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The issues of medical robots have been approached for 12 years in the Institute
of Machine Tools and Production Engineering of the Technical University of Lodz.
In the last two years, the scope of research related to the miniaturization of surgical
tools, automated changing of these tools with the use of a tool depot designed for
this purpose, equipping the robot in the sense of touch and developing the software
which provides ergonomic and intuitive robot control with the use of all its functions.
In the telemanipulator control, strong emphasis is placed on the intuitiveness of
control, which is hard to be ensured due to the fact that the robot tool is observed
by a laparoscopic camera, whose orientation and position may vary. That is the
reason for developing a new algorithm. It copies the increments of the position and
orientation measured in relation to the monitor coordinate system onto the robot tool
movement and orientation, which are measured in relation to the camera coordinates
system. In this algorithm it is necessary to solve inverse kinematics, which has a
discontinuity. Avoiding the discontinuity is achieved by mapping the solution with
the cosine function. It causes smooth pass through the area of discontinuity in this
way avoiding the singularity.

1. Introduction

In the 1970s, the idea of using robots in medicine appeared. The factor
which led to connecting such distant fields as robotics and medicine was an
idea of using robots controlled from the Earth to ensure required healthcare
for astronauts in space. First cases of using the robot in practice in medicine
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date to the 1980s. The first telemanipulators designed to perform laparoscopic
surgery were presented in the 1990s.

There are two manipulators in the telemanipulation system for laparo-
scopic surgery. Surgeon-operator using the first one, which is called mas-
ter manipulator, performs certain movements, which are then converted and
copied to the second manipulator called the slave manipulator, which has a
laparoscopic tool mounted at the end of the effector.

Currently, in minimally invasive surgery the most important are three
constructions of telemanipulators. One of them — the Zeus robot is not
currently produced and its designer — Computer Motion joined the Intu-
itive Surgical which designed another robot — da Vinci, which is still be-
ing produced. The third construction — DLR MiroSurge is in the testing
phase [1].

In Poland, the research in the field has also been conducted. In the year
2000, works began to develop a Polish cardiosurgical telemanipulator Robin
Heart started. The first version of the arm — Robin Heart 1 (RHI) — was
created as a part of the research project led by Professor Zbigniew Religa [3].
The works were funded by the KBN (Committee for Scientific Research)
and the FRK (Foundation of Cardiac Surgery Development) in Zabrze and
carried at the FRK and the IOiTBM PL(Institute of Machine Tools and
Production Engineering at Technical University of Lodz). The arm has a
spherical structure with its center point displaced outside the mechanism.
During the surgery, the arm is placed in such a way that the center of the
sphere can coincide with the opening in the patient’s body. The arm mounting
system is equipped with three actuated degrees of freedom to provide this
function. The arm was designed to be mounted on an independent column,
standing next to the surgical table.

In 2007, as a part of an ordered research project, two additional arms
were created: Robln Heart Vision (RHV') [4] which was designed to hold the
laparoscopic camera and Robln Heart 3 (RH3) that comes with interchange-
able surgical tools. The kinematics and basic design parameters of these arms
were similar to those of Rob/n Heart 1. The arms and tools were designed
and created at the IOiTBM PL. The detail of the design and the test results
were presented in [6], and the results of first animal surgeries can be found
in [5]. The further research was related to the reduction of collision space
of the manipulator [2] and creating the system of feedback force on the tool
[9,10,16].

The construction of da Vinci and Rob/n Heart robots are similar, both of
them having spherical kinematics with the centre of sphere located outside of
the mechanism. However, master manipulators and robot control approaches
are different for these robots.
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Among the number of requirements which are expected from master
manipulators (precision, resolution, stiffness of construction, low inertia, low
friction), the requirements for ergonomics of operation appear to be in the
foreground. The intuitive robot control is of high importance for the surgeon.
Eliminating unintuitive control of traditional laparoscopic tools should be one
of the utmost advantage of using surgical robots as compared to conventional
surgeries.

