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Abstract: In the era of digital OTs (operating theatres), the developments in robot-assisted surgery
(RAS) can greatly benefit the medical field. RAS is a method of technological advancement that uses
robotic articulations to assist in complicated surgeries. Its implementation improves the ability of
the specialized doctor to perform surgery to a great extent. The paper addresses the dynamics and
control of the highly non-linear 3DOF surgical robot manipulator in the event of external disturbances
and uncertainties. The integration of non-linear robust SMC (sliding mode control) with a smoothing
mechanism, a FOPID (fractional-order proportional integral derivative) controller, and a fuzzy
controller provides a high degree of robustness and minimal chatter. The addition of fuzzy logic to
the controller, named intelligent fuzzy-SFOSMC (smoothing fractional order sliding mode controller)
improves the system’s performance by ruling out the disturbances and uncertainties. The prototype
model is developed in a laboratory and its outcomes are validated on OP5600, a real-time digital
simulator. Simulation and experimental results of the proposed fuzzy-SFOSMC are compared with
conventional controllers, which illustrates the efficacy and superiority of the proposed controller’s
performance during the typical surgical situations. The proposed fuzzy-SFOSMC outperforms
conventional controllers by providing greater precision and robustness to time-varying nonlinear
multi-incision trajectories.

Keywords: fractional-order proportional integral derivative (FOPID); real-time digital simulator;
robot-assisted surgery (RAS); sliding mode control (SMC); surgical robot manipulator; fuzzy

1. Introduction

Medical robotics is closely linked to human health. Day by day, the use of robotics in
medicine is becoming widespread as it has different benefits in the medical profession. In
recent years, RAS has proven to be a booming field. The introduction of robotics into the
medical field has substituted the traditional surgical course of action. To carry out difficult,
minimally invasive surgical (MIS) operations, surgical robots [1] have high precision and
dexterity. The efficacy and scope of MIS is improved by surgical robotics as some of
the advantages of robotic surgery include the requirement for smaller incisions, greater
precision and capacity to replicate identical movements, reduced bleeding, reduced pain,
reduced scarring, quicker healing period and a shorter stay in the hospital [2]. In the 1960s,
NASA introduced telerobotics for surgery for different uses, such as assistive devices and
supporting manipulators, for the first time. Their objective was to provide astronauts with
medical assistance [3].

Owing to coupling and nonlinearity effects in the robotic system, apt motion control
for surgical robots is a difficult task [4]. For surgical robots, a novel control is presented in
this paper. SMC is an efficient robust nonlinear control because of its invariance properties
towards the system. It deals with the design of the controller to handle uncertainties to
achieve robust performance and stability under various assumptions to track the system’s
time varying trajectory [4-6].

Electronics 2023, 12, 762. https:/ /doi.org/10.3390/ electronics12030762

https://www.mdpi.com/journal/electronics


https://doi.org/10.3390/electronics12030762
https://doi.org/10.3390/electronics12030762
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0001-9443-4616
https://doi.org/10.3390/electronics12030762
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics12030762?type=check_update&version=2

Electronics 2023, 12, 762

2 of 20

SMC offers robustness and satisfactory monitoring efficiency of disturbances [7,8].
However, it has many drawbacks, e.g., the optimum sliding surface selection is intricate, it
is sensitive to noise, chattering causes saturation and heating in the different mechanical
parts of a surgical robot, and it has composite non-linear dynamics [6,9,10]. Even if the PID
controllers have low tracking performance, they offer better reliability and stability than
the SMC controller. Thus, the combination of the advantages of both PID and SMC control
guarantees stability and good monitoring performance. As a result of an increased number
of gain parameters, FOPID controllers [11,12] are superior to PID controllers, as they
improve efficiency and flexibility. The coupling of FOPID and SMC would consequently be
helpful in increasing the efficiency and robustness of the system [6,13].

