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Abstract: The current paper approaches the conceptual design of a new 6 DOF parallel robot for SILS. 

The kinematic modelling and workspace simulation for different angular configurations of the robot 

platform is presented, demonstrating the best configuration that provides a wide workspace feasible for the 

accomplishing of the surgical task. The preliminary CAD design of the robot and the instrument platform 

is shown, as well as the placement of the robotic platform within a simulated operating room environment.  
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1. INTRODUCTION   

 

 Robotics has been applied within the medical 

field since the end of the last millennia, when 

surgeons have been provided with assistive 

robotic systems that present increased precision, 

instrument motion stability necessary for human 

subjects [1]. In 2001 the first long range remote 

operated tele-surgery was performed by Dr. 

Marescaux, using the ZEUS robotic system [2]. 

Following the development of less invasive 

surgical procedures, the development of surgical 

robotics also changed. While open surgery 

(which implied large incisions to grant access to 

the surgical site) has been used for a long period 

of time, the need to reduce damage to healthy 

tissue, reduce risks to the patients (such as 

infection) and increase cosmesis (not leave 

massive scars following a surgical procedure), 

minimally invasive surgery or laparoscopic 

surgery, was born. This method uses multiple 

small incisions, through which the instruments 

are inserted (Fig. 1.C). The use of this kind of 

technique resulted in less damage to healthy 

tissue, reduced blood loss, reduced trauma, 

faster post-surgical recovery rates, increased 

cosmesis [3], etc. 

Continuing from minimally invasive surgery 

(MIS), another technique has started to be used, 

namely single incision laparoscopic surgery 

(SILS) which seeks to reduce damage to healthy 

tissue even further by using a single incision 

between 2.5 and 3 centimeters  as an entry point 

into the patient’s body.   

  

 
Fig.1. Instrument configurations A-SILS curved, B-

SILS crossed, C-MIS 
This technique implies the use of a SILS port 

inserted into the incision, the port usually has 

several valves to allow the insertion of two 

instruments, and a laparoscope. While at first the 

technique had an increased difficulty to 

conventional MIS, due to the crossing of 

instruments (Fig.1.B) and the need to use a 

single point of motion for both instruments and 
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laparoscope, this problem was approached via 

the development of curved (Fig.1.A) and 

flexible instruments [4].  

Robotic SILS systems have been introduced 

in the surgical stage over the past few decades. 

The adoption of these technologies allows for 

more precise and collision free approaches 

following the workspace limitations that come 

with using a single incision. Furthermore, 

robotic systems use flexible and actuated 

surgical instruments that present the same if not 

better precision compared to conventional 

manual instrumentation. Advanced AR VR and 

sensor technologies [5-6] implemented within 

these systems can also provide additional data 

regarding the operating site and the real-time 

state of the patient, and surgical site [7]. Robotic 

SILS has proven as a feasible alternative to 

manual SILS, presenting the advantages of 

lesser post-operative pain, shorter recovery 

times, lesser intra-operative bleeding, and in the 

case of unexperienced surgeons a shorter 

learning curve compared to manual SILS. 

Although in many cases the differences between 

these parameters in robotic SILS and manual 

SILS have been classified as negligible, most 

studies comparing the two being limited by a 

small sample size [8-10]. Of the available 

robotic systems, the most well-known is the da 

Vinci Xi Surgical System. In the case of SILS it 

uses instruments with a semi-rigid design able to 

pass through a 5-lumen port made for a 25mm 

incision, while maintaining remote center of 

motion capabilities [11]. During single port 

robotic assisted radical prostatectomy, 

performed on 10 patients aged 55-77, seven 

were discharged on post-operative day 1 and 

three on day 2, there were no conversions to 

open surgery and no patients required pain 

medication on their first routine follow-up. 