There are several approaches to control the robot for laparoscopic surgery.
One of them is based on calculating the position and orientation of the
master manipulator in its base coordinates system and converting them into
the position and orientation of the robot also in its base coordinates system.
Another approach assumes the calculation of the position and orientation in
the local coordinates systems of the effector of the master manipulator and of
the tool of the robot. Both of these approaches do not take into consideration
the fact that the laparoscopic tool is located in the body of the patient, and is
not observed by the surgeon directly but with the laparoscopic camera whose
position and orientation may vary.

Therefore, the intuitive control of such systems is dependent on the cur-
rent position of the effector and the camera. These approaches do not provide
the surgeon with the required ergonomics.

2. Robin Heart — the design

After the successful surgical operation in 2009 conducted on a pig by
a set of Polish Rob/n Heart 1 robots [5], the scientific team of the Institute
of Machine Tools and Production Engineering at the Technical University of
Lodz decided to focus on the new aspects of the robot’s functionality. One
of these was a simplified procedure of tool changing. The reason for tackling
this problem was the considerable length of time necessary to perform such
an action by the Rob/n Heart 1 and the da Vinci robots. In the previous
version of Rob/n Heart 1 (Fig. 1a, b) (as well as in da Vinci — Fig. 1c
and MiroSurge — Fig. 1d) the end effector interchanging procedure was per-
formed by disconnecting whole tool wrist integrated with sleeve connected
to the drive unit. The time necessary to change a single tool ranged from 30
to 120 seconds. During such a cycle, the tool had to be pulled out from the
patient’s body, which was followed by disassembling the tool, putting it away,
acquiring a new one, assembling it onto the robot and sliding it back into the
patient’s body. During a 2-hour surgical operation there could be up to 50
tool changing procedures, therefore it could extend the operation’s time by
30-50 minutes which amounts to 25-40% of the operation time. The proce-
dure requires an operating assistant to be present and her/his proficiency also
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impacts the tool changing time. This analysis shows that the development of
a new set of end effectors would expand capabilities of Polish Rob/n Heart
robot by an innovative feature that is not present in other constructions,
including the da Vinci robot which remains the only one, performing heart
operations at the moment.

The solution led to the development of an end effector interchanging
system and an automated end effectors magazine used for tool changing
during the operation. Both were implemented to Rob/n Heart 3 (Fig. 2 and 3)
robot.

a)

Fig. 1. a) Robln Heart 1, b) the tool installation method in Rob/n Heart 1, c) the tool installation
method in da Vinci [17], d) DLR MiroSurge robot (Copyright: DLR) [18]

The innovation implemented to the new tool system is the use of the
interchangeable end effectors that are connected right after the last joint of
the wrist (Fig. 3). The end effector’s propulsion system uses a four-bar linkage
which increases the force during the jaws closing [14]. Due to that solution
it was possible to create an interchangeable end effectors magazine (Fig. 4)
with an automated end effectors interchanging procedure that does not need
the whole drive system to be removed.

The main end effectors magazine design assumption was its maximum
integration with Rob/n Heart 3 robot and the possibility to use at least 5
interchangeable end effectors (Fig. 4). The design presented at Fig. 4 consists
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Fig. 3. Design (a, b) and picture (c) of the tool and interchangeable tooltips

of 1 — drive, 2 — magazine port fixed to robot’s arm, 3 — tooltips, 4 — tooltips
port, 5 — revolving disc, 6 — cannula handle, 7 — tool driving hole.
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Changing the end effectors in the described solution requires the follow-

ing steps:

1.

closing of the jaws (II position on Fig. 5) and removing the tool with
an end effector into the position located above the magazine in order to
allow it to move freely;

placing the magazine in the position with a free socket (II tool position
above IV socket position);

lowering the tool with an end effector inside the socket (the sloping
surfaces of the jaw (1) slide aside the arms of the fixing springs);
opening tool jaws with a larger than normal work angle (the angle between
normal jaws position and base position ranges from 0° to 20°, fig.5, I
position). The dents (4) becomes uncovered and the clamp spring (3)
is placed inside it. Also, the mechanism placed inside the tool’s cluster
unlocks the movement of the jaw (1) inside the cluster (V position);

