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Abstract— This paper is focused on the motion control
problem for a laparoscopic surgery robot assistant with an
actuated wrist. These assistants may apply non-desired efforts
to the patient abdomen. Therefore, this article proposes a
control methodology based on three feedback levels, which have
been defined as layers. These layers control different aspects of
the endoscope movement. A low level assures the dynamic of the
robot assistant is performed accordingly. The mid level
emulates a passive wrist behavior to avoid any efforts over the
abdomen. An external high level deals with the global
movement planning. This architecture also makes easier to
analyze the stability of the whole system. Finally, a real in-vitro
experiment has been implemented with an industrial robot in
order to contrast the validity of this article procedure.

I. INTRODUCTION

INIMALLY invasive surgery is based on making little

incisions in the skin, in order to access the abdominal
cavity with special long instruments. In this kind of
procedures, an assistant is needed to manage the
laparoscopic camera, which shows the abdominal cavity to
the surgeon through a screen. This technique aims to reduce
the size of the incisions in order to lessen patients’ recovery
time and limit any post-operative complication [1]. However,
the disadvantage of this kind of surgery lies in the form of
new limitations for the surgeon: movement restrictions, loss
of touch and 3D perception, and hand-eye coordination
problems. In this way, freedom can be improved by surgeon
assistance in the form of new procedures based on robotic
engineering.

One of the challenges arisen by the use of these
technologies consists of replacing the surgeon assistant used
in laparoscopic surgery procedures for moving the camera.
The assistant task is to focus the camera on the area of
interest for the main surgeon. Due to the assistant’s steady
hand, the endoscope may come into contact with a tissue, fail
to center the area required by the surgeon or transmit
unstable pictures to the monitor. The solution for these
related problems is to design a robotic assistant for
laparoscopic surgery.

A robotic assistant must locate the endoscope inside the
abdominal cavity, so it points at the desired internal
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anatomical structure. This concept is known as laparoscopic
navigation.

The endoscope point of insertion /, (fulcrum point) has a
reference system attached (see Fig. 1), whose axes match
with the robot axes base reference frame. The first one is
used in order to specify the camera relative location through
spherical coordinates o (orientation angle), f (altitude
angle) and p (external distance, or distance from the wrist to
the fulcrum point) [2]-[3]. Thus, the endoscope movements
are described in terms of spherical coordinates.

A robotic assistant must be equipped with a wrist able to
develop the spherical movements described above. In this
way, possible solutions for this purpose are passive or active
wrists. The first one consists of a mechanism with no
actuated joints [4]-[6], so that it guarantees no efforts are
applied to the abdominal wall. However, the endoscope
location precision decreases with any uncertainty concerning
the fulcrum knowledge.

The accuracy of the endoscope location can be improved
by means of an active wrist, since it avoids the backlash
between the endoscope and the trocar. However, this kind of
structure can exert undesired forces to the abdominal wall. In
this way, some works like Da Vinci [7] or AESOP [8], solve
this problem by using a wrist with a remote rotation centre
configuration [9]-[10], or with spherical arc wrists [11].
However, this kind of mechanic structures presents some
drawbacks: they require special instruments for their
implementation, a previous calibration procedure, and they
are implemented via voluminous mechanisms.

Because of these limitations, this paper has been focused
on direct actuated wrists [12]. Section II introduces the
problem of laparoscopic navigation for direct actuated
wrists, as well as the proposed motion control architecture.
Section III is devoted to design an appropriate control
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Fig. 1. Navigation of the laparoscopic camera on spherical coordinates.
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Fig. 2. Endoscope-Abdomen interaction efforts (a) and passive wrist
emulation control strategy (b).

strategy to solve the motion control problem, by means of
passive wrist emulation. Section IV details the stability of the
control system. Section V shows an in-vitro experiment with
the proposed control strategy. Finally, section VI concludes
the advantages of using direct actuated wrists, as well as
possible future applications related to minimally invasive
surgery.

