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An Energy Tank-Based Interactive Control
Architecture for Autonomous and Teleoperated
Robotic Surgery

Federica Ferraguti, Nicola Preda, Auralius Manurung, Marcello Bonfg, Olivier Lambercy,
Roger Gassert, Riccardo Muradore, Paolo Fiorini, Cristian Secchi

Abstract—Introducing some form of autonomy in robotic
surgery is being considered by the medical community to better
exploit the potential of robots in the operating room. However
significant technological steps have to occur before even the
smallest autonomous task is ready to be presented to the
regulatory authorities. In this paper we address the initial steps
of this process, in particular the development of control concepts
satisfying the basic safety requirements of robotic surgery, i.e.
providing the robot with the necessary dexterity and a stable
and smooth behavior of the surgical tool. Two specific situations
are considered: the automatic adaptation to changing tissue
stiffness and the transition from autonomous to teleoperated
mode. These situations replicate real life cases when the surgeon
adapts the stiffness of her/his arm to penetrate tissues of different
consistency and when, due to an unexpected event, the surgeon
has to take over the control of the surgical robot. To address the
first case, we propose a passivity-based interactive control archi-
tecture that allows to implement stable time-varying interactive
behaviors. For the second case, we present a two-layered bilateral
control architecture that ensures a stable behavior during the
transition between autonomy and teleoperation and, after the
switch, limits the effect of initial mismatch between master and
slave poses. The proposed solutions are validated in the realistic
surgical scenario developed within the EU-funded I-SUR project,
using a surgical robot prototype specifically designed for the
autonomous execution of surgical tasks like the insertion of
needles into the human body.

Index Terms—Medical robots and systems, telerobotics, inter-
active control, energy tanks.

I. INTRODUCTION

HE field of surgical robotics has undergone a consider-
able evolution in recent years. Surgical robots that help
to overcome the limitations of minimally-invasive surgery and
enhance the capabilities of the surgeon have been developed.
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Currently, surgical robotic systems are teleoperated by the
surgeon, as is the case for the Da Vinci by Intuitive Surgical
[1] and with the DLR MiroSurge [2]. One of the main
drawbacks of teleoperated surgical robots is the significant
amount of required training efforts and the necessity for the
surgeon to manually perform all the surgical tasks necessary
for the operation. This can increase the mental workload and
the fatigue for executing the operation and, consequently,
decrease the concentration in some, possibly crucial, parts
of the operation. In order to overcome this drawback, the
possibility of automatically executing some surgical tasks by a
robotic system is increasingly being investigated, automating
in this way a few phases of the operation [3].

When autonomously executing a surgical task, a robot faces
a very challenging situation. In fact, the environment the
robot has to interact with (i.e. the body of the patient) is
mostly unknown (only some information can be obtained from
pre-operative imaging) and usually time-varying (deformable
or non homogeneous). Furthermore, the robot may need to
change its interactive behavior online, because the operating
conditions change. For example, during a needle insertion task,
the robot has to be stiff when penetrating the skin, while it has
to behave more softly during the insertion. The fact that each
patient is different and that, therefore, it is often not possible to
determine a standard pattern for the desired behavior, increases
the task complexity. Finally, the safety of the patient is always
the primary concern. As shown in [4], a safe reactive behavior
of the robot to some selected complications can be planned
in advance. Nevertheless, in the event of unexpected events
taking place, it is necessary to let the surgeon take over the
control of the robot to drive it to a safe configuration.

Impedance and admittance control strategies [S5] are highly
suitable candidates to ensure a stable interaction with unknown
environments. They allow the engineer to directly shape the
behavior by which the robot interacts with the environment.
Unfortunately, standard impedance and admittance control
schemes cannot guarantee a stable interaction when time-
varying interactive behaviors need to be implemented.

Controlling the robot in teleoperation brings other chal-
lenges. Bilateral teleoperation has been proven to be very
effective for allowing a human to drive a remote robot [6]
and, therefore, it is also a good candidate for allowing the
surgeon to take over the control of the robot. Nevertheless,
when the surgeon switches the robot from an autonomous
mode to a teleoperated mode, there is likely a kinematic
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mismatch between the pose of the master console and that
of the surgical robot (i.e. the slave robot). This mismatch
can impose a high workload on the surgeon to mentally
compensate the offset, and can therefore lead to risks for the
patient because of unintentional motions transmitted to the
robot. Furthermore, by simply switching on standard bilateral
controllers (e.g. position-position, position-force [7]) in a mis-
matched situation, unexpected transients on the slave could be
experienced. These problems are highly undesirable because
the teleoperated mode is activated during critical situations,
and mistakes in the teleoperation can cause severe injury to the
patient. While many bilateral teleoperation control strategies
ensuring an efficient and stable behavior have been proposed
in the literature [7], very few bilateral teleoperation systems
exist that are capable of switching between autonomous and
teleoperated modes in a stable manner, and compensating for
kinematic mismatches.

The goal of this paper is to present a passivity-based
interactive control architecture that allows one to implement
stable time-varying interactive behaviors and transient-free
kinematically compensated bilateral teleoperation of a robotic
platform. In particular, persistent oscillations and diverging
behaviors must be avoided and the reaction time of the system
must be as fast as possible, without introducing instability.
To achieve this aim, we will exploit the port-Hamiltonian
framework [8] for modeling the surgical robotic architecture
and the concept of energy tanks [9], [10] that allows to use
the (virtual) energy circulating in the controlled system in a
flexible and passivity preserving way. This paper extends [11],
where a variable stiffness impedance control was provided,
by designing a tank-based admittance control strategy where
inertia, stiffness and damping can all be passively changed.
Furthermore, we will extend [10] by exploiting energy tanks
not only for implementing a passive coupling between master
and slave, but also for implementing a stable switch and
position compensation in the transition between autonomous
and teleoperated mode. This work is part of the FP7 European
research project I-SUR (Intelligent Surgical Robotics)! whose
goal is to develop general methods for cognitive surgical robots
in order to automatically execute surgical actions such as
puncturing and suturing, as well as for teleoperation by the
surgeon [12]. The proposed control strategies, addressing the
mentioned issues related to robotic surgery, will be validated
using the surgical robot prototype specifically designed within
the I-SUR project.

The main contributions of this paper are:

o A novel tank-based time-varying admittance controller
extending the earlier results of [11], allowing one to adapt
the interactive behavior of the robot while preserving
passivity.

o A novel flexible and passivity-based teleoperation archi-
tecture that ensures a stable switch between autonomous
and teleoperated modes and compensates for the kine-
matic mismatch between the master and the slave (i.e.
the surgical robot).

o The experimental validation in a needle insertion scenario

Uhttp://www.isur.eu/isur

using the I-SUR robotic surgery platform and a realistic
phantom model.

The paper is organized as follows: Sec. II presents an
overview of related works in the fields of interactive control
and pose offset compensation in teleoperation, Sec. III pro-
vides some background on port-Hamiltonian systems and en-
ergy tanks, and Sec. VI gives a short description of the I-SUR
robot. In Sec. IV the tank-based variable admittance controller
is presented and in Sec. V the teleoperation architecture is
described. In Sec. VII the experimental results are illustrated
and, finally, in Sec. VIII some conclusions are drawn.