Conventional controllers work well for single incisions and linear trajectories. In the
case of time-varying and nonlinear trajectories, conventional controllers fail. Chattering,
however, remains the major hindrance to the application of sliding mode control and promi-
nently impairs the controlled manipulator’s tracking performance. The chatter obtained
through SMC is attenuated by the smoothing function and the fuzzy logic controller [14-17].
Fuzzy logic controllers (FLC) are intelligent controllers that quantify linguistic variables
using fuzzy logic. It imitates the human decision-making process. They are used in energy
management, smart watering system, robots, autonomous vehicles, etc. [18-20]. FLCs
combined with SMC have also been found to be efficient in other applications such as
vehicles [21-23], robots [4,24], communication [25], converters [26], etc. The amalgamation
of fuzzy logic and smoothing fractional order SMC enhances performance, increases preci-
sion, and eliminates chattering for nonlinear multi-incision trajectories when compared
to the conventional sliding mode control methodologies. Therefore, this paper proposes
fuzzy-SFOSMC for 3DOF master-slave surgical robots for the application of RAS. Detailed
simulation work has been carried out in the MATLAB Simulink environment for this practi-
cal purpose. Additionally, the gain parameters of controllers were found using PSO [27-30]
(particle swarm optimization). PSO offers a number of benefits over other optimization
methods, including ease of implementation, fewer parameters, faster convergence, and
efficiency [28]. Additionally, the prototype model has been developed in a laboratory and
the results of trajectory tracking with chatter reduction have been validated in real time
using OP5600 (Opal-RT: a real-time digital simulator).

The major contributions of the paper are as follows:

(1) Surgical robot dynamics with robust controllers;

(2) Design, implementation, and validation of controllers for robust tracking during
typical surgical situations using OP5600;

(3) The proposed fuzzy-SFOSMC is compared with the existing traditional SMCs based
on the time response parameters for time-varying nonlinear multi-incision trajectories
in the presence of uncertainties.

The paper is structured in the following way: Section 2 discusses the 3DOF surgical
robot manipulator model. In Section 3, the different controllers for surgical manipulator
are conferred, Section 4 illustrates and discusses simulation results, then, experimental vali-
dation is performed on OP5600, i.e., a real-time digital simulator, in Section 5. Additionally,
the last section concludes the paper’s work.

2. Surgical Robot’s Dynamic Model

The paper emphasizes on motion control of surgical robots, as illustrated in Figure 1.
This motion-controlled manipulator will be of great help in surgical processes. Each joint
of the surgical manipulator provides relative motion between the links. The different
controllers are intended to control the position of the surgical manipulator.

CSMC offers robustness and satisfactory monitoring efficiency tofo disturbances [7,8].
However, it has many drawbacks, including intricate optimum sliding surface selection,
sensitivity to noise, chattering which causes saturation and heating in the different me-
chanical parts of a surgical robot, and composite non-linear dynamics [6,9,10]. Even if
PID controllers have a low tracking performance, they offer better reliability and stability
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than the SMC controller. Thus, the combination of the advantages of both PID and SMC
controllers, known as PID-SMC, guarantees stability and good monitoring performance. As
a result of the increased number of gain parameters, FOPID controllers [11,12] are superior
to PID controllers, improving efficiency and flexibility. The coupling of FOPID and SMC,
known as FOPID-SMC, would consequently be helpful in increasing the efficiency and
robustness of the system [6,13].
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Figure 1. Outline of this work.

Conventional controllers work well for single incisions and linear trajectories. In the
case of time-varying and nonlinear trajectories, conventional controllers fail. Chattering,
however, remains the major hindrance to the application of sliding mode control and
prominently impairs the controlled manipulator’s tracking performance. The chatter
obtained through CSMC is attenuated by the smoothing function and the fuzzy logic
controller [14-17]. SFOSMC is the combination of FOPID-SMC and smoothing function.
Fuzzy logic controllers (FLC) are an intelligent controller that quantify linguistic variables
using fuzzy logic. They imitate the human decision-making process. FLCs combined with
SMC have also been found to be efficient in other applications such as vehicles [21-23],
robots [4,24], communication [25], converters [26], etc. The amalgamation of fuzzy logic and
smoothing fractional order SMC enhances performance, increases precision, and eliminates
chattering for nonlinear multi-incision trajectories compared to the conventional sliding
mode control methodologies. PSO optimizes the controller parameters in conjunction with
advanced and robust Al control techniques. As a result, this paper proposes a combined
PSO optimized fuzzy-SFOSMC for 3DOF master-slave surgical robots for RAS applications
to achieve errorless operation, which is essential. The various controllers used to control
the position of the surgical manipulator are discussed in detail in the following section.