II. FUNDAMENTALS ON LAPAROSCOPIC NAVIGATION

This section describes the navigation problem of the
endoscope. Direct actuated wrists avoid the backlash
introduced by the trocar-endoscope interaction which
appears on passive wrists solutions. Thus, the endoscope
always reaches the desired spherical position in spite of
inaccurate estimation of the fulcrum. However, this
uncertainty will eventually force the abdominal wall and
could damage the patient.

Firstly, an analysis of the endoscope interaction with the
abdominal wall during the navigation is presented. Then, this
section will propose a control strategy whose goal is to
decrease the efforts applied to the abdomen. With this
information, a global control architecture scheme will be
introduced to explain the problem of laparoscopic navigation
and the solution proposed in this paper.

A. Actuated wrists navigation problem

Fig. 2 (a) illustrates an endoscope movement where the
altitude angle f changes from a starting null position A to a
final position B. The robot movement planner uses an initial
estimation of the fulcrum position C for computing the arc
shape trajectory, instead of the unknown real one I,. This
situation involves that the endoscope exerts an undesired
force to the abdominal wall, F,, in such a way that the
fulcrum point is moved from I, to a new position /. On the
other hand, the endoscope slides through the trocar,
producing a friction force F,. In the figure, F represents the
nominal force applied to the abdominal wall, defined as the
composition of F, and F,. Finally, let be Rr and Ry, the force
and torque measured at the camera reference frame.

The abdominal force F, gives information about the
direction where the fulcrum point 7 is displaced. Therefore,

this force is used for two purposes: i) if navigation is being
performed in an accurate way, and ii) any unexpected change
implies a fulcrum location variation (i.e. respiratory motion
or abdominal cavity air pressure variation).

A null fulcrum point estimation error (i.e. I, ClI=0)
implies that no efforts are applied to the abdominal wall, and
therefore the fulcrum point keeps its initial position (i.e.
Iy=I). A similar analysis can be deduced from an orientation
angle a.

B. Control Strategy

The proposed approach to reduce the efforts applied to the
abdominal wall is based on emulating the passive wrist
behaviour. This way, on the situation shown in Fig. 2 (a), a
non-actuated wrist would keep its orientation according to
the initial position at the fulcrum point /,. Fig. 2 (b) shows
this passive compliance by means of the angle ¢. Thus, the
motion controller of the direct actuated wrist must compute
this compensation angle ¢ to get the desired behavior.

As described above, the angle ¢ is required in order to
orientate the endoscope accordingly to the initial fulcrum
point I,. Let be e, the distance between I and ), as a
consequence of the altitude movement f shown in Fig. 2 (a).
The compensation angle ¢ is related to e, from a
geometrical point of view, by means of the expression (1).

3 ptang
“ cos B(1+tan Btan @)

Expression (1) can be simplified when values of ¢ are
considered closed to zero, as shown in the relationship (2).

1)

¢ =P
cos

Fig. 3 shows the e, computation error due to the use of the
simplified expression (2). This figure presents a set of curves
corresponding to different values of the altitude angle f,
when the external distance p value is the maximum possible
(p=230mm). Each single curve details the evolution of the
mentioned error (e, — e’,) when the compensation angle ¢
increases. The passive wrist emulation (from now, PWE)

@ 2)

B — —

Simplification Error (mm)

Fig. 3. Approximation error between ¢, and e',.
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Fig. 4. Architecture scheme for the laparoscopic navigation problem
with actuated wrists.

algorithm uses an empirical threshold for ¢ equal to 2
degrees in order to bound the computation error of e, below
1 millimeter.

As it can be noticed from Fig. 2 (b), the PWE control
action, by means of ¢, changes the altitude angle of the
endoscope. In this way, an external spherical control loop is
needed in order to recover the desired goal altitude f.
Moreover, the dynamic behaviour of the PWE must be fast
enough in order to reach the compensation angle ¢ before the
spherical control loop commands the next altitude goal.

