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Abstract

A novel impedance-controlled teleoperation system is developed for robot-assisted tele-echography of moving organs such as
heart, chest and breast during their natural motions (beating and/or breathing). The procedure of devising the two impedance
models for the master and slave robots is developed such that (a) the slave robot holding the ultrasound (US) probe follows the
master trajectory but complies with the oscillatory interaction force of the moving organ, and (b) the sonographer receives
feedback from the non-oscillatory portion of the slave-organ interaction force via the master robot similar to the haptic feedback
received in echography of a stationary organ. These goals are achieved via appropriate parameter adjustment in the desired
impedance models without requiring any direct measurement and/or online prediction of the organ’s motions. The stability and
tracking convergence of the teleoperation system in the presence of communication delays and modeling uncertainties are proven
in a Lyapunov-based framework. The performance of the proposed tele-echography system is evaluated experimentally using a
master-slave telerobotic system, a US imaging system and a mechanical moving-organ simulator.
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1. Introduction

In recent years, remote diagnosis and health monitoring has drawn great attention due to the practical challenges associated
with delivering health services to remote areas. Accordingly, telerobotic systems have been developed for different biomedical
applications such as tele-surgery [1, 2], tele-rehabilitation [3, 4] and tele-echography [5, 6]. In a telerobotic system, the human
operator applies forces to the master robot at the local site in order to control the position of the slave robot at the remote site
which tracks the master robot’s trajectory.

So far, some robot-assisted US imaging systems (e.g., [7, 8]) have been proposed for scanning the stationary tissues. In [9, 10],
a force-based control strategy was employed for the robot to provide a specified interaction force between the US probe and the
tissue while maintaining the contact. The telerobotic systems [5, 6, 11-18] have also been employed to perform remote
ultrasound imaging using a slave robot based on the online motion measurement of the sonographer’s hand interacting with the
master robot. In these systems, position tracking controllers were implemented sometimes with reflecting the tissue force [5, 11,
14-16, 18] to the sonographer.

While the above-mentioned works have focused on stationary organs, the remote US imaging (tele-echography) of the moving
tissues such as the human heart and/or chest with a telerobotic system has remained as one of the challenging and open issues in
the field of medical robotics. The ultrasound imaging of the heart during its normal beating will be significantly useful in the
beating-heart surgeries (such as catheter ablation and mitral valve repair) for online detection of the catheter and/or surgery
instrument inside the heart. Moreover, the tele-echography of other moving tissues inside the chest (e.g., lung) or outside it (e.g.,
breast) during normal respiration is useful for the intraoperative evaluations.

Arresting the heart to perform a stationary surgery may have undesirable side effects due to the use of the heart-lung machine
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for the circulation of blood and the ventilation of lungs. Also, after this operation, the surgeon attempts to restart the heart which
may cause irregular heartbeats. Some other disadvantages of the arrested heart surgery are increasing the stroke risk [19] and
long-time cognitive decline [20]. On the other hand, physical interaction with the heart as a moving organ is challenging due to

its beating velocity and acceleration that are more than 210 mm/sec and 3800 mm/sec’, respectively [21]. Accordingly, in some
surgeries such as catheter ablation and mitral valve repair, the heart is allowed to beat freely during the surgery operation to wipe
out the mentioned risks and side effects.

However, during these beating-heart surgeries, the online monitoring of the catheter and/or the surgical instruments’ position
inside the heart is a vital requirement. A method for screening the position of an instrument inside a tissue would be online
ultrasound imaging. Moreover, the imaging of moving organs such as the beating-heart and chest (during the normal breathing)
is helpful and has important information for intraoperative evaluation of dynamic moving structures. This condition would be
achieved via a telerobotic system in which a slave robot has a compliant interaction with the moving tissue, and the sonographer
performs the US imaging via a master robot without the requirement of synchronizing with the oscillatory motions of the tissue.

In the past decade, some control methods have been proposed for linear and nonlinear telerobotic systems [22-26] with the
purpose of position and force tracking; however, they cannot be used in the tele-echography of a moving organ (e.g. the heart)
which requires a motion or force compensation strategy in addition to a stable bilateral teleoperation.

Some control strategies [27-31] have been suggested for the compensation of the heart’s physiological motion and
synchronization of the robot with the heart using visual information and the predictive algorithms. In [32], the robot was
synchronized with the heart using a high speed camera detecting target points. The Model Predictive Control (MPC) method was
employed in [27, 29] to predict the heart motion (with a known constant heartbeat rate), and the Smith predictor and Kalman
filter were suggested in [30] and [31], respectively. However, these position-based methods have some drawbacks such as: a) a
vision device with artificial or natural landmarks inside the surgery environment is required, b) during the echography and/or
surgery, the heart soft tissue deforms in physical interactions with the instrument that increases the error of the vision systems, c)
the processing of some vision data is time-consuming and generate significant delays in addition to communication delays.

Some other control strategies [1, 33, 34] were presented based on the force data to overcome the above-mentioned
disadvantages. In this context, the iterative learning control [35] and active observer (AOB) based force control [36] methods
were used to compensate the physiological motion. The MPC method was also proposed as a linear predictive force controller
[37] and its performance was compared with the AOB approach in [38]. Lastly, a cascade force controller [39] was presented via
a combination of the MPC and AOB approaches to compensate physiological disturbances. Moreover, a force-based position
tracking system [40, 41] was developed to apply a constant force on the heart’s mitral valve using a catheter robotic system.

It should be mentioned that none of the previous vision/position-based or the force-based controllers for the beating-heart
interaction was used for the tele-echography. Also, these controllers used predictive and/or observer-based methods or a
combination of them while the convergence and robustness as well as the stability were not proved analytically. Moreover, the
rate of disturbance observation and/or prediction should be significantly faster than the heart beat rate which is challenging to
achieve in practice.