Recently though a dedicated model called da 

Vinci SP, has been developed specifically for 

single port surgery, the devices uses a tubular 

arm ,which contains actuated instruments and a 

camera inside, which can be introduced through 

the incision into the patient’s body, and presents 

its incorporated SILS port.  Another device that 

has been used in clinical gynecological surgeries 

is the Senhance system.  The robot system 

comprises three arms, each individually 

mounted on its own cart. Laparoscopic style 

handles provide haptic feedback from the cable-

actuated arms, which provide 7 DOF. Senhance 

has been used in a 6-month study on 45 patients 

requiring surgery for inflammatory bowel 

disease, colorectal cancer, adenoma, and 

complicated diverticular disease, Senhance was 

declared to be feasible and safe. Three 

procedures were converted to standard 

laparoscopy, with postoperative complication 

rates reported as 35.5% [12]. Another device 

would be a console-based platform for laparo-

endoscopic single site surgery, the Single Port 

Orifice Robotic Technology (SPORT) Surgical 

System (Titan Medical Inc.), it is composed of a 

workstation and robotic platform controlled by 

the surgeon via hand controllers, foot pedals, 

and a touchscreen. The workstation allows the 

surgeon to interact with the robotic platform, 

including a 3D–HD endoscopic view. The 

design utilizes a foldable system that can be 

inserted into the body cavity through a single 25 

mm incision. 

 The reasoning behind the research presented 

in this paper is to obtain the geometric and 

workspace modelling of a 6DOF parallel robot 

[13-15], to demonstrate its capability of being 

used in SILS surgery. 

 The paper is further divided into 4 sections. 

Section 2 presents the kinematic scheme, and 

inverse geometric modelling of the robotic 

platform. Section 3, presents the preliminary 

CAD design of the robot, the instrument 

platform and workspace analysis of the robotic 

platform. Within this section a dimensional 

CAD design of the robot in a simulated 

operating room environment is presented. 

Section 4 presents the conclusions of the study 

in this paper. 

   

2. A 6 DOF parallel robot for SILS 

  

 During a single incision surgical procedure, a 

SILS port is inserted through a 25-30 mm 

incision into the patient’s body [16]. This port 

contains several access valves through which the 

optical device (laparoscope/laparoscopic 

camera) is introduced and in a conventional 

situation two surgical instruments (generally a 

grasper and scissor, scalper, electro-cauterizer, 

etc.) as well as additional instrumentation. As 

SILS uses only one access point for all 
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instruments, these use independent RCM’s that 

are in close proximity to each other, at the level 

of the entry point into the surgical site [17]. For 

this purpose, the robotic system proposed in this 

paper uses a mobile 6 DOF platform which 

performs the positioning and orientation of the 

instruments and laparoscope with the entry 

valves of a SILS port. After the platform 

achieves the insertion into the operation site via 

the 6 DOF mechanism of the robot, the 

platform’s motions are used to orient the 

laparoscope within the patient’s body, the 

instruments placed on the platform are to be 

actuated independently from the platform to 

fulfill their task and to maintain the orientation 

of the instruments. The kinematic scheme of the 

robotic device is presented in figure 3. 

In accordance with the kinematic scheme 

(Fig.3.), the 6 DOF robot is comprised of three 

independent kinematic chains working together, 

to achieve the manipulation of the platform 

(Fig.2.). The three kinematic chains are placed 

on a fixed base located at the patient’s side 

during the operation. 

The OXYZ fixed coordinate system is 

defined, being positioned in the vertical plane 

determined by the prismatic joints with free 

rotation CJi, i=1..3 and prismatic joints TJi, 

i=1..3. The coordinate system is placed on a line 

parallel with the translational axis of the CJ1 and 

CJ2 cylindrical joints at the bottom of their 

median vertical axis, which also represents the 

lower limit of CJ2’s translation, with the positive 

direction of the OX axis pointing back from the 

plane of motion of the TJi prismatic joints, the 

OY positive being in the direction of the CJ3 

rotation axis, and the positive Z outwards along 

the CJ1 and CJ2 rotation axes. 