II. RELATED WORKS

The growing interest in reproducing a human-like behavior
in many robotic tasks fostered the research in interaction
control. In this section we focus on the works addressing the
main problems arising in the considered application: time-
varying admittance/impedance parameters of the interactive
controller and compensation of the kinematic mismatch when
switching to teleoperation.

In particular, a lot of research on impedance and admittance
control with variable stiffness has been done. Many researchers
have addressed the problem of properly estimating online
variable stiffness and damping matrices for the execution of an
interactive task with an unknown environment (e.g. [13], [14]).
The time necessary for reaching a good estimate depends on
the collected data as well as on the estimation algorithm,
and it is hard to predict it in practical applications. In [15]
a teleoperation system for needle insertion is presented. The
variable stiffness of the environment is considered, estimated
and exploited for adjusting the force perceived by the user.

Several works consider the problem of developing an
impedance controller with a variable stiffness, but they address
only particular cases. In [16], a tracking error dependent
variable stiffness impedance controller for parallel link manip-
ulators has been proposed in order to increase the robustness
of the controlled system with respect to unknown parameters.
The way stiffness can be changed is linked to the tracking error
and, in case of external disturbances, the target impedance
cannot be achieved.

Iterative and adaptive control strategies have been proposed
in order to compensate for disturbances and for guaranteeing
a stable interaction even in presence of drastic changes in the
environment (see e.g. [17], [18]). The apparent stiffness of the
robot is adapted in order to match the behavior of human motor
control. Nevertheless, in several surgical scenarios, special
interactive patterns (e.g. stiffness variations) may be necessary
to match the behavior of the surgeon or for coping with the
particular structure of the patient’s body that is provided by
pre- and intra-operative data.

In [19], [20], an efficient human-like force tracking
impedance control scheme with varying stiffness has been
developed. However, the stiffness profile depends on the force
tracking error and cannot be chosen a priori.

Only a limited amount of works have exploited the concept
of variable impedance controllers in surgical robotics. In
[21], a variable stiffness controlled manipulator was developed
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in order to provide insights on the design and control of
rehabilitation robots. In [22], a variable impedance control
was proposed, allowing the surgeon to cooperate with the
robot during the execution of high-accuracy tasks in ortho-
pedic surgery, e.g. drilling and shaping of the femur’s head.
However, in this approach several assumptions on the choice
of the gain matrices are necessary.

Substantial researches addressing the transition between
autonomous and shared control of a robot and considering
the kinematic compensation problem are available in the
literature. In [23], a shared control teleoperation architecture,
obtained by merging human input and autonomous operations,
is provided. However, the input from the operator perturbs the
state of the robot and the transition between autonomous and
teleoperation modes is not smooth. In [24] a hybrid system
allowing to switch between different control modes in a tele-
drilling system is proposed. Nevertheless, when switching
from one mode to the other, master and slave have to wait
for being synchronized and this results in a slowly reacting
system. In [25] the operation modes for cooperation between
manual operation and autonomous functions in intelligent
teleoperation systems are discussed. In [26], Xiong et al.
describe other operation modes and discuss the case of time
delay. These works are mainly related to the way the operator
can change the operation modes intuitively and smoothly. They
do not address the problem of compensating the position error
arising between master and slave when the system switches
between different modes.

Several works have addressed the problem of position offset
compensation. In [27] a strategy to passively compensate the
steady state position error due to packet loss is proposed. In
this case the slave moves towards the position of the master
that has to be kept still by the user. In [28] a controller
for improving position tracking in bilateral teleoperation via
packet-switched networks is developed, while in [29] a method
to reduce the position drift without violating system passiv-
ity conditions is proposed. It is worth highlighting that the
mentioned approaches do not consider autonomous modes
and, therefore, always produce a bilateral action, moving both
master and slave.

III. BACKGROUND ON PORT-HAMILTONIAN SYSTEMS AND
ENERGY TANKS

This section provides some background on port-Hamiltonian
systems and on energy tanks. For a more detailed treatment
the reader is referred to [8], [30], [10].

The port-Hamiltonian framework is a generalization of
standard Hamiltonian mechanics, where energetic character-
istics and power exchange between sub-systems are clearly
identified. All physical systems, even multi-domain, can be
represented using the port-Hamiltonian formalism. The most
common representation of a port-Hamiltonian system is:

& = [J(z) = R(@)] 5~ +g(x)u
L o
y=g (iv)%

where x € R” is the state vector and H(z) : R” — R is the
lower bounded Hamiltonian function representing the amount

of energy stored in the system. Matrices J(z) = —J(z)T and
R(x) > 0 represent the internal energetic interconnections and
the dissipation of the port-Hamiltonian system, respectively,
and g(x) is the input matrix. The input v and the output y are
dual variables and their product is (generalized) power. The
pair (u,y) is called power port and is the means by which the
system can energetically interact with the external world. The
product u”y represents the power exchanged by the system
with the external world.
It can be easily shown that the following equality holds [8]:

T
T2 = p) @
This means that the power supplied to the system is either
stored or dissipated, namely that a port-Hamiltonian system is
passive with respect to the pair (u,y). Let
B oTH OH

D(x) = 5= R(x) 5 >0 3)

indicate the power dissipated by the system. As pointed out
in [31], D(x) represents a passivity margin: the larger D(x),
higher the passivity of the system. In other words, the larger
the passivity margin, the more the system can absorb the
energy generated by non passive actions (e.g. changing the
stiffness in a visco-elastic coupling, as discussed later) while
preserving its passivity.

Energy tanks, first proposed in [9], exploit this concept
for building flexible and passivity preserving controllers. The
energy dissipated by the system is stored in a (virtual) energy
tank and can be reused for implementing any desired control
action in a passivity preserving way.

More formally, the dynamics of a port-Hamiltonian system
endowed with a tank is given by:

H(zx)+

1
Tt Tt

n= ()

where x; € R is the state associated with the energy storing
tank and

— Pout) +ut 4)

1
T(x¢) = 5:(;? (&)

is the energy stored in the tank. P;,, > 0 and P,,; > 0 are
incoming and outgoing power flows that the tank can exchange
with other tanks. The pair (u¢,y:) is a power port that the
tank can use to exchange energy with the external world and
Y = g—g = x;. The parameter o € {0, 1} is used for bounding
the amount of energy that can be stored in the tank. The

following power balance can be easily derived from (4):

T = oD(z) 4+ 0Py, — Pout +ul'ys (©6)

which means that, if o = 1, the tank stores the power dissi-
pated by the system D(z) and the incoming power flow P,
while the outgoing power flow P,,; is released. Furthermore,
energy can be injected in / extracted from the tank via the
power port (uy, y¢). In order to avoid singularities in (4), some
energy must always be present in the tank (i.e. z; # 0). Thus,
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it is necessary to set an arbitrarily small threshold ¢ > 0
representing the minimum amount of energy that needs to be
always stored. The tank has to be initialized and managed
in such a way that T'(z,(0)) > ¢ and energy extraction is
prevented if T'(x;) < e. Finally, it is necessary to set an upper
bound on the amount of energy that can be stored in the tank.
In fact, as described in [32], if there is no bound, the energy
available can become very large as time increases and, even if
the system remains passive, it would be possible to implement
behaviors which are unstable in practice. Thus, o is set using
the following policy:

-

where T' > 0 is a suitable, application dependent upper bound
on the energy that can be stored in the tank.