In this paper, a novel impedance-controlled telerobotic system is proposed and tested for tele-echography (remote ultrasound
imaging). For the first time, the robotic tele-echography is investigated for imaging of moving organs (e.g. beating-heart and
chest). To this end, the proposed control method employs the measured robot-tissue interaction forces but does not require any
prediction, observation and/or learning of the organ’s motion. In this bilateral telerobotic system, a virtual impedance model is
implemented for the slave robot in order to comply with the natural force and/or disturbance of the moving tissue during the
tracking of the master robot’s trajectory. Moreover, the sonographer senses the tissue interaction force through the haptic
feedback by implementing another impedance model for the master robot end-effector. The master impedance model can be
adjusted such that the non-oscillatory part of the tissue force is provided for the sonographer (similar to a stationary tissue),
which is useful for the tele-echography of beating-heart that has high-frequency oscillatory interaction forces. Under this
condition, the sonographer’s fatigue will decrease as he does not feel the high-frequency haptic force of the moving tissue during
the imaging operation.

For these purposes, the structure and parameters of the master and slave impedance models are designed appropriately such
that they have desired responses with respect to the interaction forces of the sonographer and tissue. Also, the bounded time
delays were taken into account in the communication channels between the local sonographer site and the remote patient site.
The impedance models are realized on a multi-DOF master and slave robotic system with modeling uncertainties employing a
new nonlinear bilateral adaptive controller. Using the Lyapunov stability theorem, the proposed telerobotic ultrasound imaging
system is guaranteed to be stable and robust against communication delays and the modeling uncertainties..



2. Impedance-controlled Telerobotic System with Communication Delays for Tele-echography

2.1. Signals in Delayed Communication Channels

The transmitted signals and imaging data with bounded time delays inside the communication channels are expressed in Fig. 1
for the presented robotic tele-echography system. As seen in this figure, the position X, velocity X, and the sonographer-master
interaction force f,, are transmitted from the local site to the remote slave-patient site via a communication channel with a time

delay of T,. On the other hand, the interaction force between the US probe (slave robot) and the moving tissue f, is transmitted

back from the remote patient to the local sonographer. Also, the US data is transmitted from the US machine in the remote site to
the sonographer. Moreover, the images of the patient’s organ during the interaction with the US probe/slave robot are captured
using a camera and provided online for the sonographer to perform the operation appropriately on the master robot. These signals

and imaging data are transmitted from the remote to local site by the other communication channel that has a time delay of T, .
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Fig. 1. The signals and imaging data transmitted via delayed communication channels.

The input and output signals of the communication channels are expressed in terms of time delays as
X)) =x,(t-T), Xe(t)=x,(t-T), fo (®)=Ff, t-T), Fo(t)=F (t-T) 1)
The position and velocity (trajectory) of the master/sonographer is scaled by M and the interaction force between the US

probe and the moving organ is scaled by 7, before being used in the corresponding impedance model of the other robot:

= ﬂp Xm ' = np Xm ’ ftisscaled =7k ftis (2)

X
Mscaled Mscaled

This feature is useful for scaling down or up the sonographer’s trajectory for the slave robot (US probe), and the haptic force
feedback of the tissue for the sonographer.

2.2. Master and Slave Impedance Models

Two reference impedance models are designed for the slave and master robots to realize telerobotic remote ultrasound imaging
on moving tissues (e.g. beating-heart and/or chest) using a nonlinear bilateral controller.
The reference impedance model of the slave robot is defined as a dynamical relationship between the US probe-moving tissue

interaction force f,;; and the desired slave deviation from the sonographer/master trajectory in Cartesian space as:

MK, +CoX

1mpg

imps + kS)N(imps = _ftis 3)

where f(imps = Ximp, ~ npxdm is the error of the slave impedance response (desired slave deviation) with respect to the scaled

delayed master trajectory. k., ¢, and m, are the virtual stiffness, damping and mass parameters of the slave impedance model.
The reference impedance model of the master robot is also defined as a dynamics between the summation of the sonographer
and the scaled delayed moving tissue forces, from one side, and the desired master response trajectory in Cartesian coordinates,
from the other side, as:
o . _ d
My X, + CmXimpm + kmXimpm - fson _nfftis (4)

impy,



where Ximp,, is the response position of the master impedance model. k , ¢, and m,_ are the virtual stiffness, damping and mass

parameters of the master impedance model, respectively.
The concepts of the two defined impedance models (3) and (4) are schematically expressed in Fig. 2. The master impedance
model (4) is perceived by the sonographer (as the haptic perception), and the slave impedance model (3) is the flexibility of slave

robot with respect to the sonographer/master trajectory in response to the natural heart tissue forces (fy). Also, a nonlinear

bilateral adaptive controller is designed in Sec. 3 for tracking the impedance models (3) and (4) by the slave and master robots.

It should be mentioned as an important issue that both of the slave (3) and master (4) reference impedance models are stable
second-order differential equations using positive impedance parameters. This stability characteristic of reference impedance
models enhances the patient safety during the robotic US imaging.
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Fig. 2. The concepts of master and slave reference impedance models in the proposed telerobotic remote US imaging systems.

2.3. Adjustment of Slave Impedance Model

The slave impedance model (3) should be adjusted such that the slave robot complies with the physiological force and/or
disturbance of the moving tissue during the tracking of the scaled delayed sonographer’s hand/master robot trajectory. For this
compliance behavior, the flexibility of the slave robot should be adjusted appropriately by using as small as needed parameters in
the slave impedance model (3). In other words, the slave robot’s flexibility and its deviation from the master trajectory

(X X — anﬂ]) increase in response to the tissue force (f,;,) by decreasing k., ¢, and m_ in (3). Therefore, the slave

impg = impg tis

robot’s end-effector (i.e. US probe) has an oscillatory motion in response to the oscillatory portion of the moving tissue

interaction force ;.

