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Abstract: The main objective of this paper is to discuss the experimental validation of a tele-operation
system for remote center-of-motion tasks, such as laparoscopic surgery. This validation is based on
the use of an extra sensor placed on the master manipulator. The tele-operation system is composed
of a new hybrid haptic device (nHH) intended to be used as a master manipulator controlling a
collaborative robot, used as a slave surgical robot. The resolution of the forward kinematic model
(FKM) of the master device is performed experimentally thanks to the use of an extra sensor. The
IMU, as the extra sensor, is installed on the serial part of the nHH device to measure the orientation
and is enabled to solve the FKM of the parallel part of the nHH device. The use of an extra sensor
reduces the calculation time, improves the accuracy of the KFM, and makes it suitable for real-time
applications. The preliminary validation of the force feedback in the nHH workspace is validated.
Experiments were conducted on the master–slave platform to validate the proposed approach. The
results are promising, which proves that the nHH device presents a suitable performance for the
desired task.

Keywords: haptic device; simulations; laparoscopic surgery; hybrid device; kinematic model; IMU;
tele-operation system

1. Introduction

In recent times, there has been a noticeable increase in demand for human–robot
collaborations across various sectors. Among the areas where cobots are increasingly used
are medical fields such as surgical procedures and functional rehabilitation. Nevertheless, it
is essential to recognize that they lack some function to better succeed in surgical operations,
like haptic function [1–5]. In fact, in the context of robotic surgery, for instance, haptic
capabilities serve as an argumentative attribute, enriching the surgeon’s experience with
enhanced immersion, particularly in the context of minimally invasive surgery (MIS) [6,7].

Extensive research has been carried out in the field of haptic devices, with noteworthy
contributions such as Van den Bedem’s proposition in [8], where a spherical serial master
haptic device featuring four degrees of freedom was introduced. The serial architecture
design in this context offers a straightforward kinematic structure. However, it carries
significant drawbacks, including the necessity to position all actuators along the joint
axes. This placement increases the requisite torques and adds weight to the end effector,
consequently imposing a heavier burden on the surgeon.

In contrast, various other authors, as described in [9], have advocated for a spherical
parallel manipulator (SPM) characterized with a remote Center of Rotation (CoR) as a
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haptic device for Minimally Invasive Surgery (MIS). Unlike the serial master haptic de-
vice, the SPM situates its actuators at the base, mitigating the inertia-related challenges
associated with the system. However, this haptic device, structured with a parallel ar-
chitecture, grapples with singularities within its workspace. These singularities lead to a
reduction in the available degrees of freedom (DoFs) and the amplification of errors in the
kinematic transformation.

Hybrid devices, as detailed in reference [10–13], have started to make significant in-
roads across various domains. Saafi et al. [14] have introduced a novel hybrid haptic device
which combines elements of a parallel chain and a serial chain. Within this framework, the
parallel chain takes charge of tilt motions, while the serial chain manages both self-rotation
and translation.

It is worth noting that this architecture does come with a limitation. The actuator
responsible for self-rotation necessitates support from the serial chain, leading to an increase
in the weight of the translational component. Consequently, this results in a higher demand
for linear actuation torque. In order to overcome this problematic, Meskini et al. [15]
proposed a new haptic hybrid master device intended to be used in laparoscopic surgery.
The suggested design is founded upon the association of a parallel chain featuring a 3-RRR
parallel planar manipulator, and a serial chain linked through a universal joint as shown in
Figure 1. In order to overcome the difficulty of solving the forward kinematic model (FKM)
of such an architecture, Meskini et al. [16] proposed to use an extra sensor, IMU, placed
on the serial chain of the manipulator. Such a method reduces the computing time of the
FKM and makes it possible for the nHH to be used in a real-time application where time
is crucial.

Figure 1. CAD model of the nHH manipulator.

This master device takes part of a master–slave platform which will be presented in
this paper. The primary goal of tele-operation systems in the medical field is not to replace
autonomous systems but rather to enhance surgical procedures by providing surgeons
with increased safety and precision. The tele-operation system comprises a surgical robot
referred as the “slave”, a joystick device known as the “master”, and a control system to
facilitate the interaction and control between the two as shown in Figure 2.

The contribution of our work presented in this paper extends beyond the theoretical
work presented in previous papers to the practical domain, where we present the experi-
mental validation of the master–slave platform and the analytic validation of the haptic
feedback. In fact, this work is mainly focused on the validation of the master device in a
real-time application, while using an extra sensor in order to cope with the complexity of
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the FKM resolution and to make it possible for such application. On the other hand, the
haptic force feedback is validated through simulations.