The energy stored in the tank can be exploited for pas-
sively implementing any desired input w € R™ to the port-
Hamiltonian system the tank is associated to. This can be
done by joining the power ports (u,y) and (u¢,y:) through
the following power preserving interconnection:

1 if T(xy) <T
0 otherwise

)

w w
U= —Yt= Ty =W
Tt Tt 8)
wT (
U = ——Y
Tt

implying the following balance
uly = —uy ©)

When using (8) the energy supplied to/extracted from the
port-Hamiltonian system for implementing the desired input
is exactly equal to the energy extracted from / supplied to
the tank. This intuitively means that no energy is generated
and that the desired input can be implemented in a way to
preserve passivity as long as some energy is stored in the tank
(i.e. T'(z¢) > €). For a more formal treatment see [30], [10].

IV. VARIABLE ADMITTANCE CONTROL

Admittance control and impedance control [33] are very
effective control schemes for implementing a desired interac-
tion behavior. Loosely speaking, impedance control is more
suitable for backdrivable robots while admittance control is
more suitable for stiff robots. The robot developed within
the I-SUR project has a stiff and not backdrivable structure.
Therefore, we will show how to exploit tanks for implementing
a variable admittance control. However, all the results devel-
oped in this section can be easily adapted for implementing
a variable impedance control (see e.g. [11] for a variable
stiffness impedance controller).

A standard admittance control scheme is reported in Fig 1.
Given a desired interaction model, namely a dynamic relation
between the applied force and the pose error, given the external
force and the desired pose setpoint, the corresponding position
of the robot is generated and tracked by the robot by means
of a lower level motion controller. We expect the latter to
be designed and tuned to minimize the tracking error and
optimize the dynamic response, so that we can assume that
the actual pose z € R™, n < 6, of the robot end-effector is

Robot Feat g
Motion |7 ; g
- Control > Dynamics q e
Qref (10) =
=]
Inverse T —‘
Kinematics
Interaction
T
T—”f Model

A

an

Taa

Fig. 1. Control scheme for admittance control with underlying motion
controller. The solution of the interaction model (11) with the inputs Feg¢ and
x4 provides the value x,..y which the position-controlled robot must follow.

identical to its reference position z,.s. Thus, in the following
we will consider © = x..

More formally, consider the following Euler-Lagrange dy-
namic model of a fully actuated n—DOFs manipulator in the
task space:

A(2)i + p(2,8) & + Fy(2) = Fr + Foye (10)

where © = f(q) is the pose of the end-effector, ob-
tained from the joint positions ¢ € R™, m > n, through
the forward kinematic map f(-), Fe,: € R™ is the exter-
nal wrench applied to the end-effector and F, € R" is
the wrench due to the controlled joint torques 7 € R™.
A(x) = AT(x) > 0 is the n—dimensional positive definite
inertia matrix, p(z, ) € R™*" is the matrix of the centrifugal
and Coriolis terms and Fy(z) € R™ is the wrench due to the
gravity. The control wrench F: is set by the motion controller
for implementing a desired interactive behavior.

A very common interaction model adopted in standard ad-
mittance control is the multi-dimensional mass-spring-damper
system described by:

A + Dyi + K47 = Foyy (11)

where Z(t) = x(t) — z4(t) is the pose error. Ay, Dy and K,
are the n—dimensional symmetric and positive definite inertia,
damping and stiffness matrices characterizing the interactive
behavior. The controlled robot behaves as (11) and it is passive
with respect to the pair (Fey¢, ). In fact, consider

1.7

V(z,z) = 57 Agz + %E;TKdi (12)
as a non negative storage function. We have that:
V=5 Agi+ @7 Kai (13)
Using (11) in (13) we obtain:
V=3 Fyp— & Dk <& Fum (14)
which implies the following passivity condition
v -vO < [ F@Ramar a3

The passivity of the controlled behavior is a crucial charac-
teristic of admittance control. In fact, passivity is a sufficient
condition for ensuring a stability of the controlled robot both
in free motion and during the interaction with any passive,
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possibly unknown, environment [8]. Furthermore, in case of
free motion (i.e. F,,; = 0), using (12) as a Lyapunov function
and considering (14), it can be shown by a straightforward
application of LaSalle’s invariance principle that Z(t) — 0,
i.e. that the robot asymptotically tracks the desired reference.

A. Problem Formulation

Our goal is to develop a variable admittance control that
allows the robot to reproduce the behavior of the surgeon
during operations [34] and that is as unconstrained as possible
in order to provide high flexibility to the interactive robot.

Let A4(t), Dy(t) and K4(t) be the time-varying inertia,
damping and stiffness matrices. The desired interaction model
is given by:

Ag(t)Z + Dg(t)x + Kg(t)Z = Fop (16)

In order to preserve their physical meaning, we assume that
Aq(t), Dg(t) and K4(t) are symmetric and positive definite
for all ¢ > 0.

The main drawback due to the introduction of a variable
interaction model in an admittance control scheme is the loss
of passivity of the controlled robot. In fact, consider the total
energy of the controlled system as a natural non negative
storage function:

. 1. . 1
V(i,5) = §jTAd(t)5s + 53 Ka(t)3 (17)
We have that:

V= A0+ 53 Ral0)i+ T Kot 4 52T Ka(t) (18)

Computing & from (16) and replacing it in (18) we obtain:

V=iTF.. + %%T(Ad(t) —2Dg4(t)) + ;:iTKd(t)aE]
(19)
Because of the variability of the stiffness and of the inertia,
the term between the brackets can be positive and the system
can produce energy and, therefore, the balance in (15) is not
always satisfied. Consequently, the passivity of the interaction
model does not hold anymore and a stable interaction and an
asymptotic tracking in free motion are no longer guaranteed.
In the rest of the section we will show how it is possible,
using energy tanks, to implement the flexible interaction model

(16) while preserving the passivity of the controlled robot.

B. Variable Admittance

The main idea for implementing a variable admittance
controller is to endow the desired interaction model with a tank
for storing the energy dissipated by the system and for re-using
it for implementing passivity threatening variable behaviors in
a passive way.

We split the variable inertia and stiffness matrices into the
sum of a constant term and of a variable term:

{ Ag(t) = A+ Ay (t)

Kat) = Ko+ Ko (1) (20)

where A., K., A, (t) and K, (t) are symmetric positive definite
matrices. The constant terms may represent the minimum

implementable inertia and stiffness but, in general, it is suffi-
cient for them to be constant, symmetric and positive definite
and they can represent other significant values. The variable
terms can be designed using profiles arbitrarily chosen, even
discontinuous.