Fig. 4. Interchangeable end effectors magazine elements and the final construction. 1 — drive, 2 —
body, 3 — tool inside socket, 4 — socket, 5 — magazine disc, 6 — cannula grip, 7 — the tool driving

5.

hole

raising the tool and sliding the tool out from the end effector which stays
inside the socket fixed by the clamp spring;
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6. rotation of the magazine disc in order to place the desired end effector
under the tool;
7. lowering the tool and sliding the tool wrist into the end effector;
8. closing the tool jaws which results in:
a) blocking the new end effector in the tool’s cluster, and also
b) unlocking the end effector in the socket by sliding the arms of the
clamp spring out of dents in jaw (1);
9. moving the end effector out of the socket;
10. rotating the magazine in order to place the hole under the tool;
11. sliding the tool inside a patient’s body.

Fig. 5. Stages of tool changing. Draft of the end effectors changing mechanism. 1 — jaw fixed
with tool wrist, 2 — jaw propulsion, 3 — clamp spring, 4 — clamp spring dents [15]

The presented construction of the tool system with an automated end
effectors magazine shows its advantage over the currently used solutions. The
main advantage is the reduction of tool changing time to 10 seconds by using
automated end effectors interchanging process, which shortens the whole
surgery time. Due to this fact, the operating staff don’t need an operation
assistant any more.
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3. Ergonomics of operating with of Rob/n Heart

One of the most important issues for telemanipulators is the intuitive
control system [12]. This is particularly important in the case of surgical
telemanipulators, in which the camera position is variable and it cannot be
predicted at the stage of software development. For this purpose, a new
algorithm was developed and implemented in the control system. It copies
the increments of position Ad;, and orientation R, measured in relation to
the monitor coordinate system onto the robot movement Ad; and the tool
orientation R; which are measured in relation to the camera coordinates
(Fig. 6). It is necessary to know the camera and monitor place, but due to the
fact that the position is copied incrementally all the time, only the rotation
matrixes R, and R’; are required for the calculation (where R)' describe
rotation of monitor coordinates system (m) in relation to base coordinate
system of master (o) and R’; describe rotation of camera coordinates (K) in
relation to base coordinate system of robot (p)). These matrices determine
the angular position of the monitor relative to the base frame of the master
manipulator and the angular position of the camera relative to the base frame
of the robot. It may be noted that:

AdZ, = R%Ad-, (1)
R, =R\R; 2)
and
Ady = RUA), 3)
R, = Rl’jR; (4)

Using the approved procedure, Ad; = Ad;;, and R;; = R} . procedures of move-
ments combining relatively the established coordinates system, the formula
for the position and orientation may be determined as:

r -1 0 0

R, = (Rf) RO, = R\RORS, (5)
r k r

d,; = R,R;, (d(zn' - df}i—l) +d,_, (6)

In order to determine the rotation matrices R, and Rﬁ, a new procedure of
acquisition of monitor and camera position has been developed. Details of
control ergonomics were presented in [7].
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Fig. 6. Coordinates systems associated with each component of RobIn Heart telemanipulator
where: X,y,z, — base coordinate system of master manipulator, X,,y,,Z, — coordinate system of
monitor, X,;y,z, — coordinate system of master’s handle, x,y,z, — base coordinate system of robot,
X,¥,Z, — coordinate system of robot’s tool (TCP), x;yxzx — coordinate system of camera

4. Inverse kinematics task

The second problem relevant to control algorithms is determination of
joint variables on the basis of the commanded position of the robot d; and
orientation R}, measured relation to the robot base frame.