The dynamic model of a three links-three joints surgical robot manipulator is repre-
sented in Figure 2. The basics of the dynamics of the manipulator are well known and are
more specifically represented by the below derivation. For an n-DOF robot manipulator,
the Euler-Lagrange equation is [4]:

T= M(4>>?E+C<4>,<?>><?>+ G(9) + (4»%) (1)
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where ¢, ¢, ¢ denote the position, velocity, and acceleration of manipulator’s joint. T is the

input control torque, M(¢) is the inertia matrix, G(¢) is the gravity vector, C (q‘), (?)) is the
coriolis/centripetal n and T, ((p, &7) is the disturbance vector.

v = —M-1<¢>c(¢,q'>)<?> ~M(@)G(g) —d(t) + M (p)

()
9= —(A+AA)G— (B+AB)G(¢) —d(t) + (D + AD)w(t)

where AA, AB, and AD are the uncertainties present in the system, A = M~1(¢)C( ¢, ¢ |,

B =D = M), dt) = M1(¢)(Td<¢,<}>), and w(t) = 7. For a 3DOF
surgical manipulator,
't = [nnw)

¢ = [Pr12¢3

where ¢3 is the angle between the base and first link of the robotic manipulator, ¢, is the
angle between second link and first link of the robotic manipulator, and ¢, is the angle
between third link and second link of the robotic manipulator. T3, Tp, and T3 are the resultant
torques applied to jointl, joint2, and joint3, respectively, of the surgical manipulator.

Y-Axis
A

= s »X-Axis

Figure 2. 3DOF robotic manipulator.

3. Different Controllers for Surgical Manipulator

Various controllers are designed to control the joints’” position, which causes torque
to be generated and applied to the surgical manipulator’s joints as presented in Figure 1.
These are discussed in detail below.

3.1. CSMC (Conventional Sliding Mode Controller)

CSMC [6,10] is a non-linear controller applicable to nonlinear MIMO (Multiple-Input-
Multiple-Output) systems. It deals with uncertain systems and withstands external distur-
bances [8,9]. Since CSMC offers robustness and stability, its inclusion in a surgical robot is
required. Robotic control with CSMC is a good approach to solve set-point problems [5].

It is well known that two important phases in the development of a sliding mode
controller are the selection of a sliding surface (o) and the development of the control law
(u). The purpose of the CSMC is to push the tracking error (e) towards the ‘0" and then
transfer the error to the origin along the sliding surface. Therefore, the tracking error is
specified by:

e=¢i—¢,
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where ¢ is the actual trajectory and ¢ is the desired trajectory. The CSMC has a PD-based
sliding surface that has proportional (K,) and derivative (K;) terms to respond rapidly to
an error change, which are specified by [6,10]:

o= Kpe+ Kd(.e.

As is well-known, the control law of CSMC is the combination of reaching control
(ur(t)) and equivalent control (i (t)) and is given as [5]:

u(t) = ueg(t) + ur(t). 3)
To determine the equivalent control, take the derivative of sliding surface, i.e.,
7= Kpe +Kje.
The equivalent torque is given by:

g = 371 (9) [—f<¢> L pat A, @

where f(¢) = =M (¢) [C(qb,«%) + G(M and g(¢) = M~ 1(¢).

Additionally, the reaching control of the control law is given by:
u, = Ksign (o). 5)
Now, the computed torque control law [6] from Equations (3)-(5) is:
T =g ()| ~S0) 4§y A0+ Ksign(o) ©

The four traditional controllers, i.e., CSMC, PID-SMC, FOPD-SMC, and FOPID-SMC
are shown in Figure 3 and discussed in our previous paper [6].