Considering (20), it is possible to reformulate the interaction
model (16) as a port-Hamiltonian system:

(2) - (—OI —KId(t)> (%%) + <?> Fopit

n (0) (— Ko ()@ — Ay (£)F)

I
y==z

where p = A,z and

H.(%,p) = %@TK@ + %ﬁTAglp
As is evident in (21), the variability of the inertia and of the
stiffness matrix produce an extra input in the port-Hamiltonian
dynamics and this input can inject energy into the system
destroying its passivity. In order to overcome this problem, we
augment the port-Hamiltonian interaction model with a tank.
In this manner, we keep trace of the dissipated energy and
we can exploit it for passively implementing the extra input
due to the variability of the admittance parameters. Thus, we
propose the following augmented port-Hamiltonian interaction
model:

()= (O ) ()« () ()

(22)

wt .
iy = —prAYK (A YD — —3
Lt Lt
Yy=2a
(23)
where z; € R and T'(z;) = 127 are the state and the energy

function of the tank respectively. The parameter o € {0,1}
is used to disable the dissipated energy storage in case a
maximum limit is reached. The tank initial state is set to 2;(0)
such that T'(x¢(0)) > ¢ and

if T(l’t) > €

otherwise (24)

The energy stored in the tank is exploited for implementing
the input due to the variability of the stiffness and inertia
parameters. If there is some energy stored in the tank, the
desired interaction model is implemented otherwise the vari-
able parts of the admittance parameters are not implemented.
This means that the priority is always given to passivity: if the
variable interaction model cannot be implemented using the
available energy, then a passive constant behavior, associated
to the constant parameters A, and K., is implemented.
The power extracted from the tank for implementing the
desired behavior is given by:
wt * T x U *
Ul = x—tmct = K,()x — 2" A,(D)Z

(25)
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Thus, if the variability of the inertia and of the stiffness with
respect to A, and K. is small and/or if the tracking error
is small, the energy necessary for implementing the desired
behavior is small and, therefore, it is very likely that the energy
stored in the tank is sufficient for passively reproducing the
desired behavior. Furthermore, it is possible to temporarily
increase the value of the desired damping for storing more
energy into the tank and increasing the flexibility of the system
at the price of a (temporarily) over-damped behavior.

Remark 1 In order to shape both the inertia and the stiffness
matrices, an acceleration measurement (or estimation) is
necessary. If this is not available, the desired inertia should
remain constant, but it would still be possible to shape the
stiffness matrix using only position measurements.

Proposition 1 The augmented port-Hamiltonian interaction

model (23) is passive with respect to the pair (Feyt, T).

Proof: Consider as a storage function the total energy of
the system:

1 1 1
W(t) = He(#,p) + T(wy) = 53" K+ 50" A D+ a7
(26)
The interaction model in (23) can be rewritten as:
T 0 I 0
p | = fIT 0 % _
Tt —,L;T 0 0
0 0 0 on 0 (27)
0 Kut) 0 5% + 1| Fewt
—P(t) 0 0 o 0
y==z

where P(t) = z%ﬁTA;lK 4(t). Considering (27), from simple
computations it follows that:

W = —pT A Ky (A prop” A Kg(OA p+FL G =
= T AN (Kq(t) — o Ka(t) A S+ FL,e (28)

Since ¢ € {0,1} and since K4(t) > 0, then (Ku(t) —
oK4(t)) > 0 and, therefore, W < FZL, 7 which implies:

€T

t
W@—W@g/P;mT (29)
0
which proves passivity. |
Thanks to the energy tank, it is possible to implement any
variable interaction model satisfying the passivity constraint
that guarantees a stable behavior and asymptotic tracking in
free motion. For further details and additional experiments
showing the instability of the system when using standard
impedance controllers with variable stiffnesses see [11].

V. SWITCHING FROM AUTONOMOUS TO TELEOPERATED
MODE

A. Problem Formulation

The problem of switching from autonomous to teleoperated
mode in a stable way will be addressed using energetic
considerations and, therefore, it is convenient to formulate the
problem in the port-Hamiltonian framework.

When switching from the autonomous mode to the tele-
operated mode, there is a fully actuated surgical robot, the
slave, that has to be teleoperated by means of a fully actuated
mechanical interface, the master. In the following formulation
we will consider bilateral teleoperation, where the teleoperated
robot reflects back to the master reaction forces from the task
being performed.

Master and slave robots can be modeled as port-Hamiltonian
systems:

Ti\ _ 0 I %1;1‘ 0 0
Q)_<J —&)@ﬁ T\ 7)) Feati+{ ;| Fi

8Hi
yiz(O I) (gfﬁ>:vl i=m,s

Op;

(30)
where z; € R”, p; € R” and v; € R” represent the pose,
the momentum and the velocity. H; is the kinetic energy
of the robot and R; is a symmetric positive definite matrix
representing the damping in the system, possibly augmented
using local damping injection [8]. F; is the generalized force
due to the bilateral coupling, while F,,;; represents the
force due to the interaction with the external world. For
the master and the slave this force is indicated by F},, the
force applied by the human, and by F,, the force applied
by the environment, respectively. We consider the situation
where the surgeon is in the proximity of the surgical robot
and, therefore, we assume a negligible communication delay
between the master and the slave. Because of their robustness,
indirect force feedback teleoperation systems have proven to
be very effective in several applications and, therefore, we
will consider this kind of coupling between master and slave.
Several control strategies are available in the literature but
one of the most simple, efficient and commonly used is a PD
coupling (see e.g. [35], [36]) that is described by:

{En:—Kum—xQ—B@m—ig

Fy = +K (2 — 25) + Bl — @5) Gh

where K € R"™™ > (0 and B € R"™™ > 0 are the
proportional and the derivative gains respectively. This is
equivalent to interconnect master and slave with a (virtual)
spring-damper system as illustrated in Fig. 2. Since the PD
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Fig. 2. Master and slave are interconnected with a virtual spring-damper
system equivalent to a PD coupling.

controller is a passive system and master and slave are passive
port-Hamiltonian systems, the overall teleoperation system is
passive and therefore, it is characterized by a stable behavior.
Furthermore, in case master and slave are initially aligned, a
PD coupling guarantees a steady state position tracking and in
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case of interaction with the environment a perfect steady state
force tracking [8].

Nevertheless, in case of an initial position mismatch, a PD
coupling may be problematic. In fact, suppose that at time %
the surgical system switches from autonomous to teleoperated
mode. If master and slave robots are immobile but misaligned,
an abrupt force K (x,,(ts) — x5(ts)) is applied, with different
sign, to both robots. At the master side, this force provides an
abrupt and, possibly, unexpected feedback to the user, while
at the slave side, it generates a motion that may even be
unacceptable, as is the case when the surgical tool is close
to an organ. This abrupt force makes the control strategy (31)
too dangerous to be used in surgical applications.

A simple but not too effective solution to this problem
consists of two steps. First the pose of the master is taken to the
same (scaled) pose of the slave and, second, the teleoperation
system is started. The main advantage of this strategy is
that master and slave positions match and using standard
teleoperation strategy a zero steady state position error can be
achieved. The main drawback of this approach is the waiting
time necessary for the alignment of the master. This waiting
time cannot always be tolerable, especially in emergency
situations. Furthermore, since positioning is made by standard
PID controllers and an integral action on the position is needed
for compensating the gravity effect, if the surgeon by accident
(e.g. because of the rush due to the emergency) grasps and
moves the master before the alignment is over, an unstable
behavior may arise [8] and the waiting time for activating the
teleoperation system may increase.

In order to preserve the passivity of the overall teleoperation
system and to get rid of abrupt forces due to the robots initial
misalignment, we propose to modify (31) as follows:

F,=—-K(xym —2s— L) — By, — Z5) 32)
Fs=+K(zy — x5 — L) 4+ B(&y, — &)

where L = x,,(ts) — z4(ts) is the pose offset when the
teleoperated mode is switched on. In this way, the coupling
force transmitted to the robots is zero. Furthermore, (32) is
still physically equivalent to a spring-damper system where
the spring has a rest length L. It can be easily shown that
this controller is passive and that, consequently, the overall
teleoperation system is passive being the interconnection of
passive systems. Thus, using the controller (32), when the
teleoperated mode is switched on the surgeon can start using
the system without waiting time and the system does not
transmit any abrupt force during the switch on. However also
this approach is not fully satisfactory because the surgeon has
to mentally compensate for the position offset all the time and
this may prevent her/him to focus on the primary task, namely
emergency handling. Furthermore, the force/torque feedback
received from the slave side is misleading due to the pose
mismatch.