Patient
Tool

Slave system

Master system

Screen
Surgeon

Control system

Motion control

Haptic Feedback

Figure 2. Tele-operation system.

This paper is organized as follows: Section 2 deals with the presentation of the new
hybrid haptic device architecture and the kinematic model of the device. Section 3 presents
the architecture of the master–slave control system and experimental tests. Section 4 details
the analytic validation of the haptic force feedback. Finally, Section 5 summarizes the paper.

2. The New Haptic Hybrid Device Description

The innovative hybrid haptic device (abbreviated as nHH), a recently proposed
4-degree-of-freedom (4-DoF) design, consisting of three rotation axes centered around
a fixed Center of Rotation (CoR) and one translational axis, is depicted in Figure 3. The
selection of this architectural configuration is driven by two key considerations. Firstly, it ac-
commodates the need for three rotational motions centered around an external COR, which
lies outside the device’s mechanical framework. Secondly, it provides a conical workspace.

Ac�ve joints

Aj

CoR

End
effector

Passive joints

Figure 3. Hybrid haptic device architecture.

The nHH device represents a fusion of a parallel kinematic chain and a serial kinematic
chain. This association serves a multitude of functions. Firstly, it alleviates the limitations
linked to serial architecture setups, where actuators are situated along the joint axes, result-
ing in augmented moving masses and modifications in dynamic performance. Conversely,
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the nHH harnesses the benefits inherent to a parallel structure, amplifying both its rigidity,
precision and generating the haptic effect.

The new device can be defined by two chains, one parallel and one serial. The parallel
chain of the nHH device is characterized by a 3-RRR parallel planar manipulator [17]. This
manipulator consists of three identical kinematic legs that connect a mobile platform to a
base. Each of these legs is comprised of an actuated revolute joint, followed by two revolute
joints designed to connect to the platform as depicted in Figure 4a.
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Figure 4. (a) Parallel chain architecture. (b) Serial chain architecture.

The center of the joint where the links of the i-th leg meet is referred to as Bi (as shown
on Figure 4). The lengths of the links in the i-th leg are denoted as L1 (for link AiBi) and L2
(for link BiCi). The active as well as the passive revolute joints are denoted by θi and βi,
respectively, with i = 1, 2, 3. The position of the mobile platform is precisely determined
by the coordinates of point P(Px, Py) (see Figure 4) within the fixed reference frame R0,
while its orientation is defined by the angle φz, which represents the rotation angle about
the Z axis of the mobile platform frame R1 with respect to the fixed frame R0 as illustrated
in Figure 4a.

The serial chain of the proposed nHH device comprises a universal joint, functioning
as a Center of Rotation (CoR), a revolute joint for self-rotation, and a prismatic joint
that governs the linear displacement designated as “T”. As illustrated in Figure 4b, the
orientations of this serial chain are precisely defined using Euler angles, involving three
distinct rotations within three-dimensional space.

2.1. Inverse Kinematic Model of the nHH Device

The position and orientation of the mobile platform in the parallel chain are inter-
dependent with the orientation of the serial chain. As a result, Equation (1) defines the
relationships between the Cartesian coordinates of point P, the orientation of mobile plat-
form φz, and the end-effector orientation (ψ, θ, φ). Figure 5 serves as an illustrative guide
showcasing how these interconnections are built:

Px = −H tan θ cos ψ
Py = −H tan θ sin ψ
φz = φ

(1)

In this context, H represents the distance separating the center of the rotation and the
plan of the mobile platform.
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The inverse kinematic model, used to derive the values of the active joints based on
the position and orientation of the mobile platform, can be expressed as follows:

θi = 2 tan−1
−Ni ±

√
M2

i + N2
i − L2

i

Li − Mi
(2)

where Mi, Ni and Li are detailed in [18].

,

X

H

End
effector

Figure 5. The nHH serial chain.

2.2. Forward Kinematic Model of the nHH Device

The FKM is determined by the orientation of the end effector, which is connected to
the serial chain, given a specific configuration of the actuated joints. Each motor within
the manipulator is equipped with an encoder, which calculates the position values for
each active joint. With these data in hand, it becomes possible to analytically compute
the position and the orientation of the mobile platform within the parallel chain. This
calculation is performed using a MATLAB code. One significant limitation of this method is
that it yields six possible solutions, necessitating the identification of the most appropriate
one that accurately represents the actual configuration as shown in Figure 6. Then, based
on Equation (1), we can determine the orientation of the end effector. As mentioned, this
method has several drawbacks since it is almost impossible to use it in real-time applications
such as in our case.