» Equivalent Control

‘Ueq9

[OF] e=x ‘o’ I Ur T W;\
A SLIDING SURFACE [ =] Sign(@) [ K .
I Robotic

Manipulator

_ Resching Contral

"

T 7T 1T 1

CSMC PID-SMC FOPD-SMC FOPID-SMC
o=Kpe+Kde GZer+KiI etKae o=Kpe+KaD"e 0=Kpe+KiDe+KaD"e

Figure 3. Conventional SMC controllers for surgical manipulators.
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3.2. PID-SMC

The PID-SMC [4,6] controller has a PID (Proportional Integral Derivative)-based
sliding surface. The incorporation of the integral term into the sliding surface with the
derivative term minimizes the error, specified by the following equation [6,12]:

o = Kpe(t) +K1/e(t) 4 Kge(t). @)

Now, the computed torque control law for a 3DOF surgical robot from Equations (6)
and (7) is:

T=g¢"Yo)|—f(¢) +25d +)\<er+1<1/6+ch.2> +Ksign(a)}

3.3. FOPD-SMC

The FOPD-SMC [6] controller has a FOPD (Fractional Order Proportional Derivative)-
based sliding surface that has an additional fractional-order derivative. Its sliding surface
is defined by [6]:

o = Kpe+ KyDVe.

Substitute the sliding surface ‘o’ in Equation (6) to obtain the computed torque control
law for 3DOF surgical manipulator:

T = g 1) | —F($) + b + A(Kpe + KyDVe) + Ksign(c) |.

3.4. FOPID-SMC

The FOPID-SMC controller has a sliding surface based on the FOPID (Fractional Order
Proportional Integral Derivative) with proportional, derivative, and integral terms and two
additional parameters viz. fractional integration order (8) and fractional derivative order
(w) [6,11-13]. This integration of additional parameters enhances the system’s accuracy and
flexibility. The FOPID-based sliding surface is specified by [6,12]:

o = Kpe + K;D % + KDV e. (8)

Substitute the sliding surface ‘o’ in Equation (6) to get the computed torque control
law for 3DOF surgical manipulator:

T=g1(¢) [—f((,b) + <;>; + /\(er + K;D % + KdD?‘e) + Ksign(a)] .

3.5. SFOSMC (Smoothing Fractional Order SMC)

The conventional SMC has a discontinuous sign (o) function that introduces oscilla-
tions into the system, which is an unwanted phenomenon called chattering. This causes the
heating and saturation of the different mechanical parts of the surgical manipulator. The
smoothing function, i.e., the saturation function (sat (o)) is used to overcome this problem
instead of the signum function, as it removes the chatter by integrating the boundary layer
into the control [5,6,9].

This boundary layer introduction and chatter minimization in the FOPID-SMC is
known as smoothing FOPID-SMC. In this paper, 1 (boundary layer thickness) is taken as
0.15 to mitigate the chattering. Therefore, the sat function [5,6] can be characterized as:

for |o| <.

sat(c) = sign(c) for |o| > 1 and sat(c) = s:lgz@r)
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The computed torque controller for surgical manipulator is then given by:

T=g"(¢) [f(¢>) Y +Aa+1<sat(a>] ©)
From Equations (8) and (9):
T=g"4¢) [—f((/)) + <;J:1 +A (er + KD %+ KdDVe) + Ksat(o)} .
The infinite switching introduces undesired chattering into the system. This chatter
problem is alleviated by the implementation of fuzzy logic control. Therefore, the proposed

fuzzy-SFOSMC controller was designed to make the system more robust and chatter free.
The SFOSMC and proposed fuzzy-SFOSMC control schemes are shown in Figure 4.

SHESME p Equivalent Control
= > Ueq
e SLIDING SURFACE T T — /] _i
Da x=e " ] T D
X o0=Kpe+KiD e+KaD"e | »| sat(o) > K T ]
A | Ur Robotic
I Manipulator|
I
I
I |
| o Fuzzy- | u, l
A ]
| L@ L] SFOSMC [ 7 '
|
| Reaching Control |
- L A J
Proposed Fuzzy-SFOSMC

sliding surface (7) Fuzzy-SFOSMC
(Mamdani)
/ 49 rules

derivative of sliding surface (7)

System: 2 inputs, 1 outputs, 49 rules

Figure 4. SFOSMC and proposed fuzzy-SFOSMC controllers for surgical manipulators.