 

 
Fig.2. Platform  View 

 

Fig.3. 6 DOF Robot Kinematic Scheme 

 

 The OXPYPZP mobile coordinate system used 

in the definition of the mobile platform’s 

kinematic characteristics is placed at the 

insertion point of the laparoscope, representing 

the height intersection of the equilateral triangle 

defined by the three center points of the 

spherical joints SJi, i=1…3. The three kinematic 

chains are as follows: 

KCin1 is actuated by the translation joints CJ1 

and CJ2, contains two passive rotation joints (R1 

and R2), one passive translation joint T1 and one 

passive spherical joint (SJ1), with a free motion 

around the axes of CJ1 and CJ2. 

Kcin2 is actuated by the translation of the joint 

TJ1 and contains one passive rotation joint R3 

and the passive spherical joint SJ2. 

Kcin3  is actuated by the translation of joint TJ3 

and CJ3 and contains three passive rotation joints 

(R3, R4 and R5), a passive universal joint U1 and 

the passive spherical joint SJ3. 

Additionally, Kcin2 and Kcin3 are connected 

through TJ2 which is used when the platform 

(Fig.3.) needs to execute a motion along the 

horizontal XOY plane. Ultimately the actuated 

motions of the kinematic chains, through the 

spherical joints lead to the positioning and 

orientation of the instrument platform. 

The kinematic modelling of the robotic 

device followed the approach presented in [18-

20] and it should also be mentioned that the 



- 508 - 
 

 

conceptual design of this 6 DOF parallel 

structure, used the advantages of planar and 

spatial 3 DOF structures, such as 3RUU and 

3RPR were taken into consideration [21-22]. 

  

2.1 The inverse geometric model  

  

Based on the kinematic scheme (Fig.1.) and 

the platform scheme (Fig.2.), to obtain the 

solutions for the geometric model of the robotic 

device, the following parameters need to be 

introduced: lcam - the length of the 

instruments/camera from the platform to its tip; 

lp - defined as the distance between the centers 

of the two spherical joints ; hp – the height of the 

equilateral triangle determined by the three 

spherical joint centers; L1 – the length of the 

segment between CJ1 and the center of T1; L2 – 

the length of the segment between CJ2 and T1; 

L3 – The length of the segment from T1 and the 

vertical axis of the center point of SJ1; L3v – the 

distance between the center point of SJ1 and L3; 

L4 – the segment between TJ1 and the vertical 

axis of the center point of SJ2; L4v – the distance 

between the center point of SJ2 and L4; L5 – the 

fixed distance between TJ1 and TJ3 ; L6 – the 

segment between TJ3 and the passive universal 

joint U1;  L7 – the segment between CJ3 and 

passive joint R5; L8 – the segment between R5 

and R6; dc – the distance between R6 and U1; L9 

– the segment between R6 and the vertical axis 

of the center point of SJ3 and L9v – the distance 

between the center point of SJ3 and L9. 

 Kinematically, the end effector coordinates 

for this system can be considered as the 

coordinates and orientation at the tip of the 

laparoscope, represented by the point 

( ), ,
P P P

P X Y Z  and angles ( ), ,
P P P

ψ θ ϕ . 

 For the inverse geometrical model, the inputs 

are the 6 independent coordinates of the 

laparoscope with respect to the fixed coordinate 

system. First, the generalized coordinates of the 

spherical joints must be calculated. These can be 

expressed in relation to the end effector 

coordinates in the mobile coordinate system 

pertaining to the mobile platform: 
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(1) 

 Between the mobile and fixed coordinates of the 

Si points there is the following equation: 

11 12 13

21 22 23

31 32 33

: ,

1..3

Si E Si

i Si E Si

Si E Si

X X c c c x

S Y Y c c c y

Z Z c c c z

i

       
       = + ⋅       
              

=

 (2) 

Where , , , 1..3
i j

c i j =  are the elements of the 

rotation matrix defined by the angles ( ), ,
P P P

ψ θ ϕ
.Using the XYZ convention, the terms of the 

rotation matrix are: 