Selecting the working mode from the different configurations presented in Figure 6
involves considering the kinematic structure, task requirements, workspace constraints
and performance criteria. Also, ensure that the manipulator can reach all the required
positions and orientations for the task. When choosing a working mode for the nHH,
careful consideration of the task-specific requirements and the manipulator’s kinematic
capabilities is essential. Simulation and prototyping play a crucial role in validating the
chosen working mode before the manipulator is deployed for actual tasks.
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Figure 6. Different solutions given by the analytic FKM.

2.3. Forward Kinematic Model Using an Extra Sensor

In order to overcome the problem of FKM resolution, Meskini et al. proposed in [16]
the use of an extra sensor (IMU) placed on the serial chain of the device as shown in
the Figure 7.

The used IMU is a 9-axis inertial measurement unit with a resolution less than 0.01◦.
An accuracy of 0.5◦ and 2◦ for static and dynamic measurements, respectively. By obtaining
the data from the encoders within the motors to determine the values of the active joints
and the information about the orientation of the end effector provided by the IMU, we
can accurately establish the FKM of the device. This method yields a single, unambiguous
solution of the FKM. To ascertain the correct solution, a comparison study is made [16]
between the self-rotation of the mobile platform given by the IMU and the analytic FKM.
This comparison helps identify the most accurate solution.

IMU sensor
X

Y

Z

End 
effector

Figure 7. IMU placement on the serial chain.
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The used algorithm to compute the FKM, based on the proposed method, is described
as follows [16]:

1. Read the IMU quaternion (Φ1i, Φ2i, Φ3i, Φ4i) for different orientations of the end
effector, i = 1, 2, . . . , n

2. Transform the IMU quaternion to Euler angles (ψe, θe, φe).
3. Compute (Pxe, Pye, φe) using Equation (1).
4. Read the angular values of the active joints.
5. Compute the mobile platform position and orientation (Pxa, Pya, φa) using the analytic

model of the FKM.
6. Compute the FKM of the nHH.

The Euler angles can be obtained from the quaternion provided by the IMU by using
Equation (3): 

ψe = atan2(Φ3, Φ4)− atan2(Φ4, Φ1)
θe = acos(2(Φ2

4 + Φ2
3)− 1)

φe = atan2(Φ3, Φ4)− atan2(−Φ1, Φ2)
(3)

2.4. Kinematic Model of the nHH

The velocity of the end effector can be expressed using the universal joint velocities
(β1, β2, β3) presented in Figure 4b as follows [15]: ωx

ωy
ωz

 = J

 β̇1
β̇2
β̇3

 (4)

Using the Euler angles (ψ, θ, φ) with the ZXZ convention, we can describe the ori-
entation of the end effector in the workspace. The end-effector angular velocity can be
expressed as shown in Equation (5):

ωEF = ψ̇Z + θ̇X1 + φ̇ZE (5) ωx
ωy
ωz

 =

 0 cos ψ sin ψ sin θ
0 sin ψ − cos ψ sin θ
1 0 cos θ

 ψ̇
θ̇
φ̇

 (6)

Or, from Equations (4) and (6), we can obtain: 0 cos ψ sin ψ sin θ
0 sin ψ − cos ψ sin θ
1 0 cos θ

 ψ̇
θ̇
φ̇

 = J

 β̇1
β̇2
β̇3

 (7)

 ψ̇
θ̇
φ̇

 =

 0 cos ψ sin ψ sin θ
0 sin ψ − cos ψ sin θ
1 0 cos θ

−1

J

 β̇1
β̇2
β̇3

 (8)

where,
J = [Z, X1, ZE] (9)

with, {
Y1 = Rx(β1)Y
ZE = Rz(ψ)Rx(θ)Rz(φ)Z

(10)

where,
β1 = tan−1(cos ψ sin θ) (11)
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Using this result, the Jacobian matrix J is expressed by:

J =

 1 0 sin ψ sin θ

0 cos(tan−1(cos ψ sin θ)) − cos ψ sin θ

0 sin(tan−1(cos ψ sin θ)) cos θ

 (12)

For the purpose of evaluating the kinematic performance of the nHH device, we
propose to use the dexterity criterion [19] denoted as θ, which is defined by the inverse of
the conditioning number of the Jacobian matrix.