In the next section we will show how to exploit (32) for re-
moving abrupt switching forces and how to design a passivity
preserving control strategy generating a compensating force
that reduces the waiting time with respect to the simplistic
solution described above.

B. A Two-Layer Architecture for Compensating the Pose Off-
set

The steady state position error obtained when using (32)
is due to the fact that the spring-like term of the controller
has a non zero rest length L that, nevertheless, is necessary
for preventing an abrupt force when the teleoperated mode is
switched on.

The main idea for compensating the pose offset while
avoiding abrupt initial forces is to gradually decrease the value
of the rest length towards zero. In other words, the constant
rest length L of (32) will be replaced by a continuous time
function [(t) such that [(t;) = L and I(t) = 0 for t > t4 + t..
The time evolution of [(¢) and the amount of time ¢, —
necessary for completing the compensation are free parameters
that can be set by the designer.

Nevertheless, since (32) is a bilateral interconnection, when
the rest length of the spring-like element is changing, an elastic
force is applied both to the master and to the slave. This effect
is undesired because the force due to the compensation will
cause a motion of the slave that is not directly commanded
by the surgeon and this is unacceptable since injury may be
caused to the patient.

Thus, we propose to implement the following coupling
between master and slave:

{ Fnag = —K(zm — x5 = U(t)) = B(im — i)

Fyg = a)[K(zpm — x5 — (1)) + B(@m — T5)] 33

where F,,,q and Fy, indicate the desired values of F},, and F
respectively. The smooth function «(t) : R — [0, 1] is used
for weighting the desired force to be applied to the slave side
and it is defined by:

oty = | 00

where ¢/ is the first instant of time at which ay (¢t)aa(t) = 1.
Loosely speaking, when «(t) reaches its maximum value, it
holds it. Let e(t) = ||zm(t) — zs(t)|| be the norm of the
position error and let A(¢) = ||{(¢)||. The map oy = a1 (e(t)) :
R* — [0,1] is a smooth real function defined as:

ifty <t<ty

ift>ty 34

1 if e(t) <e;
aq (e(t)) = f (e(t)) if e; < 6(t) < ez (35)
0 if e(t) > e

where f1(e(t)) is a non increasing function and &; < & are
thresholds that can be set by the designer. Similarly, cg =
az(A(t)) : RT — [0,1] is a smooth real function defined as:

1 ifA(f) <A
Oég()\(t)) = fQ(/\(t)) if A1 < )\(_f) < Ao (36)
0 if A(£) > Ao

where fo(A(t)) is a non increasing function and A\; < Xy
are thresholds that can be set by the designer. Functions oy
and ag are used to weight the position error and the rest
length. Only when both e(t) and A(¢) are small enough,
a(t) = 1 and (33) is equivalent to (31). In this way, a
standard bilateral interconnection between master and slave
will be established only when the position offset is close
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Fig. 3. The two-layer architecture for the pose offset compensation. In the
Transparency Layer, the desired coupling forces are computed according to
(33). These commands are sent to the Passivity Layer, whose role is to check
and guarantee the passivity of the total system.

to zero (i.e. no compensating effort requested to the user)
and when the position error is close to zero (i.e. no abrupt
switching force). By properly choosing the thresholds in (35),
(36), it is possible to tune the interconnection phase. Possible
guidelines for setting the thresholds are given by the following
considerations. Greater values of € and \, will delay the
moment when the slave starts to feel the reflected force, while
greater values of é; and A1 will lead to an earlier enabling
of the completely bilateral interconnection (i.e. « reaches 1
with a larger offset and a larger position error). The difference
between €, and &, (\y and \;) specifies the duration of the
transient phase. In the transient phase, when 0 < a; < 1 or
0 < a2 < 1, the control force applied to the slave is scaled
by the gain «(t) that is as small as the situation is difficult
for the surgeon to control (i.e. big position error and big rest
length). As long as a(t) = 0, instead, the slave is disconnected
from the bilateral controller and no force is applied to the
surgical robot. At the master side, the surgeon receives a force
feedback due to the compensation. The feedback attracts the
surgeon towards a pose of the master that is aligned with
that of the slave, acting like a sort of virtual fixture. This
makes the compensation process faster than a simple position
controller since the user drives the master towards the desired
pose and this action is superimposed to the one of the coupling
controller.

Thus, using (33), the switching between automatic and tele-
operated mode is smooth, a virtual fixture attracts the surgeon
towards an aligned pose and the compensation process does
not cause undesired motions of the slave robot. Nevertheless, it
is well known that changing the rest length of a spring is not
a passivity preserving operation (see e.g. [8]). Furthermore,
unlike (32), the coupling reported in (33) is asymmetric and
this asymmetry destroys the passivity of the controller. This
loss of passivity makes the teleoperation system potentially
unstable and unsafe to use.

In order to recover the passivity of the teleoperation system
and to preserve the performance of (33), we propose to
exploit the two-layer framework proposed in [10]. The overall
architecture is reported in Fig. 3 and it can be decomposed
into two layers: a Transparency Layer and a Passivity Layer.

First of all, master and slave robots are augmented with

a tank, as described in Sec. III, in order to have a storage
of energy that can be used for implementing external desired
control actions.

In the Transparency Layer master and slave exchange po-
sition and velocity information that is used for computing the
desired coupling forces, namely F,,q and F4 defined in (33).
These forces are sent to the Passivity Layer whose role is
to passively implement them using the energy stored in the
tanks. Master and slave energy tanks can exchange power for
balancing the amount of energy stored at master and slave side.
Formally, the augmented master and slave sides are modeled

as:
. 0H,
s 0 I 5o (0) (o)
. |+ Fopii+ F;
(pi) (—1 - Ri) <%’j> 1) Festit g

. o; 1 ;
i, = —Di(xi) + — (03" Pin —
mti xti

=Y 1t =m,Ss
Yi = i, =m,
37
2

where z¢,, ¥, = x4, and T; = th are the state of the tank,
the output associated to the tank and the energy stored in the
tank respectively. D; is the energy dissipated by the robot (that
can be augmented by introducing a local damping injection
[30]) and ‘P;, and ‘P,,, are the power flows that can be
exchanged with the other tank.

The desired coupling forces are implemented using the
energy stored in the tanks by interconnecting the power port
of the tank (uy,,y:,) with the power port of the robot (F;, v;)
using the following power preserving interconnection:

Fiq Fiq

‘Pout) + ut

;= Y, = zy;, = Fiq
Tt; Tt; .
T t=m,S (38)
_ id .
U,t,i = — V;
T,

i

As shown in (8) and (9), (38) is a power preserving intercon-
nection and, therefore, the desired input F;, is implemented by
exchanging energy with the tank: if F/;v; > 0, it means that
some energy is necessary for implementing the desired input
and, consequently, this energy is extracted from the tank. On
the other hand, if F5v; < 0 it means that the desired action
is dissipative and, therefore, the dissipated energy is stored in
the tank.