Nevertheless, too small values of the slave impedance parameters (k,, ¢, and mg ) make the slave robot too flexible such that
it cannot apply sufficient forces to the moving organ in order to have appropriate US probe-tissue contact. However, too large
values of these impedance parameters cause a rigid (non-compliant) behavior for the US probe-tissue interaction. In this case,
large forces are applied to the moving tissue. This implies a trade-off between the flexibility and force applying characteristics of
the slave.



In this work, the damping ratio of the slave impedance model (3) as a second-order differential equation is set to

g = CS/Zafmsks =0.7 such that it has a fast behavior with respect to the dimensionless time «, t (also with a small over shoot

in response to the step forces). In addition, the natural frequency @, :,fks /m,  (the cut-off frequency when

&, =0.7) of the slave impedance model (3) should be adjusted larger than the motion frequency range w,,, of the moving
tissue (e.g. for the beating-heart «,,, =1-1.7 Hz =6.28-10.68 rad/sec, or for the breathing-chest «,,, =0.2—0.5 Hz
=1.26 — 3.14 rad/sec) to have agile flexibility in response to the slave-tissue interaction force.

Therefore, the procedure for choosing the slave impedance parameters (k. , ¢, and m_) is as follows:

5!

1) The stiffness parameter k_ is firstly set to an appropriate value based on the desired static relationship between the tissue

interaction force and the slave robot’s deviation from the master trajectory (k, = f; / Ximps based on (3) when f_ and >~<imps

are assumed constant). The trade-off between the flexibility and force applying capacity of the slave robot should be
considered, as discussed above.

2) In order to have a fast compliance with the oscillatory force and/or motion of the heart, the damping ratio of the slave
impedance model is set to ¢ =0.7 and its natural frequency is chosen larger than the moving tissue frequency range

(@, >0y ).

3) The damping c, and mass m_ parameters of the slave impedance model are obtained from the above adjusted quantities (k. ,

g :Cs/z\fmsks and @ :’\/ks/ms )-

4) The value of position scaling factor can be chosen less than one (7, <1) to enlarge the tissue dimensions perceived by the
sonographer.

2.4. Adjustment of Master Impedance Model

In this bilateral telerobotic system, the master impedance model should provide the tissue interaction force for the sonographer

. and

imp, ' “timp

and £ in the right side of master impedance model (4) are bounded, X

as the haptic force feedback. Since f tis

son

X. in the left side of this equation are also bounded. Therefore, employing small values for the master impedance parameters

imp

k,,» ¢, and m_, the left side of Eq.(4) becomes small due to the boundedness of x

m? ¥m

Xims, and X, . Accordingly, the right

imp, ' “Vimp,

side of Eq. (4) is also small ((f —nffti_) — 0); therefore, the force reflecting performance is achieved.

Moreover, for the moving organs such as the beating-heart with the physiological high-frequency motions, the high-frequency

son

portion (ftiSHF ) of the total tissue force (fy =T, +fﬂSLF ) is preferred not to be reflected to the sonographer hand. Because it

ISy
would be challenging and exhausting for the sonographer to perform a US imaging operation with an oscillatory force, especially
when the tissue force f,; is scaled up in (4) by 7, >1.

tis
For this purpose, the second-order master impedance model (4) is designed such that its cut-off frequency (= @, = ka / m. )

be smaller than the tissue motion’s frequency range (w,, ). The damping ratio of the master impedance model (4) is also

adjusted at ¢ =cC_ / ZJmmkm =0.7 to have a fast response and a small overshoot, similar to the slave impedance adjustment in

Sec. 2.3.
It should be taken into account that the desired master stiffness k_ in (4) should not be chosen too small because the

amplitude of the high-frequency response of the master impedance model with respect to the high-frequency force of the tissue

becomes large. In other words, X, = —7;Fy / k, increases by decreasing k_ based on Eq. (4). Therefore, there is a trade-
off for the adjustment of the master stiffness such that choosing a too small value for k_ enhances the force reflection

performance (f —nfft?s)—>0 as mentioned before; however, it weakens the filtration of the high-frequency force of the

son

moving tissue (in the sonographer’s haptic feedback), and vice versa.
5



Accordingly, the adjustment procedure for the master impedance parameters (k,, ¢, and m, ) is summarized as:

1) The stiffness parameter k_ is firstly chosen small such that the static force reflection performance (f —nffti) —>0 is

son

approximately achieved under consideration of the high-frequency force filtration based on the above-mentioned trade-off.
2) The natural frequency is considered smaller than the tissue motion’s frequency (a)nm < m,,; ) such that the high-frequency
force of the beating heart is filtered as much as needed. However, too much small values of the natural frequency (@, ) will

cause the master impedance dynamics to be too slow and sluggish for the sonographer. The master damping ratio is also
adjusted at £, =0.7.

3) The damping c, and mass m, parameters are specified from the above chosen parameters (k , ¢, and o, ).

4) The force scaling factor can be chosen more than one (7, >1) to enlarge the tissue haptic force feedback f,; provided for the

sonographer during the US imaging. In this condition, the sonographer becomes more sensitive with respect to forces applied
to the tissue (e.g. heart).

