuloplasty is a surgical procedure that

stabilized view of the heart will make performing the suadic 'S performed when the mitral \_/alve IS not cIo_smg properly,
T thus a lower volume of blood is pumped during each heart
task much more intuitive [13].

beat due to regurgitation. To correct this, an annuloplésaty
is stapled around the mitral valve to reshape it. The abitity
A. Representative Image-guided Procedures perform this procedure while the heart is beating wouldvallo
While image-based heart position tracking can btge surgeon to evaluate the function of the reshaped m!tral
Ive on the fly. The surgeon would then be able to readjust

procedure-specific, the Smith predictor based robot cbnt&'g shape of the mitral valve as necessary during the proeedu
h I in thi I I
methods developed in this paper apply to any teleopera rrently, the result of the procedure is only known after th

surgery on the beating heart that is performed under medi . o .
eart is restarted when it is too late to make adjustments. If

image guidance. As a specific example, we describe . .
g€ 9 P P P rgical tool could be made to follow the mitral valve’s one

cardiocentesis and annuloplasty as well as the relatedeimay . . :
processing method for tracking a POI on the heart und ensional motion [1], it would offer a better outcome o th
procedure for the patient.

ultrasound image guidance.
1) Pericardiocentesis: Pericardiocentesis is a surgical pro- . )

cedure that is performed when there is a build-up of exceBs |Mage-based tissue tracking

fluid in the pericardial sac that must be drained. The extraFor this work we use three-dimensional ultrasound images

fluid puts increased pressure on the heart and does not alfoem SONOS 7500 (Phillips Medical, Andover, MA) as they

it to beat properly. The fluid is drained by inserting a needkre non-invasive and can image the exterior and interiohef t

through the chest wall and into the pericardial sac as sholeart. A two-dimensional ultrasound image could also have

in Fig. 1. Currently, the surgeon inserts the needle (whileeen used if a needle guide [16] properly oriented the needle

the heart is beating and the patient is conscious) wittelittto ensure it is visible in the ultrasound plane. To virtually

to no intra-operative image guidance [15]. As a precauti@tabilize the heart via proper control of the robot, theatise

and to limit the chest motion, the patient is instructed tbetween the heart tissue and the needle tip must be measured

. . . Surgeon’s Hand Motion
medical scanners. Force sensors have been applied inarathet E , E ;g

y Needle
Fluid-filled Tip

RoPO




in each image frame. This distance is calculated using thesition, and the intervening dynamics between the referen
flashlight method developed by Novotny et al. [17], where th@osition and the actual position, which is that of a voicd coi
axis of the needle is found using a Radon transform. THigear actuator, is neglected.

axis is then extended towards the heart tissue. The POI (thedther prediction methods address heart rate variability
heart wall) is the closest change from a dark area (the fluighrough the use of adaptive filters, which slowly change the
filled region) to a light area (the tissue) beyond the nedgle fength of the predicted heart beat to make it coincide with
along this axis, and is marked as POI in Fig. 2. The distangfe length of the actual heartbeat. In [18], the heart’s tforsi

between this tissue location and the needle tip is recordedygas captured with sonomicrometry crystals, not with mddica
the robot-heart distance. images.

Bebek and Cavusoglu employ an electrocardiogram-
Il. PRIORART triggered feed-forward prediction approach [7]. The heart
Prior art has attempted different and sometimes intervin@osition from the past heartbeat is used to predict the heart
methods of controlling robots to follow the heart’s quasiposition in the current heartbeat and the patient's eleatro
periodic motion. Here, we will first distinguish at a high ékv diogram is used to ensure that the beginning of the actual and
between two approaches to delay compensatiwediction predicted heartbeats are synchronized. Again the heatiqros
algorithms, which feed-forward the predicted POI’s position as iS captured with sonomicrometry crystals.
the reference position for the teleoperated robot,@edictive
controllers, which account for the POl measurement time
delays in afeedback structure and are thus informed by th
dynamic characteristics of the robot. Given that the refese
position for the robot includes the measurement of the faSt-Past research also considers the robot dynamics in a feed-
varying heart position, it is important to take into accouriack structure. Predictive controllers use the dynamic ehod
the dynamics of the robot. Table | summarizes the above agthe robot in a feedback structure to account for the delay
states if the heart’s position is determined from medicages inherent in the measurement of the heart position_
(thus introducing delays), and if the surgical robot's dwhzs  Gjnhoux et al. consider the respiratory- and the heartbeat-

have been considered. Throughout the rest of the papet, hgaji,ced motions of the heart and compensate for them sepa-
position measurement delay is simply referred to as delay. rately [19], [20]. A repetitive ARIMAX model with periodic

noise is used to model the respiratory component of the heart
A. Feedforward compensation of delay through prediction motion. The heartbeat-induced motion is the remaining omoti

Most past research involving prediction and feed-forwafhich is modeled by a Fourier series containing the base
delay compensation neglects the surgical robot’s dynaanids frgquency (the heart rate) and the f!rst five harmonlgs. 'A very
does not involve feedback control. Instead, the focus islgol high-frame-rate (500 Hz) camera is used to obtain images
on predicting the heart’s position. of the heart surfa_ce for extracardiac tissue tracking lonte t

