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Abstract— Performing ultrasound procedures from a remote
site is a challenging task since both a stable behavior, for the
safety of the patient, and a high-level of usability, to exploit
the sonographer’s expertise, need to be guaranteed. Further-
more, a teleoperation system that provides such requirements
has to deal with communication delays as well. To address
this issue, we use the two-layer algorithm: a passivity-based
bilateral teleoperation architecture able to guarantee stability
despite unknown and time-varying delay. Its flexibility allows to
implement different kinds of control laws. In a Tele-Echography
system, the slave manipulator has to apply significant forces
needed by the procedure whereas the haptic device at the
master side should be very light to avoid tiring the operator.
Therefore, the energy needed by these two robots to perform
their movements is very different and the energy injected into
the system by the operator is often not sufficient to implement
the desired action at the slave side. Methods to overcome this
problem require to perfectly know the dynamical models of the
robots. The solution proposed in this paper does not require
such knowledge and is based on properly scaling the energy
exchanged between the master and the slave side. We show the
effectiveness of this approach in a real setup using a TOUCH
haptic device and a WAM Barrett robot holding an ultrasound
probe.

I. INTRODUCTION

Ultrasound examination is a medical procedure widely
used since it is inexpensive, non-ionizing and non-invasive.
This procedure needs expert operators: the task is highly
dependent on the anatomical regions and on the pathology
to explore. Unfortunately, the availability on-site of skilled
sonographers is not always possible, especially for remote
or scarcely populated regions. Research activities over the
years developed many teleoperated robotic solutions to allow
medical experts to remotely perform such procedures. In the
SYRTECH project [1], a system has been proposed to per-
form ultrasound examinations from a remote site by using a
lightweight and portable device. Another interesting solution
is TER [2], a tele-robotic system where the controller at
the slave side is designed to split translational and rota-
tional movements. Technical and clinical feasibility of the
approach was provided in [3]. For recent results we refer the
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reader to [4] and the reference therein. A Tele-Echography
architecture using only commercial device is discussed in
[5]. In the above articles, the problem of system instability
due to communication delay is not addressed since only
high performance network (e.g ISDN, Integrated Services
Digital Network) or dedicated communication channels are
considered. Furthermore, several other factors can have a
negative impact on the stability of bilateral teleoperation
systems such us: 1) relaxed user grasping; 2) stiff position
and force control settings; 3) hard contact with the remote
environment, [6].

An elegant solution to prevent these factors from destabi-
lizing the system is passivity-based control. Controlling the
overall teleoperation system to make it behaves as a passive
system allows to achieve a stable interaction with human
operators [7] and passive environments [8].

Unfortunately, passivity usually leads to a reduction of
the transparency level [9], [10], [11], [12], [13], [14], [15]. A
different passive-based solution is the Two-Layer architecture
proposed by Franken et al. [16] where stability and trans-
parency are addressed in a seamless way by implementing a
hierarchical two-layer approach.

When master and slave manipulators are mechanically
identical, the amount of energy supplied to the system by
the operator at the master side is the same needed by the
slave robot to execute the corresponding motion. Problems
arise when the robots are different because the energy
consumption to perform the same action is very different.
This behavior involves the draining of the energy tanks
that is perceived by the passivity layer as a passivity loss.
The damping injection proposed in [16] to harvest more
energy from the user is not sufficient in this case: the overall
teleoperation system becomes quickly unusable.

The contribution of this paper is a new version of the
two-layer approach where it is possible to scale the energy
exchanged between the master and the slave tanks. In this
way, it will be possible to cope with the different energy
needs of master and slave robots. We will show that the pro-
posed scaling preserves the passive (and so stable) behavior
of the overall teleoperation architecture.

This paper is organized as follow: in Section II we
introduce the two-layer teleoperation architecture. In Section
IIT we discuss the proposed energy scaling approach and we
formally prove the passivity. In Section IV the experimental
setup is described whereas in Section V experiment results
are shown. Conclusions are drawn in Section VL.
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II. TWO-LAYER BILATERAL TELEOPERATION
Let

Bi(wi)@; + Ci(wi, @)di + Ri(wi)di = Fi + FF* (1)

be the Euler-Lagrange model of the gravity compensated
master and slave robots. The subscript ¢ = m, s, denotes
the side of the robot (master or slave), z; € RS is the
Cartesian pose of the robot, F; is the control wrench, Ff“
is the interaction wrench, in particular Fﬁft = Fj, (the
force applied by the operator) and F¢** = F, (the reaction
environment force). The term B;(x;) is the inertia matrix,
C;(x;, ;) is the matrix of the centrifugal and Coriolis terms,
and R; > 0 is a positive semidefinite damping matrix
representing friction and local damping injections [16].