In the paper [8], a simplified model of the Rob/n Heart has been used to
describe a method of solving inverse task of kinematics. In that model, the
assumption that the robot has 6 DOF has been made. That simplification was
possible due to the fact that the 5 and 6 joint axis are parallel and close to
each other. This paper shows a full model of kinematics of the Rob/n Heart
with all 7 DOF.

Fig. 7 shows the model of the robot. Coordinate systems were chosen
according to the Denavit-Hartenberg’s convention. There are two additional
transform matrixes: Té and Tg , so the Z-axis of the Ogxgypzo coordinate
system would be vertical and the Z-axis of the Oyxgy9zg coordinate system
would be coaxial with the tool. Joint parameters are presented in Table 1.

In case of solving the direct kinematics task, one has to calculate trans-
formation between the coordinate system associated with the tool, and the
base of the robot. Equation (7) describes the direct kinematic task involving
the parameters from Table 1.

Ty = TyTiT>TA T, TST!TSTg (7)

Solving the inverse kinematics task consists of deriving the joint variables
01,6,,03,d4,05,67 basing on the assigned position and orientation of the effector
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Table 1.
The parameters of Robln Heart’s model
Joint a; ; d; 0;
T, 0 /2 0 0
T2 0 /2 0 0, + 7/2
75 0 /2 0 6y +m/2
T3 0 0 0 03
T; 0 /2 dy P g
T¢ as 0 0 65 +7/2
Tg as /2 0 O = 05
T3 ar 0 0 6,
Ty 0 2 0 /2
_______ 7
= v 4y)3, /‘/
izixo ¥

X5

Zs

Zs a
Z7
Y7 "
Z3,Y9
Ya,Xg, Yot

Fig. 7. The model of the Rob/n Heart robot
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measured in the base coordinate system or in another known transform matrix
Tg. Joints 65 and 6 are coupled by means of tendons, so they have the same
value. These joints are driven by one motor. As it can be noticed from
equation (7), solving the inverse kinematics is a task of greater difficulty
than direct kinematics. If the robot has a spherical wrist (three axis of wrist’s
joints crossing in one point), such a task could be simplified by dividing it
into two tasks. The first task describes inverse kinematics of the position of
the wrist, and the second describes the orientation of the wrist.

The Robln Heart is the spherical manipulator (axis of 1, 2" and 3
joints crossing in one point). By changing the roles of the effector and base,
such a feature can be utilized. Equation (8) shows the matrix transforming
the new “base” to the new “effector”.

TS = TSTaTSToTiT, 3T, T (8)

-1

19 = (77) 9)
In order to derive the joint variables basing on the assigned position and ori-
entation of the tool, one should derive the Tg transform matrix from Ogxg9y9z9
coordinate system to OgxoYpzo coordinate system (7). The next step is to de-
rive the Tg transform matrix from Oyxgypzo coordinate system to Ogxgy9Zg
coordinate system which is the inversion of Tg (9). The Opxpyozo coordinate
system is rotated relative to the O4x4y4z4 by 61, 6,,0; angles. Position of
the Opxpyozo is independent from 6y, 6,,6; coordinates. Calculation of Tg

matrix describing position of this point by using only d4, 65,67 coordinates
is possible (10).

i rip i3 dy
a1 rn I3 dy

r31 ry rs3 d;
0O 0 0 1

Ty = TsTaTSToTs = (10)

By performing a simple transformation, one can obtain the position of the
O4x4y4z4 coordinate system as an equations (11).

d, = 2d4C§S7 + ascss7 — das7 + agSy
dy = —2d4C5S5 — asss (11)
d, = —2d4c§C7 — ascsc7 + dacy — age7 — az

Unknown parameters dy4, 65,67 can be computed as follows:

0; = arctan(d_dx ) (12)

. T ay
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Deriving 65 requires solving a non-linear trigonometric equation. This task
is of great difficulty. Instead, one can approximate s angle with following
script 13.