Yuen et al. compare the performance of three heart podglay compensation is not addressed.
tion estimation methods: an extended Kalman filter and two The proposed research takes the next logical step and
autoregressive models, one with a least-squares estimatbr introduces a model that considessth the time delay due to
one with a fading memory estimator [11]. The heart positioifte image-based heart motion tracking and the teleoperated
data is collected from ultrasound images. This predictor igbot's dynamics in a feedback control structure. While a
then used to control dand-held one-dimensional motion variety of methods are used to estimate the current heart
compensation tool for mitral valve repair [1]. Interesting position, we augment the feedback control system with a
as the surgical tool is hand-held, there is no dynamic effeé®odified Smith predictor to ensure that the teleoperatedtrob
intervening between the surgeon’s position and the rigidigdo remains at a set distance from the heart as commanded by

the surgeon’s hand position despite the time delays cauged b
_ o , image acquisition and operations needed for calculatimg th
TABLE I: The previous research has been divided into different categories based on ..
whether medical images were used to track the heart position and whether the rJﬂ&art pOSItIOﬂ.
dynamics were considered in the surgical robot control method. This paper is Organized as follows. Section Il discusses th

. Feedback compensation of delay through predictive control

Prediction or Image- Robot Smith predictor principles. The research problem is foated
Predictive Control Based Dynamics in Section IV and the implementation of the Smith predictor
1] Prediction NoO NO in a teleoperated beating-heart surgical system is destrib
[7] Prediction No Yes in Section V. Sections VI and VIl highlight simulation and
[11] Prediction Yes NO experimental results, respectively. Finally, concludiamarks
[18] Prediction NO Yes are given in Section VIII. Th_ro_ughout_ the remainder of this
[19] Predictive Control No Yes paper, the following abbreviations will be used. The end-

effector of the teleoperated surgical robot will hencdfort

2 Predicti I N Y - . .
[20] redlctlve.C.ontro ° ©s be referred to as the robot. The time delay in measuring
Proposed Predictive Yes Yes the heart’s position due to ultrasound image acquisitiod an
Method Control

processing will simply be the delay.




R Controller}»| Plant >Y IV. PROBLEM FORMULATION
¢ G The goal of beating-heart surgery is to have a teleoperated

@) robot follow the heart at a set distance as commanded by
the surgeon’s hand position. To accomplish this, a feedback
control system must be designed to track the surgeon’siposit
while compensating for the heart’s repetitive beating orti
——l e __u This paper focuses on the heart’s beating motion and not the
translational motion caused by respiration. A provisiom fo
(b) including this translational motion has been included i8]]1
where the control effort coming from two controllers, one to
v make the surgical robot follow the heart’s motion and anothe
to make the surgical robot follow the respiratory motionyeve
added together.

The inputs to the robot control system are the surgeon’s
position ps and an estimate of the heart's current position
pg. The measured variable, which experiences delays due to
image acquisition and processing, is the distance between t

robot and the heartlry. The set-point for this distance is
R0 C”r'”””erH Plont |_*| P the surgeon’s position. Because this distance, the robot-heart
3 ‘ ¢ e distance, is measured from ultrasound images, the robot and
Delay the heart tissue must both be visible in each ultrasoundemag
o A simple feedback loop representing this system is shown
in Fig. 4a, where the system has been separated into a part
(@ that we can design, “Performed via Software”, and a part
Fig. 3: (a): A standard feedback controller and plant that does not include time delgljat e cannot change, “Physical System”. In fact, we cannot
(b): A standard feedback controller and plant with time delay. (c): The Smith predictor . "
is added to the feedback loop where the plant's model must be estimated. (@mite Predict or alter the surgeon’s position nor can we change the
pre_dictor is added to the feedback loop where the plant's model does not need torpghot's dynamics or the heart's motion, hence these blocks
estmated. form the physical system. In contrast, we can design the
controller and chose how to calculate the tissue/roboadcst
from the ultrasound images as these blocks are performed in
[ll. PRELIMINARIES: SMITH PREDICTOR the software. Note that the configuration in Fig. 4a has no
provision for compensating for the heart’s motion.
A Smith predictor is a predictive feedback controller usedt Before commencing the robot control design process, let us
ensure that a closed-loop control system retains its #fahild make the following observations:
ggoq performance in the presence ofa kr)own, fixed time de[ay. The heart motion is quasi-periodic,
within the loop [21]. Consider the generic feedback loops in
Figs. 3a and 3b. To begin, as shown in Fig. 3a, the controller
C' is designed in the no delay closed-loop systEnwhere

Y cG

R 1+0G°
G is the plant transfer functior® is the Laplace transform of
the input, and” is the Laplace transform of the plant’s output.
For the delayed case in Fig. 3b, the controliéris replaced
by C' and the closed-loop transfer function

R + Controller Plant Delay | Y

ol
[9]

e

« The time delay is constant (or can be made constant),
o We are able to extract the last heart beat from the heart
motion trajectory.