3.6. Proposed Fuzzy-SFOSMC

The theory of Artificial Intelligence (AI) has been applied often in sliding mode-
controlled systems in recent years. One of the more prominent implementations of fuzzy
logic theory is the FLC (fuzzy logic controller) [14-17]. Fuzzy logic controllers (FLC) are
intelligent controllers that quantify linguistic variables using fuzzy logic. It imitates the
human decision-making process. They are used in energy management, smart watering
systems, robots, autonomous vehicles, etc. [18-20]. Uncertain, noisy, and non-linear systems
can be brought under control with this controller. FLCs combined with SMC have also
been found to be efficient in other applications such as vehicles [21-23], robots [4,24],
communication [25], converters [26], etc. The blending of FLC and SFOSMC is referred as
proposed fuzzy-SFOSMC (Figure 4) which includes the advantages and features of both the
controllers. The amalgamation of fuzzy logic and smoothing fractional order SMC enhances
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performance, increases precision, and eliminates chattering for nonlinear multi-incision
trajectories compared to the conventional sliding mode control methodologies.

The FLC consists of a fuzzifier (binary to fuzzy conversion), fuzzy rules, an inference
engine, and a defuzzifier (fuzzy to binary conversion). The Mamdani fuzzy inference
engine is used in this paper to alleviate chattering. The max-min aggregation and the
centroid method are used for defuzzification. The reaching control law of a fuzzy controller
is specified by:

'y (£) = mpup(t)

where u4(t) is the output of fuzzy-SFOSMC and ng(t) is the normalizing factor. u(t) is the
normalization of a sliding surface and the derivative of a sliding surface. The input and
output MFs (membership functions) of the fuzzy-SFOSMC are 2D functions as presented
in Figure 5a—c, respectively. The input and output MFs are further split into seven fuzzy
sets that are “PS (Positive small), PM (Positive medium), PB (Positive big), Z (Zero), NM
(Negative medium), NB (Negative big), and NS (Negative small)” [4].

= =
= o
d T

=
=
T

Degree of membership

1 B MM PB I’NB M NS JA PS " B

I F=¢ S
= = S
T T

=
=Y
T

Degree of membership

0 5 10 15 0 10 8 6 -4 2 0 2 4 6 8 10

Derivative of o(t)

(b)

NS

PS

Degree of membership

uf(t)

(c)
Figure 5. Fuzzy—SFOSMC Parameters. (a) Inputl MF. (b) Input2 MF. (c) Output ME.
These fuzzy membership functions are defined in the fuzzy rules:

RO:: TF o(t) is Al and o(t) is A, THEN ug(t) is B?)

where Aa and A} are the input fuzzy set labels and B! is the output fuzzy set label.
The rule matrix table for the fuzzy-SFOSMC'’s reaching control is displayed in Table 1.
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Table 1. Rule matrix for the proposed fuzzy-SFOSMC.

o(t)

o) NB NM NS VA PS PM PB
NB NB NB NB NB NM NS Z
NM NB NB NB NM NS Z PS
NS NB NB NM NS Z PS PM
VA NB NM NS Z PS PM PB
PS NM NS Z PS PM PB PB
PM NS Z PS PM PB PB PB
PB Z PS PM PB PB PB PB

The complete fuzzy-SFOSMC control law is computed as:
u(t) = teq(t) +ur(t) = tieg(t) +mys - uf(t) + Ksat (o) (10)

where u,(t) = u',(t) + Ksat(c) and o is the FOPID-based sliding surface, whose parameters
(Kp, Ky, Kp, 1, and 8) are found using PSO [27-30]. PSO offers a number of benefits over
other optimization methods, including ease of implementation, fewer parameters, faster
convergence, and higher efficiency. The objective of PSO is to minimize the error; therefore,
its objective function is represented by:

0= /ez (11)

4. Materials and Methods

All of the six controllers discussed were implemented during surgery for a typical
situation. It can be clearly seen that the results of the SMC controllers have a chattering
problem. This is resolved by using the proposed fuzzy-SFOSMC controller, as chattering is
eliminated due to the existence of a saturation function and FLC.