Let H;(t) = 2iT B;(x;)i; be the kinetic energy of the
robot. Considering (1), it can be easily shown that

H(t) = —iT Ryay + 2T (F; + F£™) )

which yields the following power balance that proves the
passivity of (1)

H;(t) < &7 (Fy + Feot). (3)

For the tele-echography application, we implement a two-
layer Position-Position teleoperation architecture shown in
Figure 1. The control architecture is implemented within the
upper transparency layer, whereas the bottom passivity layer
monitors the energy flow among the different subsystems
using two energy tanks (7}, at the master side and 7 at the
slave side).
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Fig. 1. Bilateral teleoperation architecture. The green blocks belong to the

transparency layer, the violet blocks belong to the passivity layer. In the
original two-layer architecture o = vy = 1.

The controllers implemented within the transparency layer
are PD controller

Fai(k) = Kpi(wi(k) —wq:(k)) + Kpati(k) (4

where Fy ;(k) is the desired command at time ¢ = kT,
T, is sample time, Kp; and Kp ; are the proportional and
derivative gains, respectively; x;(k) is the current pose of
the robot i whereas x4;(k) is the desired pose equal to
the pose of the robot at the other side of the network (i.e.
Tam(k) = zs(k — dsam/(k)) where dsop (k) is the slave-to-
master delay at time k). The control parameters depend on

the robot mechanics and they are tuned in order to obtain
the best dynamic behavior.

The command Fj;; requires a certain amount of energy
to be actuated and such energy is provided by the energy
tank 7;. It appears that for the same desired torque-velocity
pair at the master and slave side, the needed energy is highly
dependent on the manipulator’s dynamics (1).

The mathematical model of the tank implemented within
the passivity layer is

iti = 7DZ(1‘) =+ 7(O'Z‘Pizn — PiOUt) + Ut (5)

T,

where z;, € R is the state of the tank and T}(z¢,) = 327
is the energy stored in the tank. The tank can exchange

energy through the power port (us,, y:,) € R xR; D;(z;) =

T
system, and P}" > 0 and P{’"t > 0 are the incoming and
outgoing power that a tank can exchange with the other tank.
The desired control force Fy; provided by the transparency
layer is implemented using the energy available in the tank
T; by interconnecting the power port (Fj;, ;) of the robot
with the power port of the tank by

> 0 is the power dissipated by the

Iy, Fy;
F == = = Ty, = Py
Tt Tt; (6)
i=m,Ss.
Fi; .
Uti = — Z;
.’Eti
The following power balance holds
T; = 0;D;(x;) + o PI" — PP + uly, (7
which means that, if o; = 1 the tank stores the power

dissipated by the robot D;(z;) and the incoming power flow
P, whereas the outgoing power flow P?%! is released. Let
T; be the application-dependent upper bound on the capacity
of the tanks, the policy used to set o; is:

1, if Ti(w,) < T
o = , (8)
0, otherwise.

The energy can be injected into or extracted from the tank
using the power port (ue;, ys, ). To avoid singularities in (5)
a minimum amount of energy ¢; must always be left in the
tank, i.e. T;(x¢,) > &;, and the extraction of the energy from
the tank is allowed only when the boolean o5 is equal to 1

1, if Tij(xs,) > ¢

ot = ( 'tl) ©)
0, otherwise

which means that the actual command is F, = os F;.

Anytime the tank level at the master side is smaller than
TgLC, the Tank Level Controller (TLC) injects a damping
element at the master side to harvest energy from the user

Fp = 0% Fp+ FTLC FTLC — (T, (2y,) — TEE) &,

m m

where a is a positive constant; see [16] for more details.
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There is also a mechanism to exchange energy between
the two tanks: when the energy is below the threshold 77 “?,
an energy quantum [16] is requested from the other tank

E’.I‘Eq = 1’
? O’

If the level of the tank at the other side is larger than the
availability threshold TV, an energy quantum is sent

if Ti (:l?tl) < Ereq

10
otherwise (10)

i =m,Ss.

