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This paper presents the development of the control architecture for an innovative parallel robot, designed to

assist surgeons during the minimally invasive pancreatic cancer surgery. Based on the defined medical
protocol and surgeon requirements. The robot was designed to serve as a surgical assistant and to manipulate
a third active instrument. The system features a 3-DOF parallel active module coupled to a passive spherical
module guiding the instrument through a Remote Center of Motion (RCM). The master-slave control
architecture enables surgeons to operate the robot using a 3D Space Mouse or haptic device (Omega.7). The
system automatically calculates RCM position using IMU sensors, validated through optical tracking.

1 INTRODUCTION

Pancreatic cancer ranks 7% globally in terms of
mortality rate and 14" in incidence. In Europe, it
ranks 2™ in terms of the number of new cases, with
countries such as Hungary, Slovakia, the Czech
Republic, and Serbia reporting the highest rates
(McGuigan, 2018) with a higher incidence in
developed countries (Wong MCS, 2017). Risk factors
include modifiable factors (obesity, diet, alcohol,
smoking) and non-modifiable factors (age, gender,
genetics) (McGuigan, 2018). The prognosis remains
challenging with a 5-year survival rate of only 5%,
increasing to 30% with early detection. However,
early detections increase the 5-year survival rate to
30%. Treatment involves surgery combined with
oncological therapy (Nortunen, 2023; Nieen, 2022).
Three main surgical procedures are used for
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pancreatic cancer: Pancreaticoduodenectomy
(Whipple Procedure) (Cawich, 2023), Distal
Pancreatectomy (De Pastena, 2023), and Total
Pancreatectomy (Balzano, 2023).

The first robotic-assisted distal pancreatectomy
was performed using the da Vinci system in 2003
(Melvin, 2003), improving safety and feasibility
compared to manual laparoscopic surgery leading to
wider robotic surgery adoption (Damoli, 2015).
Robotic systems (da Vinci, Senhance, Versius) offer
advantages including the elimination of the
triangulation effect, enhanced precision, improved
dexterity, and increased patient safety, driving
adoption in surgical interventions. These surgical
robots reduce hand tremors, enable motion scaling
and multi-instrument  manipulation, improve
ergonomics through master-slave control (Pisla,
2021), and support remote telesurgery interventions
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(Li, 2023). Robotic-assisted surgery presents several
disadvantages, including the high cost of surgical
intervention, steep learning curves, potential arm
collisions, significant space, the lack of haptic
feedback, and the limited intraoperative space
(Haidegger, 2022).

Most robots for laparoscopic surgery use master-
slave architecture (Rus, 2023; Pisla, 2024 a). These
robots operate without autonomy in minimally
invasive surgery (Khachfe, 2022). These robotic
systems lack haptic feedback for surgeons
(Minamimura, 2024). Studies demonstrate haptic
device integration in the Senhance robotic system
(Kastelan, 2021). Force feedback sensors have been
placed near the robot flange, but the research in this
direction is in the early stages of development
(Bergholz, 2023). Alternative control approaches
using contactless interfaces have been explored.
Korayem demonstrated Leap Motion controller
integration for surgical robot control with Kalman
filtering (Korayem, 2021), hand tremor detection and
compensation techniques (Korayem, 2022 a), and
complete laparoscopic robot system development
(Korayem, 2022 b; Najafinejad, 2023).

Minimally invasive pancreatic procedures are
complex, requiring multiple instruments, extended
operative time, and involving high risks (Asbun,
2023), indicating significant research gaps in the
field. To address these challenges, a new parallel
robot was developed for minimally invasive
pancreatic surgery (Vaida, 2025). The proposed robot
acts as a surgical assistant during pancreatic
laparoscopy, performing tissue manipulation tasks
using an active surgical instrument.

The paper is structured as follows: Section 1
presents the introduction, section 2 outlines medical
protocol, robot design and integration, and
mathematical model implementation, section 3
illustrates the control architecture of the robot; section
4 illustrates the experimental testing and validation,
while section 5 presents conclusions and future
developments.

2 DESIGN OF THE INNOVATIVE
SURGICAL PARALLEL ROBOT
AND ACTIVE INSTRUMENT

The Athena parallel robot was developed based on a
medical protocol (Figure 1) established in
collaboration with surgeons. This protocol outlines
the steps for laparoscopic pancreatic surgery targeting
the head of the pancreas (Whipple Procedure).
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Based on the medical protocol and surgeon’s
requirements, the kinematic scheme of the robot
(Figure 2) was developed, together with an active
instrument, both subject to two patents (Pisla, 2025 b;
Vaida, 2025 a). The robot assists the main surgeon by
manipulating a third active atraumatic instrument to
create an intraoperative workspace and support
organs around the pancreas. A detail of the tasks that
the robot performs is extensively presented in (Vaida,
2025 b) and in (Tucan, 2025).

| MEDICAL PROTOCOL | (3) SURGICAL PROCEDURE (cont.)