Conventional controllers work well for single incisions and linear trajectories. In
the case of time-varying and nonlinear trajectories, conventional controllers fail. Even
chattering in the transient period degrades the performance of conventional controllers.
Multiple incisions must be performed on the patient where incision time and depth of
incision must be considered. For simulating these surgical situations with nonlinear incision
trajectories, an intelligent fuzzy-SFOSMC is implemented in a master-slave surgical robot.
In order to check the transient response of the slave, quick transmission from one incision
to another is applied on the patient. Fast response time, precise incision at appropriate
location, and chatter-free operation are the essential requirements for the case under
study. That is why an intelligent nonlinear fuzzy-SFOSMC control methodology has been
developed, implemented, and validated on the prototype model for ensuring a satisfactory
performance of the master-slave surgical robot.

The predefined trajectories provided by the master robot to the 3DOF-slave robot
during surgery are as follows: ®1d =1 + tanh(5*cos(2.5*(u — 0.5))), $2d =1 + tanh(5*cos(2.5*
(u — 1))), and ®3d = 1 + tanh(5%cos(2.5*(u — 1.5))) [5]. The slave robot will follow these
nonlinear trajectories efficiently.

For Validation on OP5600 (Real-Time Digital Simulator)

The OP5600 is a real-time, high-performance digital simulator. It has a multicore
processor and digital and analog I/O channels. It is equipped with a fast Xilinx Artix-7
FPGA that provides supremacy in simulations and enhances the accuracy of the system.
The multiple-core processor allows the simulation to execute at very high speeds.

The host system was installed with Opal-RT software, i.e., RI-LAB. RT-LAB was
integrated with MATLAB Simulink and the system was connected to an OP5600 digital
simulator via the ethernet. A DSO (Digital Storage Oscilloscope) DL750 was connected to
the OP5600 via probes which captured the results as illustrated in Figure 6.
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via cable

System installed with RT-LAB
software

Robot Manipulator

via ethernet

Opal-RT Real-time Digital
Simulator (OP5600)

via probes

DSO
(DL750 Yokogawa)

Figure 6. Experimental setup.

5. Results and Discussion

The slave robot follows the master robot’s commands successfully. O is the initial
position of the slave robot. It takes 0.25 s to move the tool to the body, 1 s to make the
incision, 0.25 s to retract the tool, and 1 s to move the tool from O to P in Figure 7.

Figure 7. Case study for RAS with nonlinear incision trajectory.
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5.1. Typical Situation during Surgery

The simulation results of the 3DOF surgical manipulator are shown in Figures 8-10,
representing trajectory tracking, tracking errors, and sliding surfaces of the manipulator,
respectively. It is observed that the proposed fuzzy-SFOSMC has better tracking compared
to other controllers (CSMC, PID-SMC, FOPD-SMC, FOPID-SMC, and SFOSMC) as it has
minimum overshoot and minimum tracking error.

Thetal (in cm)

—Desired l = | l s
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—CSMC | 2t , /71— PIDSMC
PID-SMC -~ [ |—FoPD-SMC
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= 05r
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Figure 8. Trajectory tracking of the 3DOF surgical manipulator for Joint1 (a), Joint2 (b), and Joint3 (c).
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Joint3 (c).
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Figure 10. Sliding surfaces for Jointl (a), Joint2 (b), and Joint3 (c) of the 3DOF surgical manipulator.

The simulation results of 3DOF surgical manipulator are shown in Figure 11, repre-
senting the controller output () for Jointl, Joint2, and Joint3 of 3DOF surgical manipulator.
It is observed that the proposed fuzzy-SFOSMC has minimal chattering compared to

other controllers.
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Figure 11. Controller output for Joint1 (a), Joint2 (b), and Joint3 (c) of the 3DOF surgical manipulator.
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The time response parameters of various controllers for 3DOF surgical manipulator’s
jointl, i.e., the end-effector, are displayed in Table 2. It is observed that the proposed fuzzy-
SFOSMC has greater precision, minimum overshoot, minimum integral square error (ISE),
and better tracking compared to other controllers for nonlinear multi-incision trajectories,
which are the primary requirements of a surgical robot. The SFOSMC has minimum
undershoot. The achieved accuracy is less than 1mm, which is within the permissible limit.
Similarly, similar parameters can be found for other joints. The gain parameters, found
using PSO, of the discussed controllers are displayed in Table 3.