5 1, if Tj(zy,) > T
L 0, otherwise.

This mechanism helps to balance the energy level between
the two tanks 7T, and Ts. Furthermore, if the tank is already
full, all the energy dissipated by the local robot is sent to the
other side in order to not lose it. The energy transfer strategy
is described by

Pyt = (1= 0m) D + E{* By Py = PI"
PO = (1 —04)D; + EjB, Py = P}

Y

(12)

where the last equality holds when there is no communication
delay. P; > 0 is the rate of energy flowing from one
tank to the other and it is a design parameter. The bigger
P;, the faster the energy transfer. All these thresholds are
application-dependent and chosen to satisfy the inequalities:
g, < TN < T < Ty , for i =m,s.

In [17] it is proved that this teleoperation schema is passive
with respect to the pair ((Fp, Fe) , (Zm, Zs)) -

ITI. ENERGY SCALING FACTORS

When dealing with manipulators characterized by similar
dynamic models, performing the commanded task at the
slave side will requires the same amount of energy supplied
by the master side. When the involved manipulators are
mechanically different this is no longer true. In Figure 2
we can see this behavior in our setup, which is described
in Section IV, and where the slave is the higher energy
demanding robot.
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Fig. 2. Energy draining in the slave tank (right) due to mechanical

mismatching between the master and slave robots.

When the robot dynamic models are available, a feasible
solution would be to consider only the components of the
force command needed to perform a certain movement and

hide the compensation of all the mechanical factors within
a dedicated inner model-based controller (i.e. inertia and
friction). This paper aims to address this issue by scaling
the energy that flows from/to the tanks at master and slave
side in the passivity layer in order to meet the energy needs
of the robots without an accurate mathematical model of the
robots. We introduce two positive constants a and v in the
passivity layer in Figure 1, namely the energy scaling factors,
such that:

ay = 1. (13)
The original energy transfer protocol (12) becomes:
{ aPptt = a((1 = om)Din + BB Pn) = PJ" (14
VP =~ ((1 = 05)Ds + E[$18,P,) = P

Loosely speaking, the power transmitted from the master is
amplified by a factor o (> 1) and then stored in the tank of
the slave side. The same happens for the power transmitted
from the slave to the master, that is scaled down by a factor
v (< 1). We are now in a position to prove the main result
of this paper.

Proposition 1: The scaling factors in the energy exchange
protocol as shown in equation (14) preserves the passivity of
the whole teleoperation system even if affected by commu-
nication delay.

Proof: Consider the total energy function

H(t) = a(Hp(t) + Tn(t) + Hs(t) + Ts(t) + Hen(t)
= Hg(t) + He(t) (15)
where H,,(t) and Hg(t) are the energy functions of the
robots, T,,(t) and Ts(t) are the energy of the tanks and
H_p(t) is the energy “stored” in the communication channel.
Using (2) and (7), we obtain that
HR(t) =—aD,(t) + aFga':m + 0Dy (t) + a0y P —
— P2 — Dy(t) + Flis + 0, Dy(t) + (0, P"
— PY) o+ au, Yo, + QF i g yp, + F .
Since the tanks and the robots are interconnected with the
power preserving interconnection (6), we have that F}l i; =
—uly,, where i = m,s.
Substituting (14) and considering the time delay 7 > 0
Hp(t) = — (1 — 0p)aDp(t) — (1 — 05)Ds(t)
+ omay PO (t — 1) — aP2" (t — )+
+ oaP? (t — 7) — P2 (t — T)

+aFl i, + Fli,.

(16)

According to Figure 1, the power flowing through the com-
munication channel is given by:

Hch(t) = aP2" () + P2 (t) — aP2" (t — 1) — P2"* (t — T)

a7
and, therefore, the energy stored in the communication chan-
nel is represented by the following positive storage function

o) = [ (@P3(o) + P2 (0) dp.
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Fig. 3. Master device. Fig. 4. Slave device.

Fig. 5.