Script
10. a = d,/ (sin (67) — ag)
20. 65 = —atan? (dy,a) /2: (13)

30. for(i =0;i < 3;i++)
40. 05 = —arctan2 (dy + assin (6s5) ,a — ascos (6s)) /2;

4 = —d, — assin (0s)
* 7 2cos (05) sin (65)
After solving equations (12, 13, 14) the matrix T;‘ is known. One can compute

wrist’s joints variables. The matrix Rg of base orientation in the wrist’s
coordinate system is known.

(14)

RY = RSR)) (15)

The Rg orientation matrix is a part of the Tg transform matrix. With equation
(15), one can derive base orientation matrix relation to O4x4y474 coordinate
system as follows:

-1 T
R}=(R§) R=(R}) R (16)
On the other hand, as a result of multiplication of the transform matrixes

T 2 , T32, T;, T ? from Oyxpyozo coordinate system related to base to O4x4y424
coordinate system the Rg orientation matrix can be computed.

sin (6,) sin (6,) cos (63) + cos (0;) sin (63) —cos (6,) cos (B3)  —cos (8) sin (6) cos (63) + sin (8;) sin (63)
Rg = |—sin(#;)sin (6) sin (63) + cos () cos (B3)  cos (6,) sin (63) cos (8) sin (6,) sin (63) + sin (61) cos (63)

—sin (6;) cos (6») —sin (6,) cos (81) cos (6»)

(17)

Comparing both matrixes, one can compute unknown parameters as follows:

0, = arcsin ((sin (67) r1z + cos (67) r32) (2 cos (65)7 = 1) + 2 cos (65) sin (65) 22 (18)

0, = arccos (cos (67) - r33 —sin(67) - r13) - (2 cos (65)* - l) + 2 cos (65) sin (6s) - r23] (19)

cos (6;)

cos (07) - ri2 + sin (67) - r32) (20)

65 = ]
3 arcsm( c0s (62)
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The formulas presented above have been used in the control system of the
Rob/n Heart robot. The presented kinematics gives, the robot its singularities.
The example of the singularity passing test is presented in Fig. 8 and 9. Fig. 8
shows the input parameters: position (X, Y, Z) and orientation (Euler angles:
precession, nutation and rotation) by the dotted line. In Fig. 9 the dotted
lines presents changes of joint variables values 6y, 0,, 83, d4, 05,6, calculated
directly from the equations above. The discontinuity of the joint variables 05
and 87 can be seen. The respective positions in joint space for the adjacent

positions in the task space are completely distant (Fig. 10).

It has led to developing the special correction function that allows passing

through singularity without rapid change of joint variables.

Value

Fig. 8. Desired (a dotted line) and reached as the result of the safety function (a continuous line)

Value

Fig. 9. Desired (a dotted line) and reached as the result of the safety function (a continuous line)

051 7 13 19 25 31 37 43 49 55 61 67 73 f79 85 91 103 109 115 121 1§

Posttion

25

05

Step

position, while passing a singularity

Joint value

A, 130 136 142148
133 139 145 151

¥4

Step

joint variables, while passing a singularity

— = X* 100 [mm] desired
— =Y * 100 [mm] desired
Z*100 [mm)] desired

== p [rad] desired

— nrad) desired

r [rad] desired

X* 100 [mm)] reached
Y * 100 [mm)] reached
Z* 100 [mm] reached
p[rad] reached

n [rad] reached

r [rad] reached

—_— —t1rad]
— o 12[rad]
4 * 100 [mm]
— —t3[rad]
— —t5[rad]
17 [rad]
1 [rad] corrected
12 [rad] corrected
44 * 100 [mm] corrected
13 [rad] corrected
15 [rad] corrected
17 [rad] corrected
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Fig. 10. Rapid change of joint variables for close positions of the tool

It may be noted that, when the expression (d, + a7) changes its sign, a
discontinuity in equation (12) and a whole of the solution appears. It was
necessary to find a method for determining the joint variables that would be
free of singularities. A hint to finding a suitable solution was the statement
that, when a manipulator has less than 6 DOF, there needs to be a projection
of the command position to the area of available positions. In such a case, it
appears when —d, = a; and the projection can be noted as d,;,, = 0 However,
it should be noted that, in order to meet the requirements for real control
systems, the solution of the inverse kinematics should be differentiable and
have continuous first derivative.

