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Abstract: Due to robotic assisted surgery the surgeons can operate through infinitely smaller incisions,
resulting some benefits for the patients, like: less trauma, reduced blood loss, shorter recovery time, as
well as for doctors, providing benefits such as reduction in hand tremor, 3D visualization and workspace
scaling. Using the principle of virtual work, the inverse dynamic model of a new parallel architecture is
determined and some simulation results are presented in this paper. Key words: parallel robot, inverse
dynamic model, minimally invasive surgery, simulation results.

1. INTRODUCTION

Minimally invasive surgery (MIS) has
evolved and developed continuously in the
last 20 years. This procedure typically
involves the use of several small sized
incisions to introduce an endoscope together
with the surgical instruments which provides
an indirect view of the surgical field. In a MIS
procedure, some of the demonstrated patient
advantages are: less trauma, reduced blood
loss, shorter recovery time, less emotional
discomfort, less morbidity. Robots are useful
tools in minimally invasive surgery (MIS),
providing benefits such as reduction in hand
tremor, navigation, and workspace scaling.

The first surgical robotic application for
positioning the laparoscopic camera within
the surgical field was performed, in 1993 with
the help of AESOP 1000 robotic system [1].
Prosurgics provides FreeHand [2], a robotic
system that positions the laparoscopic camera
based on the head motions of the surgeon.
Another surgical robot is ViKY developed by
EndoControl [3], [4], which is a compact
motorized endoscope holder for a wide range
of laparoscopic and thoracic surgeries. One of
the most complex surgical robots used in MIS
is the da Vinci surgical system [5] developed
in 1997 by Intuitive Surgical Inc. and

currently at the second generation, approved
for medical use, namely in surgery and
urology.

The first steps in this field of research in
Romania were achieved at the Technical
University of Cluj-Napoca in 2005, and the
first experimental model of a laparoscopic
holder with 3 DOF, named PARAMIS was
achieved in 2008 [6, 7]. PARASURG 5M is
another system [8] designed for minimally
invasive surgery, developed at the Technical
University of Cluj-Napoca.

The dynamic analysis of parallel structures
has an important role in the description of the
behaviour of mechanical systems and in the
achievement of their best performances. The
inverse dynamics aims to describe and to find
the actuator forces and/or torques needed to
generate a desired trajectory of the end-
effector (surgical instrument or laparoscope).

The principle of virtual work will be
applied in this paper. Constraint forces and
torques, depending on the choice of system
coordinates, may also be taken into
consideration. The principle of virtual work is
the most efficient method for the dynamic
analysis of parallel manipulators [9].
Different researchers [10, 11] present the
dynamic analysis of parallel manipulators
based on this principle. The dynamic
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modeling and a control for a three prismatic
revolute cylindrical parallel kinematic
machine using the principle of virtual work is
described in [12]. The kinematic and dynamic
analysis of a 4-DOF parallel manipulator
using the principle of virtual power,
presenting the recursive matrix equations is
presented in [13]. Itul and Pisla present a
comparative  study  between  different
dynamical methods for 3 DOF parallel robots
considering certain parameters [14, 15].

Seyferth [16] proves that the minimum
number of lumped masses that can
dynamically replace a rigid body correct is
four. Sixteen parameters m;,x;,y;,z; (i=1,2,3,4)
characterize the mass replacement procedure,
six of them may be chosen freely. In case the
rigid body forms a bar of length /. =/ with

longitudinally and evenly distributed mass
m, =m , the system is dynamically equivalent

to three masses: m, =m, =m/6, m; =2m/3

[17], the mass m; being located in the bar

centre of the mass and the other two masses at
the end points of the bar.

2. INVERSE DYNAMIC MODEL

Starting from the parallel structure
presented in [18] and [8], a new parallel
module for orientation is attached to the
structure described in [19]. This new parallel
structure reduces the pressure on the
abdominal wall and can handle both a
laparoscope and an active instrument for
different operations such as cutting, suturing,
grasping. The advantage of this new parallel
structure from the kinematic point of view is
that its both direct and inverse geometric
models have been obtained through an
analytical approach.

The implicit equations defining the tip
of the endoscope are:
£1(d1,92,93, X, ¥,0) = X —h-cos(y)-sin(6)

~({/(2-b)* —(a; —q;)* -cos(q3) ~I-sin(B)-cos(qs)) = 0

f2 (qlaq2,q3 aYG aWae) = YG -h Sm(\l/)sm(e)

- ({(2:b)* =(q, —q;)* -sin(q3) - 1-sin(B)-sin(q;)) = 0
£5(01:Z.0) = Z +h-cos(0) ~(q; ~1-cos() =0
£4(q1,92,93,94,95,V,0) = —sin(0) - cos(y —q;3) —sin(q,) =0
£5(q3,95,y,0) =sin(y —q;) -sin(B+q,) —sin(qs) =0

(1)