Environment

Considering that o,,,0, € {0,1} and combining (16) with
(17) we obtain the following power balance:

H(t) < (0 — DP2 (t — 1) + (05 — D)a P2 (t — 7)+
+aFl i, + Fri, < aFf &, + FLi,

which proves the passivity of the overall teleoperation system
with respect to the two power ports (F.,2s) and (F},, ad.y,).

The same proof could be done considering the energy
function

H(t) = Hp(t) + Trn(t) + v(Hs(t) + Ts(t)) + Hen(t)

instead of (15). |

It is worth noting that the scaling factors allows to prove
the passivity with respect to a scaled power. Nevertheless,
this is sufficient for guaranteeing a safe behavior when
interacting with passive environments. The parameter o (and
so «) is application-dependent and is tuned on the real
system: as a rule of thumb, for low motion as in the present
case, this parameter could be chosen as the ratio between the
proportional gains Kp ,,, Kps.

IV. EXPERIMENTAL SETUP

The experimental setup is designed following the require-
ments highlighted in [5]. The goal of the master device is to
allow sonographers to perform the procedure in the remote
environment as they were next to the patient. They have to
tele-control the ultrasound probe at the slave side and to
perceive the interaction with the patient. We use the haptic
3D Systems TOUCH™ [18] as input device rendering force
feedback on 3-DoF (Fig. 3). At the slave side we use a Barrett
WAM™ robot [19]. On this manipulator, an ultrasound probe
is mounted at the end-effector (Fig. 4).

These devices have very different mechanical character-
istics and their dynamic models are not fully available in

the distributed APIs. For these reasons, the energy scaling
factor is a feasible solution to provide an effective system
for tele-echography.

We will validate the proposed architecture in three types
of working conditions:

o free motion: the slave manipulator is moved freely
without interacting with the environment;

« soft contact: the US probe gets in contact with a sponge;

o hard contact: the US probe gets in contact with a metal
bar above the sponge. Figure 5 shows this setup.

An ATI Mini force sensor is located between the last active
joint of the WAM arm and the US probe. This sensor
provides direct measurements of the interaction force/torque.
Such measurements are used in our setup as a ground-truth
and will be eventually integrated in the control architecture
in the future. The force feedback provided by the TOUCH
haptic device to the user is estimated by its API using motor
currents.

V. EXPERIMENTAL RESULTS

The effectiveness of a Tele-Echography system is given
by its level of transparency and stability. The contact ex-
periments are characterized by an initial interaction with the
sponge (soft contact) and then by an interaction with the
metal bar above the sponge (hard contact).

The teleoperation system has to guarantee stability during
both free motion and interaction with the environment, and
with/without communication delay. For each experiment, we
choose a large delay to demonstrate that the proposed algo-
rithm detects critical situations (i.e. the energy level within
the tank is getting closer to the threshold) and maintains the
system stability by enforcing passive behaviors.

The experiments are presented in each figure by show-
ing master/slave positions, orientations, forces and energy
tank levels. The energy tank plots include the thresholds
i, T} 1, Tava, TTLC explained in Section II. Any time an
energy request is sent (E;°? = 1 in (10)), a red spike is
drawn at the bottom of the plots related to 7;,, and T.

The On/Off condition (9) for cutting the commands and
activating the TLC produces chattering. In order to make the
behavior of the system smoother we introduce a hysteresis
mechanism that depends also on the value at the previous
time instant k¥ — 1. For the new &; we have an upper and
lower pair ¢;,&; such that

1, if T;(k) > ¢, or
(Ti(k) € (g, and &5 (k — 1) == 1)
if T;(k) <g, or
(T; (k) € (g;,8:) and 75 (k — 1) == 0).
A similar_condition holds for the TLC with the thresholds

710 =TLC
Ii ) Ti .

In the force plots, the master forces are scaled in order
to make possible the comparison with the slave forces.
The scaling factor is given roughly by the ratio between

the proportional gains of the master/slave controllers, Kp,,
and Kp,, in (4). In fact the contribution of the derivative

HOER
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Fig. 6. Free motion experiment without communication delay.

gains could be ignored because the velocity over the tele-
echography task is low.

We now discuss stability and performance in the different
working conditions.