3. Bilateral Control of a Master-Slave Telerobotic System

3.1. Nonlinear Dynamics of Multi-DOF Telerobotic System

The nonlinear model of a multi-DOF telerobotic system with modeling uncertainties is expressed in the Cartesian space for the
master and slave robots’ end-effectors [42, 43]:

Mx,m(qm)xm +Cx,m(qm'qm)xm +Gx,m(qm) + Fx,m(qm) me +fson (5)

Mx,s (qs)xs + Cx,s (qs’qs)XS + Gx,s(qs) + Fx,s (qs) =fs _ftis (6)

where g, and q. are the joint angles, and x_ and x_ are the Cartesian end-effector positions of the master and slave robots,

respectively. Also, M, .(a,) and M, ((q,) are the inertia/mass matrices, C, .(qa,.4,) and C, ((q,.q,) include the centrifugal

and Coriolis terms, G, (a,) and G, ((q,) are the gravity terms, F,  (a,) and F, ((g,) are the friction torques, and f_ and f,

are the control torques (produced by the actuators) of the master and the slave robots, respectively. Moreover, f. is the
interaction force that the sonographer applies to the master robot end-effector and f.._ is the interaction force that the slave robot

applies to the remote patient organ (moving tissue).
Using the subscript i =m for the master and i=s for the slave, kinematic transformations between the joint space and the
Cartesian one for each robot are presented as

X =Q(@), X=3@)4, X =) +ji(qi)qi (M

tis

where J;(q;) =d<, (qi)/d q; is the Jacobian matrix. The matrices of dynamic models in (5) and (6) have the following properties
[24, 43, 44]:

e The left side of (5) and (6) is linearly parameterized as
My @)Wy +Ci (@6 W2 + Gy (@) + B (6) = Y (Wi w5, 45.9,) By ®)
where B, ; is the vector of unknown parameters of each robot. The regressor matrix Y, ; includes known functions [43] in

terms of the vectors w,; and y,; which will be defined in the next section.

e The inertia matrix M, ;(q,) is symmetric positive definite and the matrix M, (q,) - 2C,;(q,.q,) is Skew symmetric.



3.2. Nonlinear Adaptive Control Laws for Tracking of Impedance Responses

Responses of the two reference impedance models (3) and (4) defined in Sec. 2 should be tracked by the multi-DOF slave and
master robots, respectively, which are considered to have modeling uncertainties. Therefore, two nonlinear adaptive control laws
are designed for the robots for tracking their corresponding impedance responses in the presence of uncertainties and
communication delays. For this purpose, the master and slave sliding surfaces are designed as

. t . t
En =X+ pl,mxm + p2,mJ‘0 Xm dt ' & =X+ pl,sxs + pZ,s.[O Xs dt (9)
where X, =X, =X, - and X, =X, =X, are the position tracking errors of the master and slave robots with respect to the
responses of their impedance models (4) and (3), respectively. Also, o, ,, P, P15 @nd p, are positive constant parameters

which provide the stability of the sliding surfaces (i.e. %, -0 as g — o). The reference velocities for the master and slave are
defined based on (9) as

t t
Xref m =X |mpm plm m pz,m_[o Xm dt ’ Xref \S = Ximps _pl,sxs _pZ,SJ.O Xs dt (10)

such that the sliding surfaces (9) can be rewritten as €, =X, —X

m~ Xt m and & =X - Now, the nonlinear bilateral adaptive

ref s”

control laws for the master and slave robot’s end-effectors are defined as

fm = _pB,m I\A/Ix,m(qm)sm + I\A/Ix,m(qm)xref ,m + éx,m (qm*qm)xref m + éx,m(qm) + lix,m(qm) _fson (11)
fs == p3,s Mx,s (qs)as + Mx,s (qs)xref s p4,s Sgn(‘?’s)+ CA:x,s (qs ) qs) Xref S + CA;x,s (qs) + Iix,s (qs) + ftis (12)

The accent . denotes the estimated and/or updated values of matrices, vectors and scalars. p, in (12) is a positive constant
gain. It should be mentioned that the position x’, , velocity x° and acceleration X of the master robot are required to obtain the

desired slave response as X, =X + %, x =%\ 4% and % =X +X._; these are used in the salve control law (12),

impg ! impg m impg impg impg 7

which involves g, X , and X Moreover, since the measurement of the master robot acceleration X, is prone to noise, it

ref s

can be estimated with good accuracy when the master robot mimics its reference impedance model (4) as expressed below. The

ref,s "

delayed master robot acceleration (X”m) is estimated using Eq. (4) considering T, time delay for all signals as

%o =m(fe, —mfe )-m.c, Xo, —mik, Xxq, (13)

son

where ft?sd (t) =fy (t T,)=fi(t—T,—T,) has T +T, time delay, and other delayed signals in (13) with one superscript “d ”

have only T, time delay. Using this estimation, X, =%; +X,, isreplaced by X, = X; +X,, =X, + A% +X,, =% +A% in

impg

which is used in the salve control law (12). The term —p, ¢ sgn(e,) in Eq. (12) also provides the robustness of the system

ref s

against the bounded estimation error of the master robot’s acceleration ( AX =X’ —X° ). It is worth noting that the acceleration

should be measured and used in the previous nonlinear bilateral adaptive controllers [24, 45] for multi-DOF teleoperation
systems; however, it can be estimated accurately in this proposed impedance-based controller.

Based on the mentioned robots” property in Sec. 3.1, one can write (11) and (12) using a linear parameterization:

BX m son ' BX S tIS (14)
where v, and v, are determined based on (8) in terms of the following known vectors:
lI’l,m = _pa,m 8m + iref,m’ ll’Z m =X ref m? ‘I’l,s = _p3,s Ss + iref,s’ lI’Z S =X ref ,S (15)

The closed-loop dynamics of the master and slave using the presented nonlinear bilateral adaptive controller is obtained by
substitution of the control laws (11) and (12) or (14) in the end-effector dynamics (5) and (6) of the telerobotic system, which

7



concludes as the following equations:

Mx,m (am +p3,m£m) + Cx,mam = Yx,me,m (16)

. od 5
Mx,s (83 +p3,sss) +Cx,sss _anx,sAXm + p4,s sgn(ss) = Yx,sBx,s (17)
where Y, - and Y,  are the regressor matrices defined in (8) in terms of vy, ., w, , v, , and y,  determined in (15).