Using the matrix representation, the kinematic
model is: A-X+B-q=0 2
In the case of inverse kinematic model, the
end-effector velocities X= [X; Yo Zg w 061"
and end-effector acceleration X= [X; Y5 Zg
i 61" are given, while the driving velocities
and accelerations q=[q; 4, 45 44 qs 1", 4=
[, d, § d, §s 1" are computed.
q=-B".A-X (3)
G=-B-(A-X+A-X+B-q) 4)

The inputs for the generation of the
equations of the inverse dynamic model are:
the motion laws of the robot on the end-
effector coordinates, the inverse kinematic
model and the masses of robot elements. The
outputs are the drive forces/torques. The
principle of virtual work is applied in order to
get these drive forces/torques. The torque
vector is:

T=[1.75.73, T, 751" =[F.Fu M3y, My, M;s]" ()

Figure 1 presents the structure of the robot,
indicating the main mechanical elements that
are considered.

The inverse dynamics is determined for the
case in which the robot is used as a
laparoscope holder, so there will be no tissue
contact between the tip of the endoscope and
the internal organs. The friction forces in all
joints have been also neglected.

Fig. 1. The parallel structure

The following elements are considered:



e the central column (1) having the mass
m;, consisting of the central shaft of mass
My and the driven pulley with mass my;

e the screw nuts (two pieces) - (2) each
one with mass my, and the connecting pieces
between them and the central shaft (3) with
the mass ms;

ethe components (bearing and other
connecting pieces) which build up the upper
and the lower sliding carriage (running on the
central shaft), each noted with (4) have the
mass my;

e the bearings ensuring the rotation of
the shaft around the connecting pieces
between the screw nuts and the shaft, noted
with (5), have the mass ms;

e the coupling element of the lower rod
(8) with the mass mg, and lower sliding
carriage, noted with (6), have the mass mg;

e the coupling element of the upper rod
(10) with mass myo, and the upper sliding
carriage, noted with (7), have the mass my;

o the lower rod (8) with mass my;

e the coupling element of the two rods
(9) with mass mo;

e the upper rod (10) with mass m;

ethe fixed platform of the parallel
module (11) with mass m;;

ethe motor (actuator) and the speed
reducer as well the fixing element
corresponding to the active joint q4 noted
with (12) of mass mj»;

e the active joint qs noted with (13) of
mass m;s3;

ethe motor (actuator) and the speed
reducer as well the fixing element
corresponding to the active joint qs noted
with (14) of mass mj;

e the active joint gs noted with (15) of
mass mjs;

e the passive joint driven by the active
joint g4 noted with (16) of mass me;

e the passive joint driven by the active
joint q5 noted with (17) of mass m;7;

ethe mobile platform of the parallel
module, where will attach laparoscope and
the active instrument, noted with noted with
(18) of mass mys;
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e the piece that locks the laparoscope
noted with (19) of mass mjg;

e the laparoscope, noted with (20) and
having the mass my;

e the actuator which ensures the rotation
to the active joint q3 is noted with (21) of
mass my;;

The elements of length are /,, i =1..18.

Starting from the principle of lumped
masses, 33 equivalent masses have been
obtained, their distribution being described in
figure 2.

Fig. 2. The parallel robot with mass distribution

m;” are the lumped masses of the robot
elements and  joints having  the

massesm,, i =1,2,...36 and coordinates
X, Y., Z;,i=12,.36;
One can see that:
X = Xs53,
Y6 = Y33, (6)
ZG =1,

The influence of the relative motion of the
elements, involved in a rotation motion is
computed for the two active joints of the
actuating the ball screw (2), for the motor
(21) and the motors (12) and (14).
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The moments of inertia of the motor and
speed reducer have been obtained from the
catalogues: 7, ., I, .

The moment of inertia for the screw [18]
is:

Iy = (mg-D*)/810°) |kg-m?|  (7)
where mg is the screw mass, and D is the
diameter of the screw.

The moment of inertia for the motor-speed
reducer-screw clutch [20] is:

Iy = (m-D)/8-10%) kg m?]  (8)
where m, is the mass of the clutch and D; is
the diameter of the clutch.

The reduced moment of inertia could be
determined by the relation:

Liea ";012/2 = Lot '(‘;01 'n1)2/2+¢12/2'(1r +1, +IB) ©)

Leasa = Lieass = Lo 1 +1, +15 +15 (10)
where n, is gear ratio between the motor q;
and his speed reducer.

The coordinates of the mass 34 are:

X34 =1a34 'COS((P1 ); Y34 =g 'Sin((Pl)» Zy=-1, (1 1)

where:
Ipsg =lnzs = e /mtot (12)

knowing that:

m; = m; =m, =m +m, +m, +m_ (13)
m, and m,, are the masses in rotation of the
speed reducer and motor, and:

@1 = @10 +Q2m)/P-(q1 — q10) (14)
where ¢q,, represents the position of the
motor | at the beginning of motion and ¢,, is
the initial value of the rotation angle the point
“34” has with respect to Z axis.