1) Free motion without delay: The experiment consists
of a translational movement that has a non-zero component
on each axes. The communication channel of the system
is not affected by delay. The feedback forces are not due
to interaction: the operator perceives the slave manipulator
inertia due to the master-slave position error required by
the PD controller to generate command torque sufficient to
move the robot. Figure 6 shows that the energies stored in
the tanks stay around an equilibrium point since the slave
side reacts promptly to the master commands. The position
tracking error is very low, whereas some errors can be seen
in the orientation. Such tracking errors are meanly due to
the friction that the PD controller of the wrist is not able to
compensate properly.

-
E 0.4 [ AT T :.::zu
z o2 |
9 0 y slave
= I R
é 702 M—T - _ - — z slave ‘
o - 0 tet feaattel T
0 2 4 6 8 10 12 14 16 18
<
S @ master
=} y master
2 y slav
< «+ z master
()
= |
© 16 18
5 iy
y master
i S
|
16 18
1,000 -
,;\ 800 Master
% 600 - TTk
w e
g A0 i T FTLC
S (/) R prta
0 .....
0 2 4 6 8 10 12 1 |8
Time (s) Reques
1,000 - .
Q 800 Slave
- 600 — Tal;kva
g 400 T e e
(B 200 - mmmmm i mm s s CmiE,
0 EEEE | LI I L1 IR (] n L 1] Request .
0 2 4 6 8 10 12 14— o 8
Time (s)
Fig. 7. Contact experiment without communication delay.

2) Contact without delay: In this experiment the US probe
at the slave end-effector interacts initially with the sponge
and then with the metal bar (the vertical line indicates the
transition time). The energies in the tanks shown in Figure
7 remain around an equilibrium point since, without delay,
an interaction with a passive environment does not create
unstable behaviors. It worth highlighting that the thresholds
T!“?, T are not equal for the slave robot and the master
robot due to the different dynamics.

3) Free motion with delay: The slave robot is now moving
freely but the communication channel is affected by a large
delay. The operator performs some fast movements that,
combined with the delay, bring the system close to instability.
The result is an energy draining in the tanks as shown
in Figure 8; in particular, the slave tank goes below the
minimum threshold ¢, preventing the slave manipulator to
execute further commands. The system could be reactivated
by harvesting energy at the master side using the TLC
mechanism. In this experiment, the two-layer algorithm
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Fig. 8. Free motion experiment with a communication delay equal to 0.2s
from slave-to-master and 0.2s from master-to-slave.

avoids unstable behaviors as expected. The role of the scaling
factor proposed in this paper is not to prevent the action of
the passivity layer but to activate it only when it is really
necessary. This fact can be appreciated by comparing Figure
8 with Figure 2 where the draining of the energy in the tanks
is much faster.

4) Contact with delay: In this case the teleoperation sys-
tem has to deal with the same communication delay (round-
trip-time delay equal to 0.4s) as in the previous case. The
interaction with a passive environment (as the sponge is, also
with the bar above) makes the overall system stable without
the critical situations seen in Figure 8. Such “passifying”
behavior can be appreciated in Figure 9. The saw-tooth-like
evolution of the energy level within the slave tank 7T is due
to the “temporal disalignment” between the energy request
(when the request threshold 77 °? is crossed) and the moment
the energy is actually received. Communication delays affect
the shape of such saw-tooth behavior. A possible solution to
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Fig. 9. Contact experiment with a communication delay equal to 0.2s from
slave-to-master and 0.2s from master-to-slave.

overcome this oscillatory behavior would be to introduce a
maximum value for the requested energy. Figure 9 shows that
the displacement between the master position and the slave
position is mainly along the z axis, the axis along which the
probe is interacting with the environment.

VI. CONCLUSIONS

Tele-Echography systems may solve the problem of lack
of skilled sonographers available in remote or scarcely pop-
ulated areas. Since in this type of systems the slave robot
and the master haptic device are mechanically different we
propose an energy scaling factor mechanism that preserves
the passivity of a two-layer bilateral architecture. This allows
the implementation of a wide range of control strategy
without requiring the accurate model of the robots but just a
rough estimation of the ratio of their inertia. The experiments
carried out with our full Tele-Echography setup show the
effectiveness of this approach even in case of communication
delays.
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