Table 2. Time response parameters of various controllers for 3DOF surgical manipulator’s Joint1 for
the 1st and 2nd cycle.

Specifications  First Cycle Second Cycle

Rise Time Overshoot Undershoot Peak Time Rise Time Overshoot Undershoot Peak Time LSIEZ)

Controllers (s) (%) (%) (s) (s) (%) (%) (sec)

CsMC 0.078 24.2569 4.3633 0.180 0.162 7.1093 0.0204 2.536 0.2296
PID-SMC 0.085 16.1355 4.3633 0.185 0.164 5.5792 0.0096 2.537 0.2237
FOPD-SMC 0.063 11.4230 4.3633 0.153 0.170 2.8305 0.0922 2.558 0.0752
FOPID-SMC 0.060 8.1763 4.3633 0.151 0.172 2.0188 0.0904 2.574 0.0741
SFOSMC 0.120 1.0370 4.3633 0.344 0.173 0.1388 0.0901 2.683 0.0729
Proposed fuzzy-SFOSMC 0.1196 0.9293 4.3633 0.339 0.173 0.1141 0.1272 2.658 0.0710

Table 3. Gain parameters for different controllers.

CONTROLLERS Kp K Kp S u
CSMC 50 0 2.1 - -
PID-SMC 50 0.01 25 - -
FOPD-SMC 50 0 2.1 - 1.2
FOPID-SMC 50 0.01 25 0.9 1.2
SFOSMC 50 0.01 2.5 0.9 1.2
Proposed fuzzy-SFOSMC 50 0.01 2.5 0.9 12

At times 0.6 s and 2.5 s, disturbances occur, causing the output characteristic to deviate
from the desired characteristic, as shown in Figure 12. At 0.68 s and 2.6 s, the proposed
fuzzy-SFOSMC controlled manipulator’s response returns to the desired trajectory faster,
indicating that the proposed controller has the minimum deviation from disturbances.

2.5 /\ = i
2 =}
E 15 ) g
£ 0.7 0.8 0.9
— 1 ]
ﬁ —Desired
2 0.5 —CSMC !
= PID-SMC
0 —FOPID-SMC
—SFOSMC
— Proposed Fuzzy-SFOSMC
_0.5 | | | I
0 1 2 3 4 5

Time (in secs)

Figure 12. Trajectory tracking of the 3DOF surgical manipulator for Jointl with disturbances.
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5.2. Validation of Typical Situation during Surgery on OP5600

During surgery, motion control is very crucial. The simulation findings for this
situation (explained in Section 5.1) were validated on Opal-RT OP5600. The experimental
results for CSMC, PID-SMC, FOPD-SMC, FOPID-SMC, SFOSMC, and the proposed fuzzy-
SFOSMC are illustrated in Figures 13-18, respectively. The following sub-figures show the
desired trajectory (¢, in cm), actual trajectory (¢ in cm), tracking error (e in cm), and sliding
surface (s) of all three joints of the 3DOF surgical manipulator. Figure 18 demonstrates
that the proposed fuzzy-SFOSMC controlled 3DOF surgical manipulator has less tracking
errors, less transients, less chattering, more precision, and better trajectory tracking than
previous controllers, even for repeated identical motions and uncertainties, which are the
primary requirements of a surgical robot.
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6. Conclusions

In this paper, various controllers for three-link surgical manipulators have been dis-
cussed. From the aforementioned findings, it can be inferred that the proposed fuzzy-
SFOSMC controller for the slave robot follows the commands of the master robot efficiently.
The CSMC controller has an overshoot of 24.25% and an undershoot of 4.3633%, which has
been minimized to a significant degree, i.e., 0.11% and 0.12%, by using the fuzzy-SFOSMC
controller. The achieved accuracy is less than 1mm, which is within the permissible limit.
The proposed intelligent fuzzy-SFOSMC controller provides greater precision, stability, and
robustness to time varying nonlinear multi-incision trajectories among all the controllers in
the event of external disturbances and uncertainties, which are the primary requirements
of surgical robots. Both simulation results and experimental results exemplify that the
proposed controller has minimal tracking errors and better transient responses with less
chattering than other conventional controllers.
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