Q) Next, we will make the following assumptions:

o The robot is a linear time-invariant system and has one
degree of freedom,

« The surgeon is capable of performing a surgical procedure
in the presence of the above time delay if the heart motion
is compensated for.

5 Y CGesk @) We have limited the robot to one degree of freedom because
both pericardiocentesis and mitral valve annuloplastyy onl

R 14+ CGesL’
To retain the same performance as the no delayed system,'@Ruire the surgical tool to be inserted into the patienbgla
needd = He—*L. Therefore( is calculated to be line. Secondly, although it is more difficult, surgeons htve
c ability to perform a surgical procedure with a teleoperatio
C = — (3) system with delays of up to 300 ms [22].

1+CG(L—emh) As it stands, a shortcoming of the system in Fig. 4a is that,
The Smith predicto€ as shown in Fig. 3c requires an estimatdue to the delay present in the feedback loop, it is unstable
of the plant ;. However, if the plant can be separated from thand/or has poor performance. To tackle this problem, we will
delay, we do not need the estimate of the plant’'s model; rathese a modified Smith predictor to compensate for the delay to
the output of the plant can be used directly — see Fig. 3d. ensure that the system remains stable and performs well.




Physical System

Performed via Software Therefore, the control system is first analysed without ang t
delay in Fig. 4b. First, the transfer function between the¢h
inputs, the estimated heart's positidty, the heart's actual
position Py, and the surgeon’s positioRs, and the output,
the robot-heart distancP g, is calculated.

Surgeon’s
Position

(K4CG) Py — (14 CGK,)Py + (CGK3)Ps
1+ CG(K, + Ko)

The controller C was chosen to be a proportional controller
C = k and the y axis of the Phantom Premium 1.5A robot
(Sensable/Geomagic, Wilmington, MA) was chosen as the
robot with the following transfer function [23]:

(4)

Physical D RH —

System

°
T
o Heart
Position

Performed
via

g - G 51 30.255 12,923 X 10°% 4 5.741 x 105 + 1.784 x 10"
(b) 1.5265% + 23353 4 2.848 x 10552 5)

The goal is to make the robot-heart distani@gy follow
the surgeon’s hand positioRs. For this reason, the steady-
state value ofDgy is calculated when each of the inputs is a
step function using the following equation.

d(c0) = ll_l)r(l) sDru(s) (6)

= lims
s—0

1+ CG(KL + Ka)
_ K4Py — K1 Py + K3Ps

~ .

K+ K»

assumingCG >> 1, K; > 1, and K5 > 0.

The distanced(oo), given in (7), needs to be equal to the
surgeon’s positionPs, therefore the heart’s positioRy and
the estimated heart’s positioﬁH need to cancel each other.

(d) Hence, we need{; = K, as the heart’s past positiom?H,
Fig. 4: (a): The initial representation of the components of the feedback centidl):  Should be approximately equal to the heart's current positi

The feedback controller designed to make the robot-heart distance follow thepsisrg _
position. Four gain blocks are adde&{-K,), which increase the number of design PH' NeXt’ for the Steady state ValdéRH to approaChPS’
parameters. (c): The initial controlle? is then replaced by a Smith predictor. (d): The Kg = K1 + KQ.

complete control loop including the Smith predictor.

<K4CGP§ — (1+CGK,) 2 + CGK?,I?)
(@)

B. Smith Predictor Design

Once the controller has been designed for the no delay case,
is redesigned to preserve its performance when the dslay i

V. PROPOSEDSMITH PREDICTORBASED DESIGN
In the negative feedback control loop in Fig. 4a, the roboiii-

heart distance only follows the surgeon’s position andaheﬁresent. Hence, the new controliéris designed to preserve

is no provision concerning following the heart's motionthe transfer function between the surgeon’s positianand

Congequently, a prediction or an estimation of the h_ear e distanced py when the time delay is present — see Fig. 4c.
position must be added to the control system — see Fig.

: : . . The transfer function between the surgeon’s positidnand
The feedback loop incorporates this estimate as an additlo[he robot-heart distand@ 7 for the time-delayed case, where
position set-point for the robot-heart distance. Sincehert’'s ’

L ) - " the first two terms of (4) have been cancelled by equafing
motion is quasi-periodic, the measured positions from t dK, is

previous heart beat is deemed useful in estimating the 'teart B

position in the current beat. This feedback loop helps theto Drp = _CGng—SL P (®)

follow the heart’s (outdated) position as well as the sunigeo / 1+ CG(K; + Kge—sL)™ ™7

(current) position. To add more design parameters, foun ggjhere, is the length of the time delay. By equating the third

blocks, K1, K3, K3, and K, have been added: one for eachem of the original transfer function in (4) multiplied lay 5~

feedback loop and one to scale the surgeon’s position. 5 (8) and substituting in the gain values found previously
o (K, = K, and K3 = K, + K5), the controllerC is calculated