The dexterity distribution of the serial chain in the plane (ψ, θ) is higher than 0.5. We
can conclude that the nHH device has no singularity in its workspace.

For the parallel chain of the nHH device, which is based on the 3-RRR parallel planar
manipulator, the dexterity distribution is illustrated in Figure 8. This manipulator was
optimized in order to perform in a workspace almost with no singular configurations.

Figure 8. Dexterity distribution for self-rotation φ = 20◦ with the desired workspace.

The workspace of the nHH device was determined based on a motion capture system
that records the gestures of a surgeon. The analysis presented in [20] suggests that the
minimally invasive surgical procedures require tools with four specific degrees of freedom:
three rotational movements and one translational movement. According to this research,
the tool’s range of motion is confined within a cone shape. This cone has a maximum vertex
angle of 26◦, indicating the extent of rotational movements, and allows for a translation of
112 mm along the tool’s axis direction, signifying the maximum straight-line movement the
tool can achieve. These findings are essential in the realm of medical robotics, particularly
in robotic surgery, as they define the precise movement and spatial limitations necessary
for performing MIS effectively and safely.

The desired task workspace presented in Figure 8 is defined by the intersection of the
cone described by the serial chain and the plane of the parallel planar manipulator, enabling
the nHH device to perform in a workspace with almost no singular configurations.

3. Motion Control of the Tele-Operation System: Master–Slave Control

Master–slave control in tele-operation systems entails a human operator (master)
manipulating a device or system (slave) from a remote location through a designated
interface. The master device, often a joystick or haptic controller, captures the operator’s
inputs, which are then transmitted to the slave device. A dependable communication
system is crucial for real-time signal transmission, and feedback mechanisms, such as
visual or force feedback, enhance the operator’s situational awareness. Safety measures,
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adaptability, and control algorithms, such as PID controllers, contribute to the system’s
reliability. The user interface is designed for an intuitive experience, and considerations for
the remote environment, including latency and stability, are paramount. This approach
finds applications in various fields, from hazardous environment exploration to space
missions, enabling precise and immersive control over remote systems.

One of the applications of this technology is the minimally invasive surgery known
also as tele-robotics-assisted surgery or tele-robotic surgery. The principal aim of this
technology is to use position commands from the surgeon’s console, often referred to as
the “master” robot in tele-operation terminology, to control the patient-side surgical robot,
typically termed the “slave” robot. Presently, surgeons conducting tele-robotic surgery
have the capability to closely monitor the surgical procedure through three-dimensional
visual observation, enhancing their precision and control during surgery.

The primary function of the master system is to accurately replicate the surgeon’s
movement, transmit it to the slave system, and, moreover, transmit the haptic feedback to
the surgeon.

The tele-operation control diagram is shown in Figure 9. As the surgeon manipulates
the nHH device, a microcontroller embedded within the interface detects the active joint
angles (θ1i, θ2i, θ3i, θ4i) and transmits this information to a PC station through serial commu-
nication protocols. Upon reception, a motor controller node decodes these data and feeds
them into a real-time forward kinematic model (FKM), an enhanced method leveraging
IMU sensor technology elucidated in Section 2.3. This FKM solution, derived from the
nHH device, is initially expressed in the interface base frame and subsequently necessitates
recalibration for proper alignment within the robot’s local workspace, achieved through a
dedicated calibration node.

Master Slave
Surgeon

Input mvt

Motor 
commander 

Robot
control

Robot
state

Microcontroller

Sunrise.OS

Robot
Controller

Serial 
Communication

Robot model

API
Communication

FKM

IMU 
validation 

Calibration

Joint 
state

Robot Control law

Cartesian
trajectory
controller

PC Station

Figure 9. Motion control in master–slave scheme.