In this situation, the proposed projection includes a range r of parameter
d,. As a projecting function the cosine function has been selected - because
of its continuity:

for |d, +a| < r door = d (0.5 —0.5¢c0s (M)) Q1)
r

Such a solution fulfills all the aforementioned requirements for differentia-

bility and continuity. It means that:

— displacement of each joint of the manipulator has to be a continuous func-
tion with respect to time — it is a necessary (but not sufficient) condition
for differentiability;

— displacement of each joint of the manipulator has to be a differentiable
function with respect to time — it means that it has to be possible to
evaluate joint velocities;

— joint velocities have to be continuous functions — if this condition is not
fulfilled, it is not possible to generate required moments by drive units.

All the sentences mentioned above may be simplified to a sentence that joint

velocities have to exist and be continuous. This issue is a result of the fact that

moments in the joints of the manipulator are the function of displacements,
velocities and accelerations according to the equation:

B(q)j+c(q,.q) +h(g)+r(q.q9) =7 (22)
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where: q — vector of joint variables, B — matrix of inertia, ¢ — vector of cen-
trifugal and Coriolis forces and moments, h — vector of gravity and elasticity
forces and moments, r — vector of friction forces and torques, T — vector of
drive forces and moments.

Besides, inverse kinematics solutions have to be possible to perform by
the manipulator with respect to different constraints — mechanical constraints
of the joint movement range, program constraints of the joint maximum
velocity, maximum force or moment constraints due to the drive units char-
acteristics.

Obtaining the continuous function of forces and moments in the manip-
ulator’s joints is necessary due to drive devices features. The continuity of
the above function is a result of the continuity of displacement and velocity.
Sometimes it is also necessary to obtain the continuous second derivative
(acceleration) and third derivative (jerk).

Another problem of inverse kinematics is singularities. They are the
configurations where performing a small move of the effector requires infinite
joint velocities values.

If forward kinematics is formulated as [13]:

ya (1) = k(qa (1) (23)

Inverse velocity kinematics may be noted as [13]:

ok -1
qa (1) = (6_ (qa (t))) Ya (1) (24)
q

The expression in the brackets is the Jacobian matrix of the manipulator. It is
impossible to inverse this matrix when being in a singular position because
its determinant is equal to zero and some of joint velocities may tend to
infinity.

A solution for avoiding this problem is counting joint velocities in some
neighbourhood of singular position by a different algorithm.

The proposed solution makes it possible to pass through the singularity
area with reducing joint velocities values. It is assumed that command val-
ues which are read from real master manipulator met the requirements for
continuity and differentiability including their derivatives.

Below it will be shown that when the function is expressed as:

d, (0.5 ~0.5co0s (’M)) for ld. +as| < r
dxkor = r

d, for |d, + a7l =7

(25)

it is continuous and differentiable in all its domain (Fig 11).
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The continuity in the piecewise point means that for |d, + a;| = r con-
dition dy,r = d, is fulfilled. Differentiability for |d, + a;| < r is fulfilled
because cosine is C* function.

The only point where this function may not be differentiable is when the
function enters and leaves the area of approximate solution where |d; + a7| = r.
The necessary condition for differentiability of this function is its continuity,
the condition which is fulfilled. The sufficient conditions for differentiability
of this function is the existence of left and right side derivatives and equality
of these derivatives.

It will be proved that the chosen mapping function is continuous and
differentiable for |d, + a;| = r.