A. Controller Design in the Absence of Delay as )

In order to design a control system that will perform C— CG )
well under delay, it must first perform well under no delay. 1+ CC?KQ(l — est)’




which is a modified version of the original Smith predictoto the current heart rate, which is estimated byfrom the
given in (3). The final control system is shown in Fig. 4d wherEKF. The estimated current heart rate is allowed to vary with
C has been replaced by (9), resulting in the reappearancetiofe. This method is referred to as “EKF Period”.
the original controllerC. An estimate of the robot’s model is
not needed as the robot and the delay are separate entities,
giving us access to the output from the robot before the time
delay. Hence, we do not need to estimate the robot's modelThe proposed Smith predictor based controller is simu-
Because the ultrasound images are acquired at a slower tated in Simulink. The simulated heart signal is created by
than the robot’s update rate, a method for upsampling tive sigeasuring the distance between the heart and the robot in
data is needed. The heart’s principle motion has a frequerggch frame throughout multiple heartbeats. A single sitadla
of 1 Hz and it is shown in [11] that the heart’s motion can beeart beat is found by averaging the corresponding distance
approximated by this base frequency and the next 7 harmorficgm the heartbeats. The period of this averaged heart beat
up to a frequency of 8 Hz. Because the ultrasound images iematched to the period of a clinical ECG signal from the
acquired at a rate of 28 Hz, the heart's motion is not alias®i TBIH database [24] to create simulated heart motion (see
and the signal can be reconstructed using interpolatiothén Fig. 5a). A time delay of 100 ms and an acquisition rate
simulation and experimental sections, two methods will | 25 Hz is used to simulate the delay and down sampling
compared: zero order hold and cubic interpolation. caused by the ultrasound image acquisition and processing.
A minor disadvantage of using a Smith predictor is thathe gain parameter&’; and K, are chosen to be 9 and 1,
the robot will follow the surgeon’s position after a delayespectively. Following the guidelines set Sec. V4 and
equal to that caused by the image acquisition and processifig are then 10, and 9, respectively. The robot-heart distance
However, past research has demonstrated that a surgeoshguld follow the surgeon’s hand motion. The performance
capable of operating when there are delays up to 300 ms in gfethis system is evaluated by calculating the mean of the
transmission of position commands to the teleoperatedtrolg@mmand following errorg = |ps — drg| and the integrated
[22], thus a delay of around 100 ms to 150 ms in the beatingquared errof SE = 1 3" | €2, wheren is the number of
heart surgery application is within the acceptable range fdata points.
the surgeons. It is very important to note that, as is shownTo begin, the need for delay compensation is proven by
in the next section, the Smith predictor has been modified sonulating the system without the Smith predictor or the
ensure that the robot-heart distance follows the surgdwrisl estimate of the heart motion. The robot-heart distanceldyea
motion. increases as is shown in Fig. 5b, proving this is not a sudtabl
control method.

Next, three trials are performed to characterize the system
performance as compared to the best possible case when the
In order for the robot-heart distance to follow the surgeonae|ay equals zero. The results are presented in Table &t, Fir
motion, an estimate of the current heart positign must o have a baseline for performance comparison, the delay is
be added to the system. Three different estimation methadsnoved from the system and so is the Smith predictor. The

are used in this paper. The first method takes advantager@fyit is shown as line ND in Fig. 5¢c and line ND NSP NSM of
the heart's quasi-periodic motion. The delay in the systemapje |1. Next, the delay and the Smith predictor are retdrne
approximately 100 ms to 150 ms and is much smaller thg§ the system. The surgeon’s position is set to zero, the slow
the length of an actual heartbeat - 667 ms to 1 s for he@4ta was upsampled using cubic interpolation, and the heart
rates ranging from 60 bpm to 90 bpm. Therefore, the hegjésition is estimated using the method “EKF Period”. The
position in the previous heartbeat is known and is used gssyit is shown as line SP in Fig. 5¢ and line D SP NSM
an estimation of the current heart position. The estimatetl aof Taple 1. Then, a chirp signal with an amplitude of 2 mm
actual positions are temporally aligned using the averageth gnd a frequency ranging from 0.1 Hz to 2.3 Hz - see lige
rate, which is assumed to be constant and known. This methﬁq:ig. 5d - is used to represent the surgeon’s position as a
is referred to as “Fixed". The second method uses an extendgflgeon can track motion up to 1 Hz and has voluntary motion
Kalman filter (EKF) to directly estimate the heart positiongg fast as 4 Hz to 7 Hz [25]. The robot's positipp and the
The trajectory of the heart motion is modeled byrarorder command following erroe are shown in Fig. 5d and line D

VI. SIMULATION RESULTS

C. Heart Motion Estimation

Fourier series with a DC offset as in [11] SP SM of Table II. The mean command following ereoand
m ISE match those of the case when the surgeon’s position is set
y(t) = c+ Y risin(iwt + ¢;) (10) to zero. This suggests that the surgeon’s position has [fttl
i=1 any adverse effect on the performance of the predictiverabnt

wherem is the number of harmonicg, is the DC offset,w loop.