The desired coupling forces can be passively achieved if
and only if tanks are full enough. As reported in Sec. III, if
the energy of the tank 7; goes below a predefined threshold
€, energy extraction is forbidden and the coupling force im-
plemented is F; = 0. This guarantees passivity and, therefore,
a stable behavior of the teleoperation system, but negatively
affects performance. Thus, it is necessary to ensure that, at
both master and slave side, the fill level of the tank is kept
much higher than the minimum. The energy stored in the tanks
can be augmented in two ways: receiving energy from the
other tank or augmenting the damping of the associated robot
by means of damping injection. The latter option should be
used as a last resort since it is an invasive option and the
extra damping will be felt by the user and/or will modify the
dynamics of the slave changing the desired coupling (33).
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An exchange of energy between master’s and slave’s tanks
affects only the amount of energy available for implementing
a desired control action and it does not have any direct
effect on the dynamics of the teleoperation system. Following
the approach suggested in [37], we implement the following
exchange strategy: when the energy of the tank of the master
goes below a desired threshold ™7T;..,, an energy request
M E,.cq 1s sent to the slave tank. If the amount of energy avail-
able in the tank of the slave is greater than a threshold *7y,,,,
a flow of energy is sent to the master tank. Furthermore, the
slave tank sends to the master tank also the energy dissipated
by the robot that cannot be stored in the tank because it reached
its upper threshold 7. An analogous behavior is implemented
at the slave side. Formally, we have that the energy request
signal is given by:

ZE _ 1 Zf z11(1'251) < Z-T’req
™41 0 otherwise

The overall power extracted from each tank and sent to the
other tank is then given by:

{

where the energy dissipated by the robot is sent to the other
tank if and only if the tank is already full (i.e. o; = 1). The
variable f3; € {0, 1} disables/enables the transfer of the energy
stored in the tank and it is given by:

1 Zf T‘z(xtL) > iTa’Ua
0 otherwise

(39)

1=m,S

" Pout = (1 - Um)Dm + SEreqﬁmP ="F

_ 40
SPout = (1 - Js)Ds + mEreqﬂsP = m}Di “0)

Bi i=m,s (41)
The variable P > 0 is the rate of energy flowing from one
tank to the other and it is a design parameter. The bigger is P,
the faster is the energy transfer. All the thresholds mentioned
so far are also design parameters and the following constraints
must be satisfied: ¢; < iTreq < Tove < Ty, for i =m, s.
The strategy illustrated so far guarantees the passivity of the
teleoperation system as proven in the following.

Proposition 2 The overall teleoperation system is passive
with respect to the pair ((E}L, FN)T, (vl o).

m’ vs

Proof: Consider the total energy of the teleoperation
system as a storage function:

H(t) = Hpn(t) + Hs(t) + T (t) + Ts(2)
Using (37) we obtain that

(42)

H(t) = =D (t) — Ds(t) + Fhvm + Flvet
+JmDm(t) +Jmmpzn =m out+Ust(t) +Jsspi _SPout+
+ e, Yo, Y, F v+ Flus (43)
Since the tanks and the robots are interconnected by means

of the power preserving interconnection (38), we have that

FiTvi = —uy,ys, Where ¢ = m, s and therefore (43) can be

rewritten as:

H(t) = _(1_0m)DM(t)_(1_US)Ds(t)+0mmpin_m out""
+ 0Py — *Pout + Fil v, + Flv,  (44)

Using (40), we have that

H(t) = —(1—00) D () —(1—0) D (t) — (1 =0 )* Pos—
—(1=0)™Pyut + Fl vy + Fo,  (45)

Since o; € {0,1} and since ‘P,,;, D; > 0 for i = m,s, it
follows that:

H(t) < Ff v + F v, (46)

which proves the statement. |

Passivity guarantees a stable behavior of the teleoperation
system during the compensation phase and while teleoperating
the slave. If the exchange of energy between the tanks is not
sufficient for guaranteeing a sufficient level of energy in the
tanks, then it is necessary to augment the local damping of
the robots. Intuitively, increasing the damping is a passivity
preserving operation and, formally, passivity can be proven
following the same lines of Prop. 2, using a variable damping
matrix in the port-Hamiltonian models of master and slave.

The proposed teleoperation strategy is robust with respect
to communication delay between master and slave since, as
detailed in [10], the two layer approach preserves passivity in
the delayed case.

VI. I-SUR RoBoOT

The I-SUR robotic platform was designed with the aim of
autonomously performing relatively simple surgical actions,
such as puncturing and suturing. In the first prototype of
the robot, a platform with 8 degrees-of-freedom (DOF) was
developed to automate the procedure of percutaneous needle
insertion. This task requires a large workspace to properly
position and orient the needle over the target area, a high end-
effector positioning accuracy, and a stiff structure to guide
the needle during insertion. For this purpose, the I-SUR robot
adopts a macro/micro unit architecture [38], [39]. A 4 DOF
macro unit consisting of a linear delta robot [40] serves as
a gross positioning unit. The parallel structure of the macro
unit offers a rigid platform capable of carrying the weight
of the micro unit, while ensuring high position accuracy for
needle placement and insertion. The micro unit consists of
a 4 DOF robotic arm with hybrid kinematics, and holds the
needle at its distal end. Three of the four DOF are actuated
remotely from the moving platform of the macro-unit, while
the needle can be rotated during insertion via a belt and pulley
drive located behind the needle holder. The needle holder
incorporates a 6-axis force/torque sensor (ATI Nano 17, ATI
Industrial Automation Inc., NC, USA) to measure interaction
forces and torques during needle insertion. Position sensing is
achieved through encoders located at the level of each actuator,
and through potentiometers providing a redundant position
measure for safety purposes. The same macro/micro structure,
equipped with specific tools and an additional micro unit, will
be adopted to execute autonomous suturing.

The control implementation of the robot is hierarchically
organized into two control layers, the low-level control and the
high level-control. The low-level control of the I-SUR robot
involves position and velocity control in a cascaded manner
[41] at the joint-level, as well as trajectory following. This
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layer is implemented in real-time LabVIEW 2013 (National
Instruments, USA) running on a PC with an 8-core Intel i-
7 (3.4 GHz) processor. While the joint/velocity control runs
at 10 kHz on an integrated field-programmable gate array
board, the trajectory following is performed at 2 kHz on the
target PC. The end effector position is computed by solving
the combined kinematics of both the macro and micro units
independently. In addition to position and velocity control,
software safety routines that monitor position, velocity and
motor current are implemented in the low-level controller. The
high-level controller defines the end-effector trajectory for the
needle insertion based on pre-operative data. It further includes
the interaction control scheme described in Sec. IV that runs
on top of the implemented joint position control, which allows
the robot to dynamically interact with the environment in a
controlled and stable manner.

The I-SUR robotic platform is a kinematically redundant
manipulator. However, we assume that the redundancy is
addressed in the low-level control. Thus, the implementation of
the high-level control in the task space as described in Sec. IV
is not affected by redundancy.

VII. EXPERIMENTS

We performed experimental tests on the semi-autonomous
robotic surgical system presented in Sec. VI in order to
validate the theoretical findings presented in this paper. The
accompanying video clip shows the experiment described in
the following, while Fig. 4 shows the I-SUR robotic platform
and the experimental setup. Further experiments can be found
in [11], where a different robot was used to validate a strategy
similar to the one presented in this paper.

Fig. 4. The experimental setup used for validating the theoretical findings.
The setup consists of the I-SUR robotic platform, a phantom of the human
abdomen and a PHANTOM OMNI haptic device.