For |d, + a;| = r occurs:

. . n(d,+a
lim dg, = lim @(M—ijs—Li—ﬁ -
|d,+a7|—r- |d,+a7|—r= r (26)
Tr
=¢u(05-—05cos(——))=cg
r
lim dy, = lim d,=d, 27)
|d.+a7|—r* |d,+a7|—r~

The left and right side function limits are equal, so the function is continuous
for |d, + a7l =r
Now the left and right side d,;, function limits will be evaluated for
|d, + a7| =r:
d, + d, +
d +:05¢@m(3£i—fﬁ)f4qg(05—05am(13i—32» (28)
r

xkor r r

d/

xkor

=d, (29)

For |d, + a;| = r it may be noted that:

dﬁm+H:05dxﬁn(££)z-+d;615—(15am(2£)):cﬁ (30)
rlr r

dor~ =4, €2y
The equality of left and right side derivatives implies existing of d’, . deriv-

ative for |d, + a7| =r.

Therefore, the mapping function is differentiable.

For practical reasons, it was proved that the projection should not change
the position of the robot, but only the orientation. To do this, it is necessary
to modify d, parameter to fulfill the equation:

+ d?

2
d ykor

xkor

=d; +d; (32)
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Fig. 11. Mapping function

Thanks to the presented algorithm, it is possible to pass through a discon-
tinuity area. The only disadvantage is a slight temporary change of tool
orientation.

The example of the algorithm functioning is presented in Fig. 8 and Fig. 9
as a continuous line. Fig. 8 shows the input parameters: position (X, Y, Z)
and orientation (Euler angles: precession, nutation and rotation) as well as
output position and orientation. As it can be seen, there is no significant
difference between input and output parameters. The output is an activity of
the correction function.

Fig. 9 presents changes of joint variables values 6y, 0,,8s,dy,6s,67. In
the Fig. 9, the area of difference caused by safety function has been marked.

5. Conclusions and acknowledgment

Although the research on Rob/n Heart robot started in 2000 and basic
construction elements were designed in 2003, this research area is still open
and there is a very wide scope for further improvements. This applies to both
the mechanical design and control algorithms or master manipulators.

This work was made in grants 2011/01/B/ST7/04011 and 2012/05/N/ST8/02262
from National Science Centre.

Manuscript received by Editorial Board, November 28, 2012;
final version, September 29, 2013.
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Wybrane aspekty sterowania robota RobIn Heart
Streszczenie

Problematyka robotéw medycznych jest od 12 lat rozwijana w Instytucie Obrabiarek i TBM
Politechniki £.6dzkiej. W ciggu ostatnich dwdch lat prace badawcze koncentrowaly si¢ na miniatu-
ryzacji narzedzi chirurgicznych, procedurach automatycznej wymiany tych narzedzi z wykorzy-
staniem zaprojektowanego do tego celu magazynu koncéwek narzgdziowych, wyposazeniu robota
w zmysl dotyku oraz na opracowaniu oprogramowania, ktére w ergonomiczny i intuicyjny sposéb
pozwoli sterowa¢ robotem z wykorzystaniem wszystkich jego mozliwosci. W zakresie kontroli
telemanipulatora silny nacisk zostal potozony na intuicyjny sposéb sterowania, ktéry jest trudny do
zrealizowania, gdyz uktady wspdtrzgdnych obserwatora i narzedzia mogg byé w réznych potoze-
niach. To sklonito zesp6t z PL do opracowania nowego algorytmu sterowania, ktéry kopiuje zmiany
potozenia i orientacj¢ mierzone wzgledem uktadu wspétrzgdnych monitora na ruch robota i orien-
tacje narzedzia mierzone wzgledem uktadu wspéirzednych kamery. W metodzie tej wykorzystano
rozwigzanie zadania odwrotnego z uwzglednieniem nieciaglosci rozwiazania. W celu uniknigcia
jej zostala wykorzystana funkcja kosinus, dzigki czemu uzyskano plynne przejscie przez strefe
niecigglosci.