is the heart rate, ang; and ¢; are the harmonic amplitudes To improve the performance of the control system, the

and phases, respectively. This method is referred to as “EKIwly obtained robot-heart distance must be upsampled and
Estimate”. The third estimation method is a combinatiorhef t an estimate of the heart's current motion is needed. Two

previous two. The heart motion from the previous heartbeatrmethods are used to upsample the robot-heart distance in
used to estimate the current heart position, but the estotnatach set of trials. A zero order hold (ZOH) increases the

and current heart positions are temporally aligned acongrdinumber of measurements but does not estimate the value



TABLE 1l: Command following errors found in the preliminary simulations. Delay,
ND: No Delay, SP: Smith Predictor, NSP: No Smith Predictor, NSM: N@&aon Motion,
SM: Surgeon Motion

T

—No SP or jis

Amplitude (mm)
Amplitude (mm)
R
o 5 8

~ ’ T ""”1:5)‘5 Lo aoﬁ ’ " WT‘”;(S)OOS " " Meane ISE
S e | (mm)  (mnf)
LS R = & ND NSP NSM  0.45  0.033
e D SP NSM 0.77 0.089
Fig. 5: (a): The simulated heart motigny . (b): The command following erro¢ when D SP SM 0.77 0.088

only a proportional controller is used, i.e., no Smith predictor or estimatf the heart’s
position are used even though the delay is present in the system. (c) Theandmm ) ) " )
following error e for the best case scenario where the delay is removed (ND) and wh&ABLE Ill: A summary of the simulation results. A: Heart position estimatedrfrthe

the Smith predictor and delay are present (SP). In both cases the surgeon’s imetion Previous heartbeat where the heart rate is assumed fixed. B: Heart position estimated
to zero. (d): The surgeon’s motigns is a chirp signal, the robot-heart distandg;; ~ from the EKF. C: Heart position estimated from the previous heartbeat but isdperio
matched based on the the current heart rate estimated by the EKF.

follows pgs.
ZOH Cl
,QM‘/W\WWJ;Z%W—N‘P Meane ISE Meane ISE
- (mm)  (mn?) (mm)  (mn?)

t NN NN NN~ B 244 6.63 244 6.46
fgbmw%ﬂm c 0.82 0.98 0.15 0.07

3 T T T T T T ! T [—Cl. EKF Period]
)

2 S did not have good performance. However, the amplitude of
e the heartbeat remains fairly constant, hence there is value
Fig. 6: The errore is measured for each simulation. (a), (b): The current heart motionsing the shape of the past heartbeat. Estimating the ¢urren

is estimated by the previous heart cycle when the heart rate is assumed to bé\fixe . . .

ZOH (a) and CI (b) are used to upsample the data. (c), (d): The current heart motio?b@art rate and then _pe”Od matc_hmg the motion from the pa_'St
estimatehd by the EKF. A ZOH (c)datr;d gl (d) are usid to upsal\mple the dahta- (e)ihéﬂ: Theart beat along with upsampling the slow data with cubic
current heart motion is estimated by the previous heart cycle motion where tlogl perj . .

has been changed to match the current heart period as estimated by the EKF. A Jg,tprpolatlon gives the best result.
(e) and CI (f) are used to upsample the data.

Error (mm)

VIl. EXPERIMENTAL RESULTS

of the robot-heart distance between samples, whereas cubiEollowing the successful simulation of the system, prelimi
interpolation (CI) does estimate the value of the robotdhedary experiments are performed with a teleoperated 1-DOF
distance between samples. The three methods describee alséVgical tool under ultrasound guidance. The experimental
are used to estimate the current heart position: “FixedKEE setup (Fig. 7) includes a mechanical heart simulator and a
Estimate”, and “EKF Period”. The chirp signal described-DOF surgical robot. The robot is actuated by a NCC20-
above is included as the surgeon’s position in each of tA8-02-1X linear voice coil motor (H2W Technologies Inc,
fo“owing trials. This Computer_generated Signa| was uged Valencia CA) The heart simulator has a 12 mm stroke. The
the experiments in order to simulate the same user and keepRRsition of the robot is measured by a A-MAC-B62 linear
effect of the surgeon’s motion on the error the same throughdotentiometer position sensor (Midori America Corp, Fittia
all of the remaining trials. CA). Three dimensional ultrasound images are acquired from
The effect of these upsampling and heart motion estimati@nSONOS 7500 (Phillips Medical, Andover, MA), which has a
methods are studied by testing each combination. The ses@®Mmpling rate of 28 Hz. The image acquisition and processing
are given in Fig. 6 and Table IIl. For the first two trials thélelay is 136 ms and the use of cubic interpolation further
“Fixed” estimation method is used and the length of the heart
beat is set to 803 ms, the average heart beat length. Thésresul
are shown in Figs. 6a and 6b and line A of Table lll. In the next  |seart Motion/ 18] 1=====7
two trials, the estimated heart rate is the value predicyeithe :
EKF, “EKF Estimate”. The results are shown in Figs. 6¢ and
6d and line B of Table Ill. In the last two trials, the estinthte
heart motion is the same as the past heart beat but its pextod h