:

c c c s s

R s s c c s s s s c c s c

c s c s s c s s s c c c

θ ϕ θ ϕ θ

ψ θ ϕ ψ ϕ ψ θ ϕ ψ ϕ ψ ϕ

ψ θ ϕ ψ ϕ ψ θ ϕ ψ ϕ ψ ϕ

 −
 + − + − 
 − + + 

 (3) 

where: 
: cos( ),  : sin( ),  and: , ,a a P P Pc a s a ψ ψ θ θ ϕ ϕ= = =  

 Using eq. (1-3), the coordinates for the spherical 

Joints SJi are: 

( )

( )

( )

( )

1

1

1

1 1
c c c s s

3 2

1
s s c c s

3

1
s s s c c s c

2
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3

1
c s s s c c c

2

S p P P cam

S P P

P cam

S P P

P cam

X X h l l

Y Y h

l l

Z Z h

l l

θ ϕ θ ϕ θ

ψ θ ϕ ψ ϕ

ψ θ ϕ ψ ϕ ψ θ
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ψ θ ϕ ψ ϕ ψ θ

 = + + +

 = + + −


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
 = + − + −
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 − + +
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(4) 
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3
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(5) 
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( )

( )

( )

( )

3

3

3

1 1
c c c s s

3 2

1
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3

1
s s s c c s c

2

1
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3

1
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2

S p P P cam

S P P
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X X h l l

Y Y h
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  (6)            

For the computation of the active joints the 

coordinates of joint CJ2 must be defined, as such 

there are: 

2

2

2 1 3

0

0

Cj

Cj

Cj S v

X

Y

Z Z L

 =


=
 = +

 (7) 

Furthermore, there is the distance between the 

center of the spherical joint SJ1 and the axis of 

joint CJ2:  
2 2

1 1CjS S S
D X Y= +  (8) 

From these are obtained the equations defining 

q1 for joint CJ1 and q2 for CJ2 from Kcin1 with the 

representation of CJ1 being dependent on q2 and 

the variable distance between them, with LR1 and 

LR2 representing the minute displacement 

between the CJ1 and center of rotation of passive 

joint R1 and LR2 being the displacement between 

L2 and the rotation center of passive joint R2: 

( )
2 2

2
2

1 1 3 1 2

2

Cj

CjS R R

q Z

q L D L L L

q

=

 = − − − + +


+

 (9) 

For the second kinematic chain, using the 

coordinates for joints TJ1 and TJ2 used to obtain 

the equations of q3 and q4 respectively: 

1

1 2

2 2

1 2 4 2

0Tj

Tj S

Tj S S

X

Y Y

Z Z L X

 =
 =


= + −

 (10) 

 For TJ1 and for TJ2: 

2

2 2 5

2

0

1

2

0

Tj

Tj S

Tj

X

Y Y L

Z

=

 = +


=

 (11) 

Thus, there are the values for q3 and q4: 

3 1

4 2

Tj

Tj

q Z

q Y

=
 =

 (12) 

For the third and final kinematic chain the 

following coordinates necessary to achieve a 

definition of q5 and q6 are obtained: 

3

5
3 4

6 3 9

0

2

Tj

Tj

Rp S v

X

L
Y q

Z Z L

=

 = +

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2 2

6 3 9 6 3

5
6 4

( )

2

Rp S Rp S

Rp

X X L Y Y

L
Y q

 = − − −



= +


 

2 2

3 3 6 6Tj S Rp
Z Z dc L X= + + −  

 

(13) 

Thus obtaining the values for: 

5 3

6 3 9

Tj

S v

q Z

q Z L

=


= +
 

 

(14) 

As such the equations defining the positions of 

the active joints are obtained. 

 

2.2 The inverse kinematic model 

 

 For the inverse kinematic model the input 

data is given by the positions, speeds and 

accelerations of the independent coordinates of 

the end-effector tip aiming to compute the 

positions, speeds and accelerations for the active 

joints. From equations 1-14, the closure 

equations can be obtained. 