On the other hand, the determined orientations are relayed to the robot’s control
system as the targeted trajectory orientation for the medical instrument. A Cartesian
trajectory controller loop is deployed to compute the reference angles required for the slave
robot’s active joints. These calculated values are then transmitted to the slave controller
via an API communication interface, enabling precise control over the motion of each axis
with a frequency of 500 Hz. This operational setup ensures real-time tele-operation with
minimal latency, facilitating highly responsive control over the system.
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3.1. Experimental Setup

The experimental test bench depicted in Figure 10 is built around the nHH device,
which includes four brushless motors developed by Simplex Motions (model SC040) (Simplex
Motion AB. Banehagsliden, Gothenburg, Sweden). Each of these motors is connected to a
capstan mechanism with a 4:1 ratio, allowing it to reduce speed while increasing torque.
The motors are all interconnected with a power card, which is subsequently connected
to a laptop. This setup allows the retrieval of angular position values from the motors
and facilitates the calculation of the FKM of the device. This latter is then utilized as
a target for the motion control of the slave robot. The motion planning is formulated
using a sophisticated control algorithm that enables the robot end-effector’s position and
orientation to replicate the real-time movement captured by the nHH.

Master device
Laptop

Slave

Figure 10. Experimental setup for master–slave scheme.

3.2. Experimental Tests

The collaborative robot KUKA iiwa serves, in this experimental application, to operate
a surgical task within a limited workspace. The abdominal cavity of the patient is accessed
through a small incision to insert the instruments required for the operation. The use of this
constrained workspace promotes the creation of a remote center of motion (RCM), enabling
four degrees of freedom: three rotations and one translation as depicted in Figure 11a.

End-effector

Workspace

(a)

Kuka Robot

Trocar

Medical tool

Body skin

Tilt angles

Translation

(b)

Figure 11. (a) Master workspace; (b) slave workspace.
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According to the analysis of surgical gestures reported in [20], the MIS procedure
necessitates four degrees of freedom: three rotational movements and one translational
motion. This implies that the workspace of the master device can be described as a cone as
presented in Figure 11b.

In order to validate our master–slave platform, the user manipulates the nHH device in
various directions in its workspace while measuring both the master and slave orientations
and translation.

In order to verify the performance of the haptic interface and robot workspaces, we
conducted an experiment where we manually manipulated the master device’s end effector
within the three primary orientations of the interface’s frame. Then, we compared the
resulting poses of the robot’s tool center point (TCP).

Figure 12 depicts the three primary rotations along the X, Y, and Z axes. This process
of the main rotation variation along the nHH interface is coupled with the robot tool
movement. A calibration process is used to project the interface data in the robot workspace
and align them with the tool orientation, which is subsequently used as a target in the
control law. As seen in the master/slave data, the robot’s tool center point successfully
tracks the orientations acquired by the master interface’s forward kinematics model. The
orientation graphs show that the slave robot replicates the directions obtained from the
surgeon’s motions via the haptic interface with a maximal error of 0.017 radians.
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Figure 12. Calibration of the nHH interface in the robot workspace.
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In order to take advantage of all four degrees of freedom provided by the nHH
system, we conducted a trajectory as depicted in Figure 13. This trajectory involved two
circular motions in separate planes within the workspace, connected by a translation
trajectory along a selected axis. To assess the precision of both the master and slave systems
and the implemented approach, we successfully represented the tilt movements of the
two manipulators.

Translation

Tilt motion

RCM

Translation
Medical tool trajectory

Figure 13. Registration of the medical tool trajectory.

The graphs presented in Figure 14 demonstrate that the slave robot reproduces the
same trajectory captured by the nHH interface. The platform responds to the operator’s
instructions using the nHH data sent to the robot and follows the same trajectory. In order to
assess the precision of the system and the efficacy of the implemented method, an evaluation
of the error between the master input, computed by the FKM of the nHH interface, and the
feedback received from the slave robot is presented in Table 1. These results reflect both the
system’s inherent latency as well as the complexity of the calculation involved.
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Figure 14. Recording of the master–slave motion and error.
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Table 1. Tilt angles and insertion error.

Max Error Mean Error

Rx [rad] 2.1 × 10−2 3.9 × 10−3

Ry [rad] 1.9 × 10−2 4.1 × 10−3

Rx [rad] 5.8 × 10−3 6.4 × 10−4

L [m] 3.2 × 10−3 2.94 × 10−4

4. Haptic Control

Haptic control in robotics [21,22] refers to the utilization of specialized devices, like
haptic interfaces and exoskeletons, to enable real-time manipulation and interaction with
robots through the sense of touch. These gadgets offer users force and tactile feedback,
empowering them to sense and manage distant or virtual items. Within the realm of
robotics, haptic control fulfills numerous crucial functions. The integration of haptic
control greatly enhances robot-assisted surgery by enabling surgeons to perceive tissue
resistance and texture through haptic feedback. This heightened sense of touch proves
invaluable during minimally invasive procedures, enhancing precision and enabling more
accurate movements. As a result, surgeries become less invasive, promoting faster patient
recovery times.