Pancreas reconstruction and  precise
coordination between surgeon and robot

(1) PREOPERATIVE EVALUATION
[ Medical history verify (based on CT, MRI) |

>

Control  of hemostasis and tissues
removed outside of the operating field

Defining the optimal position between the
robot and the surgeon

Placement of drains under laparoscopic
camera

' +
(2) PREPARATION (4) INSTRUMENT RETRACTION

| Patient anesthesys and preparation | Withdrawing  atraumatic instrument
- attached to the parallel robot, suturings
tissues and_CO, releasing

| Defining the optimal position of the patient |

[ Robot docking and calibration |

Removing the atraumatic instrument and

Initial surgical access ncision,  port .
ot et (incision, - por parallel robot from the operating table

insertions CO2 insuflation

Surgical wound closure and applying
2 sterile bandages

(3) SURGICAL PROCEDURE i

Exploration and access into the abdominal
cavity

(5) PROCEDURE FINALIZING
Complete assessment of the patient's
condition and generate a report on the
operation

Intraoperative management using the robot
to create and maintaining optima
workspace for the surgeon

Patient  transfer and  postoperative
monitoring

Precise  dissection and parallel robot
repositioning according to surgical needs

Complete sterilization of the entire
environment and functional evaluation of
the parallel robot

(o “—

Figure 1: Medical protocol for laparoscopic pancreatic
surgery.

The ATHENA parallel robot mechanical
architecture (Figure 2) consists of two modules: an
active 3 degrees-of-freedom (DOF) parallel robot and
a passive parallel spherical mechanism. The spherical
mechanism fixes and holds the Remote Center of
Motion (Zhang, 2024), while the parallel robot
manipulates the active surgical instrument. The robot
consists of 9 passive revolute joints, three passive
prismatic joints, three active prismatic joints (qi,
i=1....3) and two passive universal joints. The global
coordinate system is placed on the robot base. The
spherical mechanism features five passive revolute
joints and one passive cylindrical joint that provide
rotation and insertion motion of the active instrument.
The spherical mechanism connects to the robot base
via a link and two spherical joints for RCM placement
and adjustment.

Detailed description of parameters is presented in
(Vaida, 2025), and integration of the robot into the
medical environment is illustrated in Figure 3.
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Figure 2: Kinematic scheme of the Athena robot.

Based on the kinematic scheme and parameters where:
presented in (Vaida, 2025), kinematic models Xp = cos@)sin(O)! —1,): Y, = sin(p)sin(O)1 - ,,,)
(forward and inverse) of the Athena robot were Zp = cos(O0! =l ;A= atan(Z, = oy, X = Iy, ). )
developed and integrated into the control system X=X, +1icos(B);Y, =Y, Z, = 2, +1sin( ) 3)
through input/output equations. Four mathematical and:
models are used to control the robot: forward (Egs. 2- ;
5) and inverse (Egs. 7-9) kinematic models without Hoe= = (132 ~((e:-4)2) j_ b5+ (45 + g Jos (@);
RCM, used for robot positioning near the patient and Yo =(4y—a,) ! 2Z,.= (s + L )sin(@) + Lsin(B);
RCM before instrument attachment. Once the RCM £+B 4 C)
is defined, the instrument is positioned at the B=arctan2(Z,,. X, );o= arccos —' ; (4)
abdominal insertion position and attached to the (30 + ) 8)
robot. In this configuration, inverse (Eqs. 5-6) and A=qy+ 1B = \/(415 —4 20,0, — @3) 12 +1s;
forward (Egs. 7-9) kinematic models with RCM C=(q,-4)/2
control both the robot and the surgical instrument.
Surgical Point P Spherical Target a=Y, - \/(Z‘Z - 142 - (X’z’ + Z’Z’ ) + 214\/ (X’Z’ + Z’Z’ ) J;
instrument mechanism e
t::;:a o { 4 qZ=YP+\/[llz—l:—(Xf,+Z,2,)+2]4 (X;+Z,Z,)); (5)
> q3=(N+«5)/(2r2).
where:
nsertion N==271 . 3r°= Xp+Z;;D=T,+T,+T,+ T, + T, + T,;
. T,=4Z) +4X; + 12X, 4755 T, =8X3 L + 16X, 21 +8X . Z,1;
" body T,=4r (X, + Z) 5 +1; +1);
_(_)[:":;:"g T,= —rz(X; +Z; )(q‘Z +q; ) +4r°qq, -2X,Z; (qlZ +q ) +
4X; 24,9, ©6)
—as Xo + Xol + 22X 20 + 2 X020 + X Zp + Z g — _
L by g Br(X}+x,Z3), ’
Figure 3: Athena robot integrated into the medical T, =-8Brl, [X‘; +2X 0+ 2+ X+ X pZZJS];
environment. A= \/(415 —4i +24,9, -4} ):B= \/(Xé +2;).
The equations for these models are: 6 =atan 2 (sin,, cos, )
Sl +(q+(q,/2))-Y, =0 l//=atan2(sinu,,cosw) ()
2
i :[14+./15 (g, -(q, /2))2) ~(Zp =1y ) (X, =1y) =0 where:

M

f :(q3 +1 +ls)Z —(XP =1, -1, cos(ﬁ.)+

£ —(q,-(q,/2) ) ~(z,~1,sin(2)-1,) =0
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Finally, the end-effector coordinates are:
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€

An innovative active instrument (Pisla, 2024 b)
was developed and integrated with the robot.

The active instrument features a 10 mm diameter
shaft with an articulated distal head and four degrees
of freedom (DOF) to improve the workspace
compared to standard rigid laparoscopic instruments,
qinsis l:14

The 3D design of the instrument and the
movements are illustrated in Figure 4.

Four actuators are used to control the instrument
movements (Figure 4): opening/closing of the distal
head (g,), rotation of the distal head (g), flexible
element bending (¢;3) and the rotation of the entire rod

(99)-

A ’ User Interface

Haptic De\nce Sp ace mouse

The flexible segment (Figure 4) provides distal
head bending capability. The instrument is
manufactured using 3D printing (Stratasys J5 Prime

Med).
Active instrument tip Active instrument Actuating arca of the
(Detail view) rod active instrument
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Figure 4: The 3D design of the active instrument and its
movements.

3 THE CONTROL SYSTEM

The control system converts surgeon hand motions
into robot commands using either a 3D Space Mouse
(3DConnexion, Munich, Germany, 2001) or
Omega.7 haptic device (Force Dimension,
Switzerland, 2001) as master console. The robot
reproduces the surgeon's movements following
established safety measures (Vaida, 2016).
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Figure 5 illustrates the hardware architecture of
the Athena parallel robot. The entire system can be
divided into three main modules, the surgical
instrument, the Athena robot and the spherical
module.

To control the surgical instrument, five Pololu
micro metal gear-box motors are used and to obtain
position feedback five Pololu Romi encoders are
used. To control the motors, two Motoron M2H18v18
controllers are used, with two different addresses. The
controllers are receiving data that is converted to
PWM signals from Raspberry Pi 5-2 via I°C BUS
communication protocol that allows the Raspberry Pi
to control multiple devices. The 12V supply powers
the Motoron controllers and Pololu motors, while the
5V supply operates the Raspberry Pi 5-2.

The Athena robot is controlled using a B&R PLC
system employing two B&R hybrid stepper motors
and one Nanotec stepper motor with integrated
encoders. Motor control is achieved using two B&R
stepper controllers. Three LANBAO inductive
sensors are used for the homing procedure.

To control both robot and the instrument, the
Raspberry pi 5 - 1 is receiving the data from a 3D
space mouse or from the haptic device via USB. The
PLC is receiving data from the rasp Raspberry pi 5 —
1 via Modbus, being connected to the LAN network
of the system though the Network Switch. The same
protocol and LAN network is used to send data from
the PLC to the second Raspberry Pi 5.

The spherical module represents the last element
of the system. To know the position and the
orientation of the module, three BNOO055 Absolute
orientation modules and four AS5600 magnetic
encoders are used.

Three absolute orientation modules with 9-axis
IMUs determine the spherical module's position and
orientation.

Four magnetic encoders provide precise angle
feedback for each revolute joint of the spherical
mechanism. IMU sensors and encoders communicate
with Raspberry Pi 5 via I*C protocol through a
multiplexer powered by a 3.3 V supply. The
multiplexer manages multiple ’C devices and
prevents address conflicts, enabling simultaneous
data acquisition from all sensors and encoders.

Two lasers powered from a 3.3 V supply are used
to aid in the positioning of the RCM, with the RCM
located at the intersection of both laser beams.