Bym=Bym—Ben and B, =B, —B,, are the estimation errors of master and slave dynamic parameters, respectively.

AXE =X’ —X° is also the estimation error of the master robot’s acceleration.

4. Stability and Convergence Proof in Presence of Time Delays and Modeling Uncertainties

In this section, the stability of the proposed telerobotic ultrasound imaging system in the presence of communication delays
and modeling uncertainties is investigated. Moreover, the tracking convergence of the master and slave robots’ trajectories to

their desired impedance responses ( X, = Xing. and X, »Ximps) is proven. For these purposes, a positive definite Lyapunov

function is introduced as

1/ aT -1 T aT -1
V(t) = E (gm Mx,mam + BX,me ﬁx,m + 85 MX,SSS + BX,SWS BX,S)
(18)
where the inertia matrices M, and M, and the constant matrices w, and w, are positive definite. Now, the first time
derivative of Lyapunov function (18) is found as
v(t) = (]7/2) 8:;1 Mx,mam +8.|n—1 Mx,mém +l§)-(r,me71 Bx,m + (]/2) 81‘ MX,SSS +81- MX,SE.;S +l§>1<—,s\/\/571 IEX,S (19)

where éx,i :ﬁx’i because B, ; =B, ; +B,; and the actual parameters are constant (B, ; =0). Employing M, & and M, & from

the closed-loop dynamics (16) and (17) and based on the property of the robot manipulators’ dynamics (introduced in Sec. 3.1 as
M, —2C,; is skew symmetric), Eq. (19) is obtained as

V(t) = _p3,m8; Mx,msm +8TY l§)<,m + ﬁI,me& ﬁX,m

m ° x,m ) . ) (20)
- p3,581— Mx,sas +81;- (anstX(rjn _p4,s Sgn(as )) +8:Y><,5Bx,s + B:,sWsil ﬁx,s

The nonlinear adaptation laws for updating the estimated parameters of the telerobotic system are defined for the master and
slave as

B,.=-W'Y &  B.=-WYg (21)

X,m - x,m —m ?
such that the terms in (20) that include ﬁq'm and fiq’s are cancelled. As a result, the Lyapunov function’s time derivative (21) is
simplified to:

7 T T T od
V(t) = _p3,m8m I\/Ix,mgm _p3,s£s Mx,sas +£s (anx,sAXm _p4,s Sgn(ss)) (22)
Note that )'(impm and Ximp,, are bounded as the response of the stable master impedance model (4) with bounded inputs (bounded

interaction forces ., and fy), which implies the boundedness of fim obtained from (13). Moreover, it is reasonable that the

master acceleration X is bounded because the master robot (5) is a physical system (with a second-order differential equation)
having bounded input forces f,, and f, . Therefore, the estimation error of the master robot’s acceleration (A%’ =%° -’ ) in
Eq. (22) is bounded. Accordingly, the constant gain p, ¢ is adjusted such that the robustness against the bounded acceleration
estimation error ( AX ) is guaranteed by satisfying the following inequality:

8



Pas =1, [IM, A, (23)

Note that the actual salve inertia matrix M, ¢ is uncertain in this bilateral adaptive controller, and the bounded acceleration

estimation error AX® is also unknown. However, should be chosen larger than the maximum value of 7 ||M_ X" || based
m 4,8 p X,$ m Heo

on (23) to ensure robust stability against acceleration estimation error. According to Egs. (22) and (23), the time derivative of the
Lyapunov function is finally obtained as

V(t) < _p?:,mg-rrn Mx,msm _p3,58: Mx,sgs (24)
Since the Lyapunov function (18) is positive definite (v () >0) and its first time derivative (24) is negative semi-definite

x,m®m =

(V(t)<0), it can be shown using the Barbalat’s lemma [43] that limV (t) =0. Thus, since P3m >0, P3s>0, enT,M € >0
towo

and SSTM >0, Eqg. (24) implies the convergence to sliding surfaces € =0 and g =0 as t —oo. In addition, it is concluded

x,SSS
from Eq. (18) that the estimation errors ﬁx,m and ﬁx,s of the system parameters remain bounded due to the convergence of
g, —0 and g, — o and the boundedness of v (t).

According to the stable dynamics of the sliding surfaces ¢, and g _ in (9), the convergence of the master and slave tracking
errors to zero X, —0 and %X, —0 (on the surfaces of £ =0 and g, =0) are guaranteed. As a result, the proposed bilateral
impedance-based control strategy ensures that the master and slave robots track their corresponding impedance models’

responses, i.e. X, = X, -~ and X; - X, in the presence of parametric uncertainties and communication delays. It should be

mentioned that the tracked slave impedance response is defined in terms of the delayed master trajectory (Xi) as

Ximp, = nprn + iimps where f(imps is the response of (3). Also, the tracked master impedance response X;y, is obtained from (4)

as the response of the delayed moving tissue ft?s and the sonographer’s f_ forces.

5. Experimental Evaluations

In this section, the proposed bilateral impedance-based control strategy is evaluated experimentally for the tele-echography of
moving organs employing a multi-DOF telerobotic system. Moving organs with different motion rates such as the beating-heart
frequency and the breathing frequency of the chest are included.

5.1. Telerobotic and Ultrasound Setup

A Phantom Premium 1.5A robot (Geomagic Inc., Wilmington, MA, USA) with three DOFs (revolute joints) and the Quanser
robot (Quanser Consulting Inc., Markham, ON, Canada) with two DOFs (revolute joints) are used as the master and slave,
respectively (Fig. 3). The workspace of the slave (Quanser) robot is a subset of the x—y plane and the master (Phantom

Premium) robot is controlled to move in the same 2D space, as shown in Fig. 3. The kinematics and dynamics of the Phantom
and Quanser robots were presented comprehensively in [46] and [47, 48], respectively, and not repeated here for the sake of
brevity.