Modified Smith
Predi

Physical
System

Ultrasound

been matched to the current heart rate, which is estimated by Physical b

the EKF, “EKF Period”. The results are shown in Figs. 6e and Systeny )

6f and line C of Table Ill. The cases where cubic interpolatio .| Needle .\ fo
is used to increase the sampling time (Figs. 6b, 6d, and 6f) Robot Heart . _Simulator
have a smaller mean command following error because the S E—
position of the heart is estimated between measuremenis. Th m It el

is important as the heart continues to move between sample _ _ , _ ,

. . ig. 7: The experimental setup. A linear voice coil actuates a needle whictwéollo
times. The actual heart rate —see F'Q- 5a - changes thrOUghﬁngechanical heart simulator and the surgeon’s motion based on ultrasoagd i
the trial. This is why directly using the previous heart roati guidance.



e position, “EKF Estimate”. The results are given in Figs. 10c
7 and 10d and line B of Table IV. Finally, the estimated heart
] position is obtained by delaying the previous heart beat by
the length of the current heart beat, which is calculatedhiey t

| EKF, “EKF Period”. The results are given in Figs. 10e and
RN 10f and line C of Table IV.

Amplitude (mm)

. It is shown in Fig. 10 that the Smith predictor based control
method is able to keep the system stable. Some estimation
and upsampling methods provide better performance. Using
cubic interpolation helps to reduce the average absolute er
as it corrects for the loss of data caused by the downsampling
during image acquisition. From the simulation results we
expect that using the past heart beat but matching its pésiod
the current period, which is estimated by the EKF, to have the
n . L best performance. However, as the heart rate remaineg fairl
_ o e _ ~constant throughout the trials, both the case when the heart
Fi. 9 The EKP ably o handle o varale heat et s tested, Thede e motion s estimated by directly delaying the previous heart
this case, the prediction from the EKF was used as the estimated heart motida. cymotion and the case where this estimate was period matched
interpolation was used to increase the sampling rate. to the current heart rate as estimated by the EKF have similar
performance. Using the estimate of the EKF directly did not
%(-r:rform as well because the estimate from the EKF has a
smaller amplitude than the actual heart motion.

05
Time (s)

Fig. 8: The necessity of the Smith predictor is shown by removing it froengystem.
An estimate of the heart motion is not included. The position of thetrly; is the
solid black line. It is evident that the robot moves once it is actuated, licklg reaches
the limit of it's range of motion. It does not follow the heart's motipny .

Amplitude (mm)

5 10

increases this delay by 71 ms. A more detailed description
the experimental setup can be found in [26].

First the need for delay compensation (Smith predictor) andThe magnitude of the tracking error in the proposed method
the estimation of the heart position is proven. Fig. 8 shadwes tis similar to those reported by others. It is difficult to make
result when both the Smith predictor and the heart positi@m accurate comparison between the proposed method and
estimation have been removed from the system i.e., asaithers as they use different approaches to measure theésheart
Fig. 4a. The robot position clearly does not follow the heartmotion and some methods simply ignore the surgical robot’s
trajectory. Rather, it quickly moves to the end of its rande a@lynamics. Kettler et al. asked human participants to draw a
motion and remains there. circle between two concentric circles that were attached to

Next, The EKF’s ability to follow a changing heart beat iplatform that moved in a manner similar to the mitral valve
tested in Fig. 9. The heart's motion was predicted by the EKE]. This study used a hand-held tool and, therefore, theti®b
and cubic interpolation was used to increase the samplieg ralynamics were not considered. It was shown that when the
The estimated heart motion does, in fact, change to reflect thotion-compensating tool was used, participants were able
changing heart rate. to draw 80% of a circle between the two concentric circles

Finally, six trials evaluating the different upsamplingdanas opposed to less than 60% when a solid tool was used.
heart position estimation methods are performed. The teesuBebek et al. made a surgical robot follow the heart’s motion
are given in Fig. 10 and Table IV. First, the past-cyclg7], but the heart’s position was measured by sonomicrometr
heart position is directly used as the estimated heartiposit crystals, which means that they did not have to consider the
“Fixed”. The results are given in Figs. 10a and 10b and lirdelay caused by ultrasound image acquisition and pro@essin
A of Table IV. Then, the EKF is used to estimate the heatitat is inherent to the system architecture consideredig th
paper. They reported root mean squared (RMS) errors in the
range of 0.68 mm. Yuen et al. made a hand-held surgical tool
follow the heart’s motion under ultrasound guidance [11]eT

o [ Z0H. Fixed)
-2

o —ci.Fed,
2|

Amplitude (mm)

[—ZOH, EKF Estimate]
0 <)
2|

o —Cl, EKF Estimate]
-2|

a [ ZOH. EKF Period] )
-2

delay was considered but the surgical robot’s dynamics were
not. They reported RMS errors of 1.43 mm. Frank et al. used
adaptive filters to follow pre-recorded heart motion [18hisT
study reported RMS errors of 0.5 mm. Ginhoux et al. followed
the heart's motion with a mean tracking error of 0.08 mm
and a maximum tracking error of 0.256 mm [19]. This study