When computing the partial derivatives of the 

matrix A terms, one must use the initial form of 

the terms which depend on the independent 

coordinates of the end-effector, which return 

lengthy elements (Aij, B54) which will not be 

presented in the paper. 

( )
( )

1 1 3 3

2
2 2 2

2 1 2 1 1 1 3

2
2

3 3 4 2 4 2

4 4 2 5

1

2

v S

S S

v S S

S

f q L Z

f q q L X Y L

f q L Z L X

f q Y L

= − −

 = − − − − −



= − + + −

 = − −


 (15) 
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1

2

S S

S

v S

f q Z dc L X

L q L Y

f q L Z
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
   − − + −  
  


= − −
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 (16) 

Based on the closure equations (15-16), the 

two Jacobi matrices can be computed. The 

general form of the two matrices, is:  

1 1

6 6

6 6

...

...

E

x

E

f f

X

A

f f

X

ϕ

ϕ

∂ ∂ 
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 
 =
 ∂ ∂ 
 ∂ ∂ 

M M M  (17) 

1 1

1 6

6 6

6 6

1 6

...

...

x

f f

q q

B

f f

q q

∂ ∂ 
 ∂ ∂
 
 =
 ∂ ∂ 
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(18) 

14 15 16

21 22 24 25 26

31 34 35 36

44 45 46

51 52 54 55 56

64 65 66

0 0 1

0

0 1

0 1 0

0

0 0 1

A A A

A A A A A

A A A A
A

A A A

A A A A A

A A A

− 
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 
 −

=  
− 

 
 
 − 

 (19) 

Based on the form of the implicit functions, 

however, matrix B has a very simple form: 

54

0 1 0 0 0 0

1 1 0 0 0 0

0 0 1 0 0 0

0 0 0 1 0 0

0 0 0 1 0

0 0 0 0 0 1

 
 − 
 

=  
 
 
  
 

B

B

 (20) 

The following notations are introduced, 

representing the velocity vectors for the 

independent coordinates on the end-effector and 

respectively the active joints: 

�� � ���,�  �� � ,  	�� , 
� , �� , �� 

�

 

(21) 

�� � ����, ���, ���, ���, ���, ��� �� 

  

Between these two vectors the following 

equation can be written as shown by Merlet [13]: 

� ⋅ �� � � ⋅ �� � 0 (22) 

In eq. 21 the unknown is ��  which can be 

computed using the following matrix relation: 
�� � ���� ⋅ � ⋅ ��  (23) 

By deriving with respect to time eq. 19 results: 
� ⋅ �� � �� ⋅ �� � � ⋅ �� � �� ⋅ �� � 0 (24) 

Where, ��and �� are the time derivatives of the 

Jacobi matrices A and B [13]. Introducing the 

vectors that define the accelerations of the 

independent coordinates of the end-effector, 

respectively the active joints: 

�� � ��� ,� ��� ,  	�� , 
� , �� , �� 

�
 

 

�� � ����, ���, ���, ���, ���, ��� �� 

(25) 

The equations for the acceleration of the active 

joints are computed with the following matrix 

equation:  
�� � ���� ⋅  �� ⋅ �� � � ⋅ �� � �� ⋅ �� ! (26) 

 

3. Preliminary Robot Design 

 

A preliminary design of the robotic system is 

shown (Fig.5.) and integrated within a CAD 

simulated operating room environment. The 

system is presented comprised of the robotic 

platform, instrument orientation mechanism, 

respecting the medical protocol and 

characteristics described in [13] done using the 

Siemens NX CAD software, and it serves for the 

study of its component size and size of the 

orientation mechanism (Fig.4.) with regards to 

the operating room characteristics (Fig.13). 