The case study chosen to validate the control strategies
is the insertion of needles through the skin since this is a
task that requires high accuracy and reliability. The proposed
experiment is only an example to illustrate the capabilities
and a possible application of the overall methodology pre-
sented in this paper. The robot autonomously performs the
insertion of the needle into a phantom of the human abdomen.
The phantom includes artificial organs, produced using high-
fidelity CAD models as described in [42], which are enclosed
in a gelatin layer that replicates the features of human skin.
While the needle penetrates the phantom, the occurrence of an

1: Start
2 : Surgeon Ack

A: MoveToChangeNeedle

\
5 : Change Stiffness D: MoveToSkin
6 : Pose Reached 04 “Move Traj)
7 Change Stiffness 15 : Pose Reached
B: WaitNeedleMounted E: MoveToTarget
8: Check Tool 16: Move Traj
9 : Needle Mounted Ack 17 : Pose Reached
C: MoveToApproach F: WaitNeedleRemoved
10 : Plan Path —18 : Check Needle Tip
11: Move Traj 19: IF (Target Reached AND
Needle Removed)
12 : Change Stiffness GOTO Step A
ELSE Switch to Teleop Mode

v |

Fig. 5. Flow chart describing the robot activities executed during the
experimental scenario. Letters and numbers, indicating the sequence of steps
and operations, will be used to highlight interesting features of the experiment
plots.

undesired event is simulated: the needle is assumed to miss the
target and then has to be extracted and reinserted under manual
guidance (teleoperation). To this aim, when the occurrence of
the event is detected, the system switches to the teleoperated
mode and the user can manually extract the needle from the
skin and correctly reinsert it. A PHANTOM OMNI haptic
device was utilized as the master device of the teleoperation
system. Since the orientation DOFs of the PHANTOM OMNI
device are not actuated and, therefore, the reaction moments
cannot be reflected to the user, the orientation is kept fixed
when the system switches to the teleoperated mode. However,
this practical limitation does not affect the generality of the
approach described in Sec. V.

The control software was developed using the Orocos
component-based framework [43] and includes, in addition to
the computational components implementing the previously
described control strategies, a motion task supervisor, imple-
mented as an rFSM (reduced Finite State Machine) module
[44], a motion planner, which generates online collision-free
paths in robot workspace coordinates using OMPL [45], com-
munication bridges towards the low-level robot controller and
a user interface interacting with the surgeon. The surgeon is
in fact the primary driver of the surgical procedure, providing
commands to proceed or interrupt the task execution sequence.
In particular, the experimental scenario requires the robot to
execute the activities described in the flow chart of Fig. 5.
The main steps of the procedure are denoted using letters,
while basic operations performed within each step are denoted
using numbers. It is important to note that such letters and
numbers will be used in the rest of the section to highlight
interesting features of the experiment plots and relate them
to the overall sequence of the task. The surgical procedure is
started when the robot is in a home position, and the robot
is then moved along a collision-free path (i.e. avoiding the
phantom or any other obstacle in the workspace) generated
online, to a position allowing the surgeon to mount the needle
onto the end-effector. Because of strict tolerance settings in
collision-checking algorithms, the path generation may require
up to 15 seconds on the PC available in the experimental setup.
Moreover, the system is required to await an acknowledgment
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from the surgeon, verifying the correct installation of the
needle. Once the needle is mounted, the robot moves towards
the final target in three steps: first a collision-free path to an
approach position is generated and executed, then a sequence
of two properly aligned linear trajectories of specified lengths
are executed, without any collision-checking, to get in contact
with the skin and then penetrate it. The robot is finally stopped
and waits for the removal of the needle from its end-effector.

A. Autonomous Needle Insertion

In this subsection we will focus on the first part of the
experiment, where the needle is autonomously inserted by the
robot following the desired trajectory to reach a specific target
inside the phantom. Thus, we will show the results of the
implementation of the variable admittance control.

After many experimental evaluations, the inertial and damp-
ing parameters of the desired interaction model (16) were em-
pirically chosen as the following constant diagonal matrices:

A = diag{0.5,0.5,0.5,0.01,0.01,0.01} [Kg]
Dy = diag{Dag1,Da2}
where
Dy = diag{50,50,50} [Ns/m]
Dy = diag{10,10,10} [Nms/rad]

Since during the puncturing task the robot has to behave in
different ways depending on the environment it has to interact
with, the entries for the stiffness matrix change during the
operation. Indeed, for example, the robot can be compliant
while it is in free motion, while it has to be stiff for pene-
trating the skin. To preserve the clarity of the presentation,
the following plots will show only the results regarding the
translational coordinates x, y and z. Similar results have been
obtained for the rotational coordinates.

The evolution over time of the variable part K, (t) of the
stiffness matrix is shown in Fig. 6, while the constant part is
chosen as

Kc = diag{KclaKCZ}
where
K. = diag{10,10,10} [N/m)]
Ko = diag{10,10,10} [Nm/rad]

To demonstrate that the system remains stable despite the
stiffness changes, we even consider different ways of varying
the stiffness profile. For example, during the movement of
the robot to the position of needle change, the stiffness is
augmented gradually, whereas when the robot is waiting for
the needle to be mounted, the stiffness is changed instantly.
The desired Cartesian translational positions computed by
the admittance controller are reported in Fig. 7. As expected,
the commanded motion does not diverge over time and the
system remains stable despite the many changes of stiffness.
Figure 8(a) shows that the tracking error during the insertion
of the needle (phase E) is below the acceptable value of
0.0011 m, thanks to the high values of the stiffness in this
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Fig. 6. Evolution over time of the values chosen as diagonal elements for the
variable part of the stiffness matrix during the autonomous needle insertion.
(The numbers and the letters refer to the steps and operations in Fig. 5).
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Fig. 7. Desired cartesian positions computed by the admittance controller.
(The numbers and the letters refer to the steps and operations in Fig. 5).

phase, while Fig. 8(b) shows the forces measured during the
same time interval.

Figure 9 shows the behavior of the tank energy 7. The
energy thresholds are chosen as 7' = 10 J and ¢ = 0.1 J.
When the stiffness changes instantly, at £ = 10 s and t = 36 s
(yellow regions in Fig. 9), the required energy to implement
this behavior is extracted from the tank. On the other hand,
the gradual changes of stiffness, red areas at { = 28 s and
t = 83.5 s, are dissipative actions, and thus the tank energy
rises. The energy level has a big increment when the needle

oS bhbonwsao 3

L L L
90 91 92 93 94 95 96 97
(a) Tracking error

" INSERTION

0E —7—

05 . . . . . . !

90 91 92 93 94 95 96 97
(b) Measured forces

P

9é t[s]

Fig. 8. Tracking error (i.e. difference between the position of the robot end-
effector and the desired trajectory) and measured forces during the approach
and insertion phases.
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Fig. 9. Evolution over time of the energy level of the tank during the
autonomous insertion. Yellow regions correspond to instantaneous variations
of stiffness, while red areas correspond to gradual changes of stiffness. The
green region highlights the evolution of the tank energy during the motion of
the needle inside the phantom.

penetrates the skin (¢ = 93 s) since this action is dissipative,
but then, during the motion of the needle inside the phantom,
the tank is emptied again to perform the movement and the
tank energy decreases accordingly (green region). Little energy
is extracted or inserted into the tank because, as shown for
example in Fig. 8(a), the trajectory error Z(t) is small and
then, from (24), the values of w(¢) used in (23) are small too.