T T T T T T T —
o Cl, EKF Period| i)
2| I I L L I L L L I

considered the surgical robot's dynamics but a 500 Hz video
oot e TR camera was used to capture the heart's motion and hence

Fig. 10: The command following errar is measured for each experimental trial. (a),the image vaUiSition and processing deIays were ne@igibl

(b): The current heart motion is estimated by the previous heart cycle when the heffye Iargest mean error reported in the proposed research was
rate is assumed to be equal to the average heart rate and remains fixed. A ZOH (a)

Cl (b) are used to upsample the data. (c), (d): The current heart motion is estima@%l mm, which is Comparable to the mean errors reported by

by the EKF. A ZOH (c) and ClI (d) are used to upsample the data. (e), (f): The currggther groups. This is while the proposed method deals with
heart motion is estimated by the previous heart cycle motion where the persobelen

changed to match the current heart period as estimated by the EKF. A ZOH (e) and@th delays and robot dynamics at the same time, which is
(f) are used to upsample the data. more challenging compared to past work.




TABLE IV: A summary of the experimental results. A: Heart position estimatechfro . .

the previous heartbeat where the heart rate is assumed fixed. B: Heart positiatesstim [9] R. Ginhoux, J. Gangloff, M. de Mathelin, L. Soler, M. Saez, and

from the EKF. C: Heart position estimated from the previous heartbeat but isdperio  J. Marescaux, “Beating heart tracking in robotic surgerip@$00 hz

matched based on the the current heart rate estimated by the EKF. visual servoing, model predictive control and an adaptiveeoker,” in
Robotics and Automation, 2004. Proceedings. ICRA '04. 2004 |EEE

ZOH Cl International Conference on, vol. 1, 2004, pp. 274-279 \ol.1.
Meane ISE Meane ISE [10] S. Yuen, S. Kesner, N. Vasilyev, P. Del Nido, and R. Howgd
ultrasound-guided motion compensation system for beatiagt Ineitral
(mm) (mrr?) (mm) (mm?) valve repair,” in Medical Image Computing and Computer-Assisted
A 0.45 0.32 0.37 0.20 Intervention MICCAI 2008, ser. Lecture Notes in Computer Science.
Springer Berlin / Heidelberg, 2008, vol. 5241, pp. 711-719.
B 0.59 0.57 0.61 0.70 [11] S. G. Yuen, P. M. Novotny, and R. D. Howe, “Quasiperiogdiedictive
C 0.41 0.26 0.42 0.29

filtering for robot-assisted beating heart surgery,” Robotics and
Automation, 2008. |CRA 2008. |EEE International Conference on, 2008,
pp. 3875-3880.
[12] A. Trejos, S. Salcudean, F. Sassani, and S. Lichtenst&n the
VIII. C ONCLUDING REMARKS feasibility of a moving support for surgery on the beating rhea

This paper proposes a predictive feedback control scheme " Medical Image Computing and Computer-Assisted Intervention

. . . . MICCAI99, ser. Lecture Notes in Computer Science, C. Taylor and
for image-guided teleoperated beating-heart surgens fite- A. Colchester, Eds. Springer Berlin Heidelberg, 1999, 1679, pp.

dictive control system makes sure that the distance between 1088-1097. [Online]. Available: http://dx.doi.org/1007/10704282

: i - : 118
.the heart W.a” and the robot's end eﬁeCt,or (I'e.'.’ surgic I3] D. Stoyanov and G.-Z. Yang, “Stabilization of image matidor
instrument) is commanded by the surgeon’s position that'is” ropotic assisted beating heart surgery.” Nredical Image Computing

input via a user interface. For estimating the heart’s posit and Computer-Assisted Intervention MICCAI 2007, ser. Lecture Notes
ultrasound images are used because they are inexpensive to!l Computer Science, N. Ayache, S. Ourselin, and A. Maedes, Ed

. . . . . . Springer Berlin Heidelberg, 2007, vol. 4791, pp. 417-4Z3nl[ne].
obtain, minimally invasive, and can visualize through Iloo  available: http://dx.doi.org/10.1007/978-3-540- 757851

as required for intracardiac surgery. Because the ultrabou14] B. D. Hoit, “Pericarditis,” http://www.merckmanualem/professional/
images must be acquired and processed, time delays are intro gggdéovascuIa(_d|sorders/pencardltls/perlcardltls.htmI, September
duced into the control system. If this delay is not compes®sat|is] m. Osranek, F. Bursi, P. W. O'Leary, C. J. Bruce, L. J. &in

for, the system may become unstable in the worst case or show K. Chandrasekaran, and J. B. Seward, “Hand-carried ulirasguided

; ; ; pericardiocentesis and thoracentesigtirnal of the American Society
unacce_ptable tracking errors in the _m|Id case. of Echocardiography, vol. 16, no. 5, pp. 480-484. 5 2003
In this paper, a Smith predictor is added to the feedbagilg civcomedicalSolutions, “Infinitytm needle guidancgstem.” http:/

control system to compensate for the above-mentioned .delay www.civco.com. _
A slight disadvantage of this approach is that while the tob?l P- M. Novotny, J. A. Stoll, P. E. Dupont, and R. D. Howe,ea-time