For the active jointg,:
X35 =iass 'COS((Pz )2 Yis5 =iass ~sin((p2 ); Zys=-1, (15)
where:
P2 = @30 +(2m)/P-(q3 — ) (16)
Taking into account that the motor and
speed reducer are identical with the first
joints, 1,1, can be used.
If D, is the contact diameter of the driven
pulley:
Ic = (mge D,)/810°) [kgm?]  (17)
This represents the moment of inertia of the
driven pulley mounted on the motor.

g5 1s obtained at the speed reducer output, the
relation is:

Lego *45/2= 1,63 /2+ T g (n, 'q3)2/2+IRC (18)
where n, is the gear ration between the motor
and speed reduction unit.

Thus:
Lea21 = 1y +Toe 13 +Igc (19)
The lumped mass 36 is:
m; =My =m, +m,, (20)

The position of the dynamic equivalent
mass point is determined by the gyration

radius:
Ipnze = \/]redzl/mredm (1)

X36 =1a36 'COS(%); Y36 =136 'Sin(% )§ Zy =-1,(22)

The moments of inertia of the motor and
speed reducer are considered only for the
active joints (12) and (14). The values can be
taken from the manufacturer’s catalogue:
I, and I,  .Ityields:

Liy =1ogia =1 +1 ”32 (23)

where n; represents the gear ratio between
the motor and speed reduction unit.
The equivalent mass 37 is:
(24)
The position of the equivalent mass point
(37) is determined by the gyration radius:

ixs7 = rean /mredIZ (25)

X7 =137 c0s(qy)+ X, +15-sin(qs);
Y37 =lp3 -sin(q4 )+ Y, —ls-cos(qy);  (26)
Z3;=q
The position of the mass point (38) is
determined by the gyration radius:

Ipsg =4/ 1 oaa /mred14 (27)

X3g =lp31 'COS(QS)+ Xa —17-cos(q3);
Yig =ip3 'Sin(q5)+YA —1; -sin(q3); (28)
Z3y =q
The virtual work principle was used in
order to obtain the dynamic model of the
parallel robot. It has the following form:

% *
My =M3g = Mgy = Mpeq4 = mr_or + mm_or

38
SW=8q" T+ 58Xy -(TiTr + Tig): 0 (29)
i=1

The coordinates of M, points can be

determined with respect to the coordinates of
the active joints (in the same way as these



coordinates  represent the end-effector
coordinates), obtaining the relations:
X, =J,-& (30)
Xy, =d4"-J! €1y
From (25) the torque vector is obtained:
38
r=- 1[I +TE) e
i=0

2. SIMULATION RESULTS

Some simulations of the end-effector
motions were achieved based on the inverse
dynamic model of the parallel robot.

Considering all these parameters, a
trajectory of the tip of the laparoscope has
been imposed (meaning the initial and final
position of the laparoscope). This trajectory is
inside the abdominal cavity of the patient
within the robot workspace, as in a real
displacement of the laparoscope, when the
surgeon inspects the operating field.

The trajectory is linear in space and similar
to a real one, as the instrument is controlled
by the joystick, when the surgeon wants to
focus the camera in the robot workspace.

The simulation results for the inverse
dynamic model of parallel robot for a linear
trajectory are showed in the figure 3.
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Fig. 3. Simulation results for the inverse dynamic
model of parallel robot for a linear trajectory between
two points in space

4. CONCLUSION

In this paper the inverse dynamic model of
the parallel robot used in MIS has been
presented. Starting from mass geometry
considerations, which consists in replacing
correctly a given multibody system by
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dynamically equivalent single masses, the
method of virtual work is proposed. The
advantage of this new approach consists in
obtaining the inverse dynamic model in an
analytical way. Based on the principle of
virtual work, this method proves to be more
efficient as it can eliminate all forces and
internal joints allowing direct determination
of forces/torques of the robot for the given
laws of motion of the end effector. The use of
this approach shows that the dynamic model
of the robot can be computed with simple and
fast computing equations. Some simulation
results based on the inverse dynamics are also
presented.
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MODELUL DINAMIC INVERS AL UNUI NOU ROBOT PARALEL FOLOSIT
iN CHIRURGIA MINIM INVAZIVA

Abstract: Datorita unor interventii chirurgicale asistate robotic, chirurgii pot opera prin incizii foarte mici, rezultdnd
unele beneficii pentru pacienti, cum ar fi: traumatisme mai putine, pierderea de sdnge redusa, timpul de recuperare
mai scurt, iar pentru chirurgi reducerea tremurului mainii, vizualizare 3D §i scalarea spatiu de lucru . In lucrare
este prezentat modelul dinamic invers, determinat folosind principiul lucrului mecanic virtual, al unei noi
arhitecturi paralele, cdt si rezultatele unor simuldri ale deplasarii punctului caracteristic pe o traiectorie liniard in

spatiul de lucru.
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