C. Architecture Scheme

This subsection presents the three layers architecture
scheme proposed in order to control the movements of a
direct actuated wrist robotic assistant (see Fig. 4). The
proposed methodology divides the laparoscopic navigation
problem into three less complex actions, in such a way that
simplifies the stability analysis of the overall system.

The scheme includes the external spherical control loop,
marked as Layer-1, and the passive wrist emulation control
strategy (Layer-2) described at subsection II.B. Moreover, an
inner Cartesian control layer (Layer-3) is added in order to
assure the Cartesian trajectory tracking.

This cascade control scheme makes easier the stability
study of the overall system, since it is possible to prove the
stability of each layer in an isolate mode. This question will
be detailed in section I'V.

In this way, the surgeon sends the endoscope spherical
goal coordinate to the spherical controller. This control loop
feeds back both the current endoscope spherical location and
the force and torque readings provided by a force sensor
attached to the robot wrist. The goal spherical coordinate is
reached by means of this layer in spite of the orientation or
altitude changes introduced by the passive wrist emulation.
This emulation was described in Fig. 2 (b) and it uses the
force sensor feedback in order to carry out its action. Finally,
the Cartesian controller tracks the desired spherical
trajectory.

Moreover, this cascade architecture is designed in such a

way that the inner control loop is in steady state when the
outer one sends the next reference to it. Consequently, the
control period of each Layer must be at least five times
greater than the time constant of its inner layer.

III. CONTROL LAYERS

This chapter studies the control law of each layer
explained in section II.C. The explanation will use the
altitude angle B, however similar conclusions can be deduced
for the orientation angle a.

A. Internal Layer: Cartesian Controller

The influence of this Layer is essential in order to reduce
the robot dynamic to a first order behaviour. Both, a
trajectory Cartesian planner and a control scheme based on
the inverse Jacobian matrix, are used to guarantee such
dynamic on the robot movements (see Fig. 5).

The Cartesian planner computes a smooth trajectory by
using an endoscope spherical reference, defined by an arc
length L, and a wrist orientation vy, for making the
conversion of this spherical reference into a Cartesian one.

On the other hand, the Cartesian loop implements a
control law based on the inverse of the Jacobian shown in the
expression (3).

6, =" @)K X+X,) 3)

In this expression, X  1s the desired velocity, X is the

difference between the desired and actual location given by
the function F(@) after feeding back the joints vector 6, Ky a

constant which defines the Cartesian trajectory tracking
dynamic, J° l(6)) the inverse of the Jacobian matrix, and 9,.

the joints references.

The low-level joints control consists of velocity PID
controllers, adjusted to give a first order output with a
unitary gain and a constant time as low as possible. Also, the
control period T; of this Cartesian controller must be lower
than external layers, in order to read the robot joints when
they are already stable. Under these circumstances, the
Cartesian control loop obeys the expression (4).

O(kT; +T;) = 6, (kTy) %)

This situation establishes that the dynamic error (3) on the
followed trajectory is zero (5).

¥, Cartesian | X, (KT3)

X, (1) L

L — Robot LS —
z-1
X(kT) F(8) le 6(kT;)
Cartesian to PTy)

Spherical
Transform

Fig. 5. Cartesian controller.
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KX+X=0 ()

This expression defines the dynamic error when it tends

asymptotically to zero with the Ky parameter, where X is the
difference between the desired and actual Cartesian velocity.

As a conclusion, a reduced control period assures that
position and velocity references are followed. On the other
hand, from a continuous system point of view, the followed
error will be null when the joints acceleration are zero, as
states the expression (6).

K X+X=J"0)7r,0 (6)

Therefore, the constant period 7y must be as low as
possible related to the Cartesian control period T3.