Figure 6 presents the state machines of the PLC
and two raspberry PI 5 boards. On the PLC side, the
initial state that is set on system power up is INIT,
which waits for every component of the system to be
powered up and ready for communication. If
successful, the system proceeds to the IDLE state in
which it awaits user inputs via the GUI such as:
Homing, Power, Reset etc. Once the user selects the
structure to control (Robot or active instrument) and
a method of controlling said structure (Haptic or
Space Mouse) the state machine switches to
MOVE_STATE. A secondary state machine allows
the smooth change between controlling the robot and
the active instrument and switching between control
peripherals. The Auxiliary Raspberry PI 5 that is used
for gathering data from the control peripherals and
secondary sensors (BNO-055 and AS5600) is
connected via MODBUS to the system’s LAN
network and presents a state machine of its own. A
simple one that connects, reads and sends the data
back to the PLC via Modbus. The instrument’s
Raspberry PI 5 also has a state machine that connects,
reads commands and data from the PLC and moves
the instrument’s tip according to the user’s input to
grasp, bend, twist and rotate.

4 EXPERIMENTAL TESTING
AND VALIDATION

Figure 7 illustrates the experimental setup that was
developed. Robot calibration is required before
testing (Pisla, 2009). The calibration consists of a
homing procedure for the active linear joints of the
robot (g;, i=1...3).

One IMU positioned on the robot frame represents
the reference, the second is positioned on the link
between the two spherical joints connecting the robot
frame with the spherical mechanism and one on the
spherical mechanism. The fixed one, positioned on
the robot frame, is aligned with the robot reference
system (OXYZ).

These sensors are only used once in the
determination of the RCM, specifically at system
power up, ensuring that angle drift has a minimal or
no impact on the Euler angles.
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The RCM position within the robot coordinate
frame is automatically calculated using the IMU
sensors output, namely the yaw-pitch-roll angles
(following the z-y-x rotation convention). Thus, the
RCM position in the robot coordinates frame is:

I:XRCM YRCMZR('M]:IT = SP"(')[T:I‘ ZZ I:T] Sp’;’;; ‘:T:I 'I:RO()]]T

(10)
Spht
0
robot coordinate system to the first spherical joint,
"] the transformation matrix from the first to

Spht

where " [T] is the transformation matrix from the

Sphiec
Sph2

matrix from the second spherical joint to the passive
spherical mechanism (the attaching point) and R is its
radius (Vaida, 2025). Knowing the coordinates of
point P (Eq. 3), the orientation of the instrument can
be determined using Egs. 7-9.

The OptiTrack measurement system was used to
validate the detected RCM position obtained using

second spherical joint, ""[7] the transformation
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the IMU sensors and Eq 10. The setup for these
measurements is illustrated in Figure 8, which shows
the placement of the markers on the experimental
model to determine the coordinate system axes and
the actual position of the RCM (measured), as well as
their display in the virtual environment using the
Motive software program. The measurements were
performed after the IMU sensors calibration, which
reduces the drift) and the determined RMSE has been
of 0.58 mm, with a maximum positioning error of
1.56 mm within the experimental tests.

Experimental tests were performed using a
minimally invasive surgery kit (Figure 9) with 3D
printed pancreas and stomach. The soft-material
organs (Vaida, 2025) enable testing scenarios where
the instrument grasps and withdraws the stomach
from the pancreatic field, holding it outside the
intraoperative workspace required for pancreatic
procedures.

Active Spherical  Instrument Active
instrument mechanism distal head instruments

Stomach Intraoperative 3D printed Torso

position field pancreas trainer

Figure 9: Stomach grasping and manipulation to generate
intraoperative field.

S CONCLUSIONS

This paper presents the control architecture for the
Athena robot, a surgical assistant for laparoscopic
pancreatic surgery that manipulates an active
instrument. The master-slave control system uses
either a 3D Space Mouse or haptic device (Omega.7)
as the master console. The architecture integrates
hardware and software components to enable precise
surgical manipulation. Surgeons can define the RCM
position before insertion and modify it during surgery
as required. OptiTrack Motion Capture system
validation confirmed the approach's accuracy.
Experimental tests used a minimally invasive surgery
kit with 3D printed pancreas and stomach to
demonstrate the flexibility and dexterity for
pancreatic surgery. Future research will focus on
experimental tests to simulate resection and

reconstruction of the pancreas during the Whipple
procedure, using a pancreas realized at a scale of 1 to
1 based on 3D reconstruction using real CT scan data,
improvement of the GUI and integration of the robot
into a surgical simulator.
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