In our case, the nHH device serves as the master component of a master–slave platform,
functioning to command the actions of the slave robot and provide force feedback when
the slave robot interacts with its external environment while performing MIS surgery. The
design of the nHH device is based on the mechanical solution that incorporates a capstan
mechanism coupled with a simplex DC motor. The DC motors deliver a nominal torque
of 0.8 [Nm]. The force control schema is illustrated in Figure 15. The force applied on the
surgical robot is measured using a force sensor. Then, we calculate the actuated torques
using the following Equation (13):

τ = JT F + τcomp (13)

with,

• F: Force applied on the surgical robot.
• JT : Transpose of the Jacobian matrix of the master device.
• τ: Actuated joints torques.
• τcomp: Torque vector to compensate for the dynamic and static effects of the master device.

Surgical robot Haptic device

Controller card

Force 
sensor

Motors

encoders
Haptic device 

FKM

Torque 
calculation

F[N]

Θ[rad]

I[A]τ[Nm]

τ

Figure 15. Force control scheme.

Finally, the calculated torques are transmitted to the motors of the haptic device in
order to give the force feedback to the surgeon.
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Figure 16 shows the relation between the force applied on the mobile platform of the
nHH device and its end effector.

Z

X

Y

H

ZE

P

O

E

T

Figure 16. Applied effort on the nHH.

The validation of the force feedback consists of calculating the force applied on the
end effector while manipulating the nHH in real-time experiments as shown in Figure 17.
As long as the nHH is manipulated within the desired boundary, the force feedback is zero.
Once we try to exceed the boundary, the force applied on the end effector increases.

Figure 17. nHH device trajectory in (X,Y) plan.

The force f is defined by the following relation:

τ = JT
p f (14)

with,

• f : Force applied on the parallel mobile platform, f = [ fx, fy, mz]T .
• JT

p : Transpose of the Jacobian matrix of the 3RRR planar parallel manipulator.
• τ: Actuated joint torques (τ1, τ2, τ3).
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Knowing the actuated joints torque in each motor, we can determine the force using
Equation (14). Then, the relation between the two efforts is denoted by Equation (15):

OE × FEF = OP × f (15)

with,

FEF =

 Fx
Fy
Mz

; f =

 fx
fy

mz

; OE =

 XE
YE
ZE

; OP =

 Xp
Yp
Zp


For Mz= mz=0, the relation between the applied effort FEF and the effort f is given by

the equations below: 
Fx =

Zp

ZE
fx

Fy =
Zp

ZE
fy

(16)

Figure 18 gives a visual representation of the evolution of the force applied on the end
effector. Once we cross the boundary, a significant augmentation of the force is applied,
which proves the efficiency of the implemented approach.

Figure 18. Force feedback evolution.

According to the results presented above, it was proven that the master–slave platform
is suitable for the surgical task, enabling the surgeons to perform complex procedures with
remarkable dexterity and accuracy, particularly in minimally invasive surgeries, where
small incisions and precise movements are crucial.

5. Conclusions

In this paper, we introduced a master–slave platform composed of a new hybrid haptic
device and KUKA iiwa robot, which are designed to be used in laparoscopic surgery. The
haptic device is based on an association of a parallel and a serial chain characterized by
a fixed Center of Rotation and 4 degrees of freedom. The kinematic model of the hybrid
parallel robot was presented as well as the kinematic performance distribution over its
workspace. The optimal parameters were considered in order to ensure a task workspace
with no singular configurations.

Experiments were conducted in order to validate the motion control of the slave–
master control. A scheme of this control was presented and validated in a real-time tests.
The provided results prove the efficiency of the implemented approach. The error of the
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motion does not exceed 0.0041 radians for tilt movements, while the mean error for the
insertion is very low, which proves the capability of the system.

A control scheme in order to provide the haptic feedback based on the calculation
of the FKM of the nHH device was proposed and implemented also. Simulations and
experiments were also carried out in order to validate the haptic feedback.

Nevertheless, this work presents some limitations: for instance, the IMU sensor must
be re-charged every 6 h, which means that until this point, our platform is not adequate
for long operations. In future work, a force sensor will be installed on the slave, and
experiments will be conducted to validate the force feedback in real-time applications.
Also, the master–slave platform will be tested by qualified surgeon in order to evaluate the
performance of the system in a real application.
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