B. Medium Layer: Passive Wrist Emulator

The scheme which implements the PWE control strategy
included in Layer 2 is shown in Fig. 6. This scheme consists
on two main blocks shown in the figure as two dotted lines
rectangles. The first one represents the abdomen-endoscope
interaction, and the second one includes the force control
loop for emulating a passive wrist.

The external layer computes the spherical goal coordinate
as an arc length L, and a wrist orientation f,. The first one is
the input of Layer 3 and the second one is used in order to
compute the correction y,, defined as the absolute reference
wrist orientation of the robot.

On the other hand, the force sensor measurements are
needed in order to estimate the value of ¢,. It is assumed that
the abdomen follows spring behavior [13]-[15]. Thus, a
linear relationship exists between F, and e, (see Fig. 2 (a)).

In this way, the compensation angle ¢, is obtained using
an estimated stiffness A, and an estimated external distance,
p.. Finally, the input F, is referred to the low limit of
acceptable forces measurement, and depends on the noise
levels of the sensor itself.

In order to obtain the estimation p, of the real external
distance p, a forces/torques balance has been stated in (7), by
using the readings provided by the force sensor, and
following the scheme presented in Fig. 2 (a).

Ry =F=F, +F,
(7

RM =M:peXF=peXFa

In this balance, the cross product of the external distance
Pe, Whose direction matches the endoscope axis, and friction
F, is null because they are parallel vectors. Applying the
norm on torque equation depending on F (8):

M Fsiny — <sin Fy - M 8
= 1 1 = —_— = —_—
Pe 14 14 F Pe F. @)
Where the sensor readings F=(F,, F), F), and the angle y
can be obtained from the cross product between the forces F
and F,. On the other hand, combining the relationship

M=p xF, from (7) with expression (8), results the
following value for F, (9):
M=p,F sinE-p) > F, =15 = 40 9
- pe a 2 a ~ COS,B - a ( )

Finally, the conversion of the output force F, into the
compensation angle ¢ (10) is computed by means of
expression (9) and expression (2).

F.=pA¢ (10)

If the estimation errors of 4, and p, are closed to zero, then
the compensation angle ¢, would assure that the endoscope
orientation reaches the initial position of the fulcrum point /.
However, this is not a real situation, so a PI controller has
been added in order to assure no forces are applied to the
abdominal wall. The Ackerman’s methodology for poles
assignment has been used to design the PI control law,
according to a dead-beat strategy. In this way, the PI gains
can be expressed as follows (11):

1 ) A (+e BT
> P2 =T o

Kj=——
1= e (1-

e D

Where 7 is the time constant imposed by the Cartesian
controller and 75, is the control period of this layer.

Finally, the endoscope-abdomen interaction includes the
actual abdominal wall spring behavior, as well as the
external distance estimator algorithm based on the
expression (8). Moreover, this block compensates the
endoscope weight in order to simplify the control PI design.

C. External Layer: Spherical Controller

As it has been stated before, the PWE control action
changes the endoscope orientation in order to reduce the
forced applied to the abdominal wall. In this way, an external
spherical control loop is needed in order to recover the
desired goal orientation.

Fig. 7 shows this spherical controller (Layer 1) which,
using the desired endoscope location f;, generates a smooth
spherical trajectory S,(kT;), that is used as the PI control law
reference. The control loop provides feedback of the real
location of the endoscope in order to calculate the required
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Fig. 7. Spherical controller.

spherical trajectory f,, eliminating the location error caused
by the correction introduced by Layer 2. The Ackerman’s
methodology for poles assignment has been used to design
the PI control law, according to a dead-beat strategy. In this
way, the PI gains in Fig. 7 can be expressed as follows (12):

1+e 07
1 K €

Kp=——— | E
! Ty,

1-e /7
In the previous expression, 77 is the control period of this
layer and 7 is the time constant imposed by the Cartesian
controller included in Layer 3.
Finally, in order to connect the required spherical
trajectory S, with the inners layers, the arc length L, has been
computed by means of p,.