. , .. . . visual servoing of a robot using three-dimensional ultrasiguin IEEE
will follow the heart’s position on the fly, it will follow the International Conference on Robotics and Automation, 2007, pp. 2655—

surgeon’s position (in the ultrasound images) only after a 2660. -
delay. In future work, the performance of this system wilf8] T. J. Franke, O. Bebek, and M. C. Cavusoglu, *Improveddjutéon

. . of heart motion using an adaptive filter for robot assistedibgéaeart
be evaluated by having multiple human users perform a task. surgery,” in IEEE/RSJ International Conference on Intelligent Robots

and Systems, 2007, pp. 509-515.
[19] R. Ginhoux, J. Gangloff, M. de Mathelin, L. Soler, M. M.. &anchez,
and J. Marescaux, “Active filtering of physiological motion fobo-

REFERENCES

[1] D.T. Kettler, R. D. Plowes, P. M. Novotny, N. V. VasilyeR, J. del Nido, tized surgery using predictive controlEEE Transactions on Robotics,
and R. D. Howe, “An active motion compensation instrument fating vol. 21, no. 1, p. 67, 2005.
heart mitral valve surgery,” iInEEE/RSJ International Conference on  [20] R. Ginhoux, J. A. Gangloff, M. F. de Mathelin, L. Soler,Lkroy, and
Intelligent Robots and Systems, 2007, pp. 1290-1295. J. Marescaux, “Model predictive control for tracking of etitive organ

[2] M. J. Mack, “Pro: beating-heart surgery for coronaryassularization: motions during teleoperated laparoscopic interventioirs,European
is it the most important development since the introductiorheftieart- Control Conference, 2003.
lung machine?”Annals of Thoracic Surgery, vol. 70, no. 5, pp. 1779- [21] O. J. M. Smith, “Closer control of loops with dead timeZhemical
1781, 2000. Engineering Progress, vol. 53, pp. 217-219, 1957.

[3] G. Reed, D. Singer, E. Picard, and R. DeSanctis, “Strakowing [22] R. Rayman, S. Primak, R. Patel, M. Moallem, R. Morady, M. akali,
coronary-artery bypass surgery. a case-control estimateeafisk from V. Subotic, N. Galbraith, A. van Wynsberghe, and K. Croofafects
carotid bruits,” The New England Journal of Medicine, vol. 319, pp. of Latency on Telesurgery: An Experimental Study, ser. Medical Image
1246-1250, 1988. Computing and Computer-Assisted Intervention.  SpringeriBér

[4] M. F. Newman, J. L. Kirchner, B. Phillips-Bute, V. Gaver, Brocott, Heidelberg, 2005, vol. 3750, pp. 57-64.

R. H. Jones, D. B. Mark, J. G. Reves, and J. A. Blumenthal, “ltodg [23] M. Cavusoglu, D. Feygin, and F. Tendick, “A critical du of the

nal assessment of neurocognitive function after coronegnabypass mechanical and electrical properties of the phantom haptiface and
surgery,”New England Journal of Medicine, vol. 344, no. 6, pp. 395— improvements for high-performance controRtesence: Teleoperators

402, 02/08 2001. and Virtual Environments, no. 6, p. 555, 2002.

[5] A. Bo, P. Poignet, and C. Geny, “Pathological tremor anduntary [24] A. L. Goldberger, L. A. N. Amaral, L. Glass, J. M. HausdorP. C.
motion modeling and online estimation for active compensétidayral Ivanov, R. G. Mark, J. E. Mietus, G. B. Moody, C.-K. Peng, andB
Systems and Rehabilitation Engineering, |EEE Transactions on, vol. 19, Stanley, “PhysioBank, PhysioToolkit, and PhysioNet: Comgris of a
no. 2, pp. 177-185, 2011. new research resource for complex physiologic signasttulation,

[6] S. G. Yuen, D. P. Perrin, N. V. Vasilyev, P. J. del Nido, d&dD. Howe, vol. 101, no. 23, pp. €215-e220, 2000 (June 13).

“Force tracking with feed-forward motion estimation for bagtheart [25] V. Falk, “Manual control and tracking - a human factor ysa relevant
surgery,”|[EEE Transactions on Robotics, vol. 26, no. 5, pp. 888-896, for beating heart surgery’he Annals of Thoracic Surgery, vol. 74, no. 2,
2010. pp. 624 — 628, 2002.

[7] O. Bebek and M. C. Cavusoglu, “Intelligent control algoms for [26] P. Novotny, “Real-time processing of three dimensioridagound for
robotic-assisted beating heart surgelEEE Transactions on Robotics, intracardiac surgery,Ph.D. dissertation, Harvard University, 2007.
vol. 23, no. 3, pp. 468-480, 2007.

[8] T. Ortmaier, M. Groger, D. H. Boehm, V. Falk, and G. Hirzinge

“Motion estimation in beating heart surgendEEE Transactions on
Biomedical Engineering, vol. 52, no. 10, pp. 1729-1740, 2005.