B. Switching to Teleoperation for Manual Needle Extraction
and Reinsertion

In this subsection we will take into account the second part
of the experiment: the needle has been autonomously inserted,
but due to an unexpected event the target is missed. The
system recognizes this event and switches to teleoperation.
The switching instant is ¢, = 137.3 sec.
According to the theory developed in the previous sections,
the following design choices were made:
o the control parameters in Fig. 2 are K =
B=1.1Ns/m, R,, = Rs =5 Ns/m;

« the following values for the energy thresholds have been
selected: T; = 20 J, Tppe = 10 J, "Tyeq = 5 J,
g; =1 J, where i = m, s;

« the non increasing functions fi(e(t)) and f2(A(t)) in (35)

and (36) are defined as

fi(e(t)) = % {cos (we(t)_el> + 1} 47

50 N/m,

RO0) = 3 [oos (PE2) +1] e

With this choice, the functions smoothly change from 0
(when e(t) = &z and A(t) = A2) to 1 (when e(t) = é;
and A\(t) = \y), with & = %2 and \; = % Indeed,
the cosine is a continuous function that allows smooth
transitions between the two values, while avoiding abrupt
variations.

o the thresholds related to the functions «;(e(t)) and
as(A(t)) are chosen as €; = 0.005 m, é; = 0.01 m,
A = 0.005 m, A2 = 0.01 m. Such small values
are justified by the surgical context, prescribing that
the bilateral interconnection is only enabled when the
mismatch between master and slave is small. In case of
less critical tasks, larger tolerances could be chosen.

In Fig. 10 we show the Cartesian positions of master and

slave and the position errors, while Fig. 11 shows the detail
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Fig. 10. Cartesian positions of master (red lines) and slave (blue lines) during
the teleoperation phase. At the switching instant ¢, master and slave are not
aligned while, after a short transient, the coupling between the two motions
becomes effective. The plots on the right show the position errors between
master and slave.

of the z coordinate of master and slave positions during the
alignment transient. As shown in Fig. 10, at the switching
instant master and slave are not aligned and the following
pose offsets arise when teleoperation is switched on:

L,(ts) = =xm(ts) —xs(ts) = —0.006 m
Ly(ts) = ym(ts) —ys(ts) = —0.01866 m
L.(ts) zm(ts) — zs(ts) = —0.07735 m

According to the method described in Sec. V, the rest length L
is replaced by the continuous time function [(¢) whose initial
value is given by L but at the end of the compensation its
result is equal to 0. At the switching instant, the operator
feels a force guiding him/her to align the master position with
the slave position. At the same time, the functions a(e(t))
and a(A(t)) defined in (35), (36) increase, because I(t) and
the misalignment decrease, respectively. The force due to the
bilateral coupling is applied to the slave device weighted by
a1z, This means that the slave would not move until «; and
oy will be close to one.

At the end of the alignment phase, we have oy = ag = 1.
This means that the teleoperation is completely operative and
master and slave are fully coupled. Indeed, as shown in Fig. 11,
the slave starts moving only when the master position is very
close to the slave position, i.e. the distance between master
and slave is below the threshold of 0.01 m, and the coupling
between the two motions becomes effective. As master and
slave are interconnected by using the coupling in (33), the
forces felt at the master side are proportional to the position
error between master and slave. Thanks to the action of the
variable rest length, the forces gradually decrease from the
initial value and this results in a smooth behavior.
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Fig. 11. Detail of the z coordinate of master (red solid line) and slave (blue
dashed line) cartesian position during the transient. At the switching instant
ts, master and slave are not aligned. Then, the master starts moving towards
the slave position and, at the end of the alignment phase, the teleoperation is
completely operative and master and slave are fully coupled.
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Fig. 12. Energy level of the tanks at the master (red solid line) and slave
(blue dashed line) sides when the teleoperation mode is active.

Figure 12 shows the energy level of the tanks at the master
and slave sides. It can be seen that the master stores energy
until it reaches the upper bound T around t = 154 s. The
energy not stored in the tank is then sent to the slave tank,
which increases its level faster than before. Thanks to the
exchange of energy between master and slave tanks, the energy
in the tanks is well distributed and it was never required to
augment the damping during our experiments to keep the
filling level of the tanks high enough, as shown in Fig. 12.
Nevertheless, if further energy were necessary for refilling the
tanks, a local damping injection [8] can be activated. In order
to avoid asymmetry in the viscous force felt by the user, the
damping should be isotropic and, consequently, the control
action distributed in all directions.

This test shows that the exchange of energy during the
alignment and the normal teleoperation works as expected.

It is worth noting that, during the transition from the
“locked” slave robot to the teleoperated slave robot, there are
no spikes, oscillations or abrupt movements. The proposed
control architecture allows to switch from fully autonomous
mode to teleoperated mode in a stable manner, which is
essential for critical applications such as robotic surgery.

VIII. CONCLUSIONS

Autonomous surgical systems in soft tissue surgery are still
in a very preliminary conceptual phase. As they progress, they
will be useful in the operating room to allow the surgeon to
focus only on the most critical parts of the surgical procedure.
Since in soft tissue surgery, the robot has to interact with
environments mostly unknown and usually deformable, the

control of the interaction behavior of the robot is fundamental.
Furthermore, it might happen that the autonomous system
cannot complete the procedure due to unexpected events. In
this case, the intervention of the surgeon is mandatory and
the transition from autonomous mode to teleoperated mode
has to be carefully managed to avoid abrupt movements and
oscillations that could harm the patient.

In this work, we proposed an admittance control strategy
characterized by a time-varying stiffness, damping and inertia
to assure passivity during interaction with the human body. By
properly controlling the energy exchanged during the action,
the system is guaranteed to be passive for any choice of the
stiffness and inertia matrices. Therefore, the robot exhibits
stable behavior, both in free motion and in interaction with
partially unknown environments (e.g. the body of the patient).

Moreover, we proposed a stable, reliable and accurate
procedure to handle the challenging transition phase between
autonomous mode and teleoperation of a surgical robot. In-
deed, abrupt forces due to the switch have been avoided,
especially those applied to the slave robot, and the kinematic
mismatch is progressively reduced so that the accuracy is
increased. Finally, since the overall teleoperation system has
been formally proven to be passive, stability and reliability
are guaranteed. The proposed control architecture is based
on a two-layer bilateral control architecture that guarantees
stability and smooth variation of the critical variables. The
freedom in the choice of control parameters and functions
can be exploited to adapt the proposed solution to different
conditions. The proposed architecture has been implemented
on a semi-autonomous robotic surgical system designed within
the I-SUR project and the results of related experiments have
been discussed. The techniques developed in the paper are
general and they can be extended to other, more complex
automated surgical scenarios where a robot has to interact with
a soft tissue and where a switch between autonomous mode
and teleoperation mode is necessary.

Future work aims at selecting a proper stiffness profile that
reflects an online estimation of the environmental stiffness.
Furthermore, it has to be investigated how the energy extracted
from the tank can be modulated when its filling level is
close to the minimum (i.e. degraded operating mode). The
methodologies presented in this paper ensure stability of the
system, which is a necessary prerequisite for safety in robotic
surgery. However, to make the procedure completely safe for
the patient, other higher level safety measures must be in place
to monitor the proper execution of the task.
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