The applied interaction forces of the sonographer and the moving organ are measured by the 6-axis JR3 50M31 force/torque
sensor (JR3 Inc.,Woodland, CA, USA) and the ATl Gamma force/torque sensor (ATI Industrial Automation, Apex, NC, USA)
respectively attached to the Phantom Premium and Quanser robots’ end-effectors. The QUARC software (Quanser Consulting
Inc., Markham, ON, Canada) is employed as a real-time control environment to implement the proposed controller with a 1 kHz

loop frequency.

A Sonix Touch ultrasound (US) imaging machine (Ultrasonix, Richmond, CA, USA) with a 4DL14-5/38 ultrasound probe is
used in the experiments (Fig. 3). The two dimensional US image is recorded, transmitted and illustrated on the sonographer’s
monitor with a 20 msec sampling time. The images of the remote environment are also captured online and shown to the

sonographer. In another monitor, the interaction forces and the master and slave positions are plotted online for the sonographer
(Fig. 3).



Local Master Site Communication Remote Slave Site

Positions of Forces of sonix T

Slave (red) Tissue (red) & onix Touc

UItre:sound US)  \aster (blue)) ( Sonographer Ultrasound
= (ol (US) Machine

Moving Organ )
Containing Lumps Driver Box of
Slave Robot

Fig. 3. The experimental setup for the tele-echography of moving organs, including the master and slave robots, the US machine, the motion simulator device.
The left monitor is for on-line displaying the US images and the camera images of the remote slave site and the right monitor is for showing the interaction forces
and the master and slave positions to the sonographer in the local site.

5.2. Soft Moving Organ and its Motion Generator

A motorized motion generator device (shown in Fig. 4) is designed and used to simulate the natural motion and force of the
moving organ (or tissue) with an adjustable rate from high frequencies (such as the heart-beating) to lower ones (such as
breathing). The position of this motion simulator is measured by the LP-30FP potentiometer sensor (Midori America Corp.,
Fullerton, CA, USA). This device is equipped with a DC motor and a cam-follower set to generate translational oscillatory
motion for the artificial soft tissue attached to the end rod. Small spherical lumps are designed and incorporated inside the soft
phantom tissue (Fig. 4) to represent muscles, tumors, or other tissues of interest to be visualized within the heart, chest, or breast.
Imaging these lumps through ultrasound can be used to assess the performance of the proposed system in terms of image
acquisition capability.

DC Motor

Oscillatory
Motion
=l

Soft Moving
Phantom Tissue

Lumps yE [

Fig. 4. The motorized motion generator device with the attached soft tissue containing small lumps.

The parameter values used in the control laws (11) and (12) and the adaptation laws (21) are listed in Table 1. These
parameters are adjusted experimentally such that the tracking convergence performance is obtained appropriately (with suitable
transient responses and small steady-state tracking errors). The “sgn(g,)” function causes undesired discontinuities and

chattering in the slave robot’s control input (12); thus, the continuous function tanh(200€,) is employed in these experiments as
an alternative to sgn(g,) . The transmitted signals inside the communication channels (shown in Figs. 1 and 2) are considered to
have T,;=120 msec and T,=120 msec of time delays that are significant in common remote operations.
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Table 1
Parameters of the control and adaptation laws used in the experimental studies.

Control Adaptation

Pim =400, p, =450, py =70

w, =21, w, =321
Pry =400, P, =450, py =540, p, =18

m

5.3. Moving Tissue with Heart Beating Frequency (High Freq.)

The US imaging of a beating-heart is important for intraoperative evaluations of its performance during its normal motion. For
this purpose, the parameters of the slave (3) and the master (4) impedance models should be chosen based on the adjustment
guidelines presented in Sec. 2.3 and Sec. 2.4, respectively. Accordingly, the employed impedance parameters and scaling factors
in this experiment for the tele-echography of a moving tissue with heart-beating frequency are mentioned in Table 2 for both X

and Yy directions of Cartesian space. Since the heart-beating frequency range is «,,, = 6.28-10.68 rad/sec, the natural
frequencies of the slave and master impedance models are set to @ =50 rad/sec and @, =0.5 rad/sec, respectively based on

the discussions in Sec. 2.3 and Sec. 2.4.

Table 2
Parameters of the master and slave impedance models for ultrasound imaging of the
moving tissue.

Master impedance Slave impedance Force and position
parameters parameters scaling factors

k., =8 N/m k, =100 N/m n; =15

C, = 22.4 N.s/m C, = 2.8 N.s/m ny, = 0.5

m., =32 kg m, = 0.04 kg

The positions of the master and slave impedance models responses ( X;, . and Ximp ) with the master/sonographer and slave

p
positions (x,, and x.) in X and Yy directions of Cartesian space are shown in Fig. 5.

US Probe-Tissue Interaction

0.08 L L \ ‘ ‘ 0.05 : : : : : :
- i o 0.04- | === Ximp,,: Master Imp. Model B
£ 0.06 4 0.03- Xm: Master Robot B
g E; % -q-; 0.02- ==+ Ximp,: Slave Imp. Model b
25 0.04f . 2= 001 X: Slave Robot 1
bl s 8
° % ----- Ximp,,: Master Imp. Model 2 £ 0
ST 002 Xm: Master Robot — 2% 001
=3 E a
3 g Moving Tissue SE -0.02
[ g
g 0 =r=2= Ximp,: Slave Imp. Model g -0.03
Xs: Slave Robot -0.04
-0. r r r r r r -0.05 L r r r r r
0 0210 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
Time (sec) Time (sec)
(@ (b)

Fig. 5. Positions of the master and slave robots and their impedance models responses during US imaging of a moving tissue with heart-beating frequency: in
(a) X and (b) Y directions of Cartesian space.