 
Fig.4. The Instrument Platform 

 

For this purpose the following dimensional 

values were used : 



- 511 - 

 

 

1 2

3 3 4 4

5 6 7 8

9 9

300 ; 300 ; 550 ; 300 ;

140 70 ; 420 ; 50 ;

280 465 ; 350 ; 390 ;

270 120 ; 140 ; 800 ;

250 ; 920

P cam

v v

v Rob

Rob Rob

l mm l mm L mm L mm

L mmL mm L mm L mm

L mmL mm L mm L mm

L mmL mm dc mm L mm

l mm h mm

= = = =
= = = =
= = = =
= = = =
= =

 

 
Fig.5. The Robotic System 

For the workspace analysis the inverse 

geometrical model was used with regards to the 

end effector for different configurations [23]. 

The graphical representations were extracted 

from the MathWorks MATLAB software. 

 
Fig.6. Workspace for 0oψ θ ϕ= = =  

Following the medical task, the only angles 

that should be involved in motion are the ;ψ θ  

angles denoting rotation around the X and Y 

axis, while the ϕ  angle is the one that enables 

the rotation of the laparoscope around its own 

axis. Workspace computation (Fig.6-7.) showed 

that the ϕ  angle is only capable of reaching 

values between 0 and 14 degrees, while this 

shows a very limited freedom of motion, it is not 

one that should impact the platform’s capability 

of fulfilling its medical task (Fig.8-12). 

 

Fig.7. Workspace for 0 ; 0 ; 14o o oψ θ ϕ= = =  

 

Fig.8. Workspace for 45 ; 45 ; 14o o oψ θ ϕ= = =  

 

Fig.9. Workspace for 45 ; 45 ; 14
o o oψ θ ϕ= − = =  

It was observed that the ψ  angle can 

independently reach values between -53o and 

155o while θ  angle can reach values between 0 

and 120 degrees. The workspace graphs in figure 

6-9 shows that at angular value of interest for the 

surgical task, the workspace is sufficient. At the 

same time, it was concluded that having the 

platform be operated while it is at an inclined 

angle and not parallel with the horizontal plane 

leads to greater workspace envelopes. 

Unfortunately, the angle ϕ  cannot reach a value 

greater than 14o as this leads to a singularity in 

created by the robot arms positioning. 
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Fig.10. Workspace for 45 ; 45 ; 0
o o oψ θ ϕ= − = =  

Fig.11. Workspace for 15 ; 15 ; 14o o oψ θ ϕ= = =  

 

 

  
 

Fig.12. Workspace for 15 ; 15 ; 14o o oψ θ ϕ= = =  

 

 

 

Fig.13. The Robotic device in a simulated operating room 

 

4. Conclusions  

 In this paper, the inverse geometric modelling 

for a 6DOF robotic platform designed for 

instrument and laparoscope alignment and 

insertion within the operative space for a SILS 

procedure was solved. The workspace 
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capabilities of the robotic device were assessed, 

revealing a viable configuration of the end 

effector which can accomplish the SILS oriented 

task. The simplified CAD model of the robot and 

the end effector (instrument platform was also 

presented), as well as the robotic platform placed 

in a virtual OR environment for reference. 

Future work implies motion simulations of the 

robotic platform as well as CAD simulations of 

the robot assembly with respect to workspace 

capabilities and the geometric model, following 

the parameters dictated by the limitations of the 

surgical task the device aims to accomplish. 
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Simularea cinematică și spațiul de lucru al unui nou sistem robotic paralel pentru SILS 

 

 Rezumat: Lucrarea actuală abordează proiectarea conceptuală a unui nou robot paralel de 6 DOF 

pentru SILS. Este prezentată modelarea cinematică și simularea spațiului de lucru pentru diferite 

configurații unghiulare ale platformei robotului, demonstrând cea mai bună configurație care oferă 

un spațiu larg de lucru fezabil pentru realizarea operațiunii chirurgicale. sarcină. Este prezentat 

proiectul CAD preliminar al robotului și al platformei de instrumente, precum și amplasarea 

platformei robotizate într-un mediu simulat de sală de operație. 
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