12)

IV. SYSTEM STABILITY

As it has been previously mentioned, the proposed control
scheme makes the study of the stability easier, because it is
possible to prove the stability on each layer separately.

The Cartesian controller assures the stability on the layer
3, however an study on layers 2 and 3 is needed due to the
uncertainties of distance p, and stiffness 4,.

In this way, the stability of layers 2 and 3 will be focused
on their dynamic matrices. For this purpose, it will be
considered that those systems are stable when their matrices
eigenvalues are below the unit, by means of parameters p,
and A,.. This analysis is easy thanks to the first order dynamic
behavior imposed by the Cartesian controller included in the
layer 3.

Therefore, dynamic matrices for layers 1 and 2 in closed
loop appear in the expression (13).

-1 p, ) 3 -1 —l/ﬂe
A‘{—l/p 1} ’ Az_[—ﬂ I }

With the eigenvalues of these matrices, the stability
conditions can be expressed as (14).

1
‘%\/p(p—pe) T VA - D)

It can be concluded that the conditions needed for the
system to be stable are (15):

13)

<1 <1 (14)

p.22p 5 A, 2054 (15)

V. IMPLANTATION AND EXPERIMENTS

In order to verify the proposed control approach, it has
been necessary to carry out some experiments in order to test
the appropriate control system operation. A patient simulator
has been used for the in-vitro procedures, which are required
to see how the model responds to artificial, but tangible,
tissues. This is the previous step to clinical trials, thus this
work does not provides in-vivo experimental results.
Therefore, the goal of the experiment is testing the proposed
control scheme behavior.

The experiment consists of studying the temporal response
on an altitude movement that modifies the S angle an
interval, for example, from 45 to 30 degrees. The sampling
times of each layer are 7,=0.01 seconds for the Cartesian
layer, the passive wrist emulation layer is five times slower
than the Cartesian, and the same for the Spherical layer. An
industrial manipulator (PA-10 by Mitsubishi Heavy
Industries, Ltd) with actuated wrist has been used for these
tests (see Fig. 8). In order to verify the external distance, a
Polaris Optical Tracking System (Northern Digital Inc.) has
measured the location of the fulcrum during the experiment.
Spherical coordinates a, f and p have also been represented
to compare the real system with general spherical movement
around fulcrum point {/,} in Fig. 1.

A. Navigation with actuated wrist

Fig. 9 (a) and (b) compares the desired orientation o and
altitude £ with the real values followed by the robot. As it
can be noticed, the real altitude B trajectory follows the
desired one in an accurate way. The real trajectory appears
to be delayed, but it is an effect of the slow sampling time of
the reference.

Optical Tracking
System

Patient
Body

Fig. 8. Robot assistant with an actuated wrist.
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Fig. 9. Orientation « (a), altitude /8 (b) and abdominal force F, (c).

B. Fulcrum point estimation

Fig. 9 (c) represents the abdominal force when a distance
difference exists between the initial fulcrum point /, and the
actual one. When the endoscope interacts with the abdomen
and generates a force and a torque, the control system
recalculates the estimated fulcrum point in order to reduce
the estimation error. This action reduces the effort applied on
the abdomen of the patient. When forces are low, sensor
measurements have an intrinsic noise that cannot be avoided.
This is the reason why the control scheme must ignore a low-
force control.

VI. CONCLUSIONS

This article has described the problem of laparoscopic
movement, using a robotic assistant with an actuated wrist.
More specifically, the movement on actuated wrists has been
developed by emulating the passive mechanism. By studying
the results obtained on experiments, it is concluded that
behavior of these wrists is very accurate and it produces
small errors responses when locating the fulcrum.

Furthermore, actuated wrists could be more attractive for
future applications. Since they are capable of applying
efforts, with proper modifications on the control scheme,
they can be used to other more active tasks. For example:
holding an organ, stitch operations and, in general, any
action required inside the abdominal cavity.
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