As seen in Fig. 5, the master and slave robots’ end-effectors track their corresponding impedance responses during the whole
operation (before, after and during the moving tissue interaction) using the proposed nonlinear bilateral adaptive controller, as
proved in Sec. 4. However, regarding the slave impedance model (3), after starting the US probe-tissue interaction and applying

the tissue force f,;, to the slave robot, the slave has a flexibility and deviation f(imps with respect to the master trajectory.
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Therefore, the slave robot has a fast compliance with the oscillatory tissue motion in response to the interaction force f,;, based
on the adjusted characteristics of the impedance model (3), as discussed before in Sec. 2. Since the slave robot approaches and
applies normal palpation forces to the tissue in the X direction of Cartesian space and the tissue motion is mostly in this direction
(see Figs. 3 and 4), the slave deviation in the X direction (Fig. 5a) is higher than the one in the Yy direction (Fig. 5b). The
sonographer also has a motion in the y direction to slide the US probe on the tissue surface in order to scan different sections of
this phantom tissue (containing lumps).

To elaborate more on the convergence of tracking errors and the deviation of slave trajectory from the master’s, these errors
and deviation are plotted in Fig. 6.

K = Xm — Ximp,,: Master Track. Err.

Km = Xm — Ximp,," Master Track. Err.

Xs = X5 — Xymp,- Slave Track. Err.

Xy = X5 — Ximp,+ Slave Track. Err.
Kimp. = 4 Slave Dev. WRT Master °

----- Kimp. = Ximp. — 1. X%: . B
tmps = Ximp, ~ TpXm: Slave Dev. WRT Master 1 RKimp, = Ximp, — r]pr‘,l: Slave Dev. WRT Master

dy — % 1% . 3
——mae Xs — _Xm) = Xs + Ximp.:. Master-Slave Track. Err. 7
0.005 (s M, m) = Ks + Kimp, 4 x 10 e (xs — UPX%) = g + Kipnp,: Master-Slave Track. Err.

e
1

] "Llliyl"lww

p——— ==
e
——
1 1
Position Errors
and Deviation (m)

Position Errors and Deviation (m)

i
-0.02 “ 1 I iw ,
00235 20 30 0 50 60 70 80
Time (sec) Time (sec)
(@) (b)

Fig. 6. Position tracking errors and slave deviation during US imaging of a moving tissue with heart-beating frequency: (a) in X direction and (b) in Y
direction.

The scaled-up applied interaction force from the slave robot to the moving tissue (7t ) together with the applied interaction

tis
force from the sonographer hand to the master robot (f_ ) are demonstrated in Fig. 7. As shown in Fig. 7, after starting the
interaction, the oscillatory force of the moving tissue is applied to the slave (Fig. 7) and causes the deviation of the slave
trajectory from the master one (Figs. 5 and 6). It is seen that the US probe-tissue interaction force in the y (sliding) direction
(Fig. 7b), which is mostly caused by friction, is significantly smaller than the interaction force in the X (palpation) direction
(Fig. 7a), which is perpendicular to the tissue surface. Note that ultrasound gel is utilized between the US probe and the tissue
surface, which reduces the friction and makes the interaction force in the y (sliding) direction small. As a result, the slave

position deviation in the y direction (Fig. 6b) is considerably lower than the one in the X direction (Fig. 6a).

son

4 Scaled Moving Tissue Force (n,f, ) 0.6 Scaled Moving Tissue Force (n f,, )

T T T S 18

Sonographer Force (fson) Sonographer Force (fm)
z °f | M | z
ey ]
5 af 1“* 1 g
= ol : = 1
5 L i i A 5] 4
: ‘ \
2 ; A =]
= e i J US Probe -Tissue = |
0 H Interaction Y -
N
r r r r r r I r _0 6 r r r I I I L r
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Time (sec) Time (sec)
@) ()

Fig. 7. Scaled tissue force (with 77, = 1.5) and the sonographer force during US imaging of a moving tissue with heart-beating frequency: (a) in X direction
and (b) in Y direction.
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According to Fig. 7, as the applied interaction force f., of the sonographer increases, the non-oscillatory value of the tissue

n

force nfftis increases as well. In other words, the sonographer perceives the non-oscillatory (low-frequency) portion 77fftiSLF of

the moving tissue force as the haptic feedback, and its oscillatory (high-frequency) portion ftiSHF is filtered. This performance is
the result of adjustment of the master impedance model (4) described in Sec. 2.4. Thus, the force reflection performance is
approximately achieved as f, _)nfftisu: , and the surgeon’s feeling is similar to the stationary echography (US imaging)

operation on the tissue (such as an arrested heart).

The trajectory of the slave robot in two-dimensional x —y plane with respect to the soft tissue (containing lumps) is shown in
Fig. 8. Moreover, some of the US images provided online for the sonographer via his monitor are illustrated in Fig. 8 at different
positions of the US probe during the scanning of a lump inside the moving tissue.

0.01
~_ O [
E
g -001F
2
&
> -0.02r
g
g
£ -0.03f | ——US Probe (Slave Robot end-effector) {
£

-0.04-

-0.0; r r r r r r
-(;01 0 0.01 0.02 0.03 0.04 0.05

Position in x direction (m)

Fig. 8. The trajectory of the slave robot’s end-effector in two-dimensional X —Y plane with respect to the soft tissue, and US images of some sections of the
tissue containing lumps provided online for the sonographer.

5.4. Moving Tissue with Breathing Frequency (Low Freq.)

In this section, the experimental results for US imaging of a moving tissue with (low) breathing frequency are illustrated. This
case occurs in US scanning of the patients’ chest and/or breast during the normal breathing. For this purpose, two cases of
adjustment of the impedance models are taken into account: The first one is when the impedance parameters are considered the
same as in previous section presented in Table 2 for high-frequency moving tissue. Therefore, the natural frequency (or cut-off

frequency) of the master impedance model (4), @, =05 rad/sec, is not much smaller than the low breathing frequency of the
moving tissue o, =0.2-0.5 Hz =1.26-3.14 rad/sec in comparison with the high beating frequency in Sec. 5.3. For this case,

the position of the master and slave robots and their impedance models’ responses in X direction are shown in Fig. 9a and the
corresponding interaction forces are illustrated in Fig. 9b.
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Fig. 9. (a) Position trajectories and (b) interaction forces in X direction , for US imaging of a moving tissue with breathing frequency, when @, = 0.5 rad/sec .

As observed in Fig. 9, the oscillatory force of the moving tissue is not filtered well by the master impedance model and it is
transferred to the sonographer’s hand. This is due to the closeness of the natural frequency @ =0.5 rad/sec of the master

impedance and the low (breathing) frequency ,,; =2.3 rad/sec of the tissue motion. In this case, the sonographer should
overcome the oscillatory tissue force (Fig. 9b) in order to hold the master robot in a desired position (Fig. 9a) such that the slave
robot remain in touch with the moving tissue via deviation from the master trajectory. If the sonographer does not overcome the
oscillatory force and allow this tissue force to generate large oscillatory motions for the master robot, it may cause the slave
robot/US’s probe to detach from the moving tissue and the image quality to degrade. Note that perceiving oscillatory force is not
much annoying for the sonographer in this case because of low frequency of this force.

In the next case of impedance adjustment with low breathing frequency, the master’s natural frequency is considered to be

@, = 0.2 rad/sec that is less than half of the one used in the previous case. Accordingly, the parameters of the master impedance

model (11) in Table 2 are changed to ¢, =56 Ns/m and m_ =200 kg using the same stiffness k_ =8 nm and damping ratio
¢, =0.7 as the previous section. The other parameters are the same as ones presented in Table 2. The positions and forces data
for this case of US imaging is demonstrated in Fig. 10a and 10b, respectively.

Scaled Moving Tissue Force (n'fm)
0.08 T . . r 3 A

r Sonographer Force (fson) r
E 0.06F E
22 z
g 4| Ximp,,: Master Imp. Model 8
§ s 0.04 5]
bl Xm: Master Robot s}
© o i . =
2 g Moving Tissue g
g3 0.02 X : Slave Imp. M 3
= === Kimp,: p. Model 1
e
& 5 x,: Slave Robot 2
50 > B
US Probe-Tissue Interaction
r r ¢ r -1 L r r r
-0.02; 20 0 0 20 T00 0 20 40 60 80 100
Time (sec) Time (sec)
(a) (b)

Fig. 10. (a) Position trajectories and (b) interaction forces in X direction, for US imaging of a moving tissue with breathing frequency, when @, = 0.2 rad/sec

According to Fig. 10, the oscillatory force of the moving tissue with breathing frequency is filtered and not transferred to the
sonographer during the US probe-tissue interaction. However, in free motions before and after the tissue interaction, the master
robot becomes more sluggish and requires larger sonographer’s forces (Fig. 10b) in comparison with the previous case (Fig. 9b).
This is due to the increase of the master damping and inertia (¢, and m_ ) as a result of the decrease of master natural frequency

to @, =02 rad/sec. Note that the natural frequency of the slave impedance model (@, =50 rad/sec) is the same as in the

previous section and not required to be changed because it is sufficiently larger than the low breathing frequency
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(@, = 2.3 rad/sec ) of the tissue motion.

Based on the presented impedance adjustments for the master robot, the US scanning of a tissue having low frequency motion
can be performed with two force reflection cases. In the first case with higher natural master frequency, the master robot can be
moved easier in free space but the oscillatory force of the tissue is transferred to the sonographer’s hand during the interaction. In
the second case with smaller natural frequency, the master robot becomes slower and requires much more force for the
movement, however, the oscillatory force of the tissue is filtered and not transferred to the sonographer.

6. Conclusion

A new impedance-based control strategy for the tele-echography (remote ultrasound imaging) of moving organs, using multi-
DOF telerobotic systems subjected to time delays, was presented and experimentally evaluated. In this strategy, the slave robot
holding the US probe has an adjustable flexibility with respect to the applied moving tissue force during tracking the master
robot’s trajectory. Accordingly, continuous contact between the US probe and the tissue was achieved during oscillatory motions
of the organ, which is necessary to maintain the quality of the US images. On the other hand, the oscillatory portion of the
moving tissue force can be filtered from the haptic force feedback to the sonographer’s hand via the master robot. Therefore, the
sonographer’s feeling is similar to the direct US imaging of a stationary (arrested) organ; however, the slave robot has a
compliance with the organ’s motion during the operation. The proposed strategy can be used in the robot-assisted tele-
echography of the beating-heart, moving chest and/or breast during the normal breathing for remote patients.

The mentioned performances were achieved by the appropriate adjustments of the two stable master and slave impedance
models. Moreover, the trade-offs in choosing the master and slave impedance parameters were determined. The stability of the
telerobotic system and the tracking convergence to the impedance models’ responses were provided in the presence of
communication delays and modeling uncertainties, as proved via the Lyapunov stability theorem and evaluated experimentally.

The experimental results were presented for the US imaging of a simulated moving organ with beating heart (high) and also
breathing chest (low) motion frequencies. The presented theory and experiments indicated the capability of this method to be
employed in the future patient studies. Due to the stability, robustness and tracking features, the patient safety in the remote site
is significantly improved during the interaction with the US probe.
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