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ABSTRACT

Design and control of surgical rolsdor minimally invasive surgery va

considerable challenges in handling unknown robot dynan
environmental uncertainties, desirable workspacand fast motion
reactiors. Realistic operational requirementeegarding kinematics and
dynamics of the robot and its actuat@iso lead to joint elasticity;

therefore, further concerns regarding sustained chattering, igifgraind
instability are raisedAccordingly, the robot proposed here is design
based on ahybrid structure consisting of two parallel and seri
manipulators aiming fa the desired rigidity and acceptat#

manipulability requirements of robotic surgeries-urthermore a

decentralized sliding mode controller with an indirect adaptive fu
estimator based on a voltage control stratsggmployedto tackle the
challengesof controlling such as chattering phenomenon, control lo
speed, and stability against uncertaintigs contrast to the traditione
sliding mode controllers, the control law is free from robot dynamics.
control signals' chattering is reduced, amditded inpubounded output
stability is shown without knowing the uncertainty bounds on rc
dynamics. Simulation and experimental studies indicate that this app

is realistic.
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1. Introduction

Minimally Invasive Surgery (MIS) i@ medical
procedure that makes small incisions (less than
10mm in diameter) and perforrsargeryusing the
laparoscopic instruments inserted through small
diameter trocars placed at the incisions. Reudyc
patient traumaredudng bleeding during surgery,
reduéng damage to the body's tissuefster
recovery, and fewer healthcare costs are
advantages of MIShan traditional open surgery.
Robot manipulators are increasingly being used in
surgical operations to improve the accuracy and
comfort of the surgical processbecause they can
remove tremors of the surgeon's hand, reduce
fatigue d the surgeon's eyes, and incredbe
doctor's reachability. This means increasy
maneuverability of both hands, 360%rist
rotations,and3D visualization. Thereforepbotic
assistedminimally invasive surgery has brought
innovationsinto MIS and has ehanced surgeons'
capabilities by coupling their knowledge with
robotic manipulability. Meanwhile, robots have
some disadvantages in this procesacluding a
higher initial cost, higher maintenance, and longer
setup time. Still, in the tradeoff between
advantages andlisadvantagesthe advantages
outweigh the disadvantages.

The robotsthat used in MIScan be classified
into two categories: the firstintegrates the
laparoscope holders such as the AESQPahd
PARAMIIS laparoscope manipulatorg][ and the
second act as thassistanto the surgeons such as
HERMES Zeus, Hansen's Sensei, and \daci
[3]. In addition to these divisions, small and
individual surgical robots have been considered,
such as miniature parallel robots for spine and
traurma surgery, directly mounted on the patient's
bone f]. Recent researchh{9] shows that surgical
robots are currently an exciting research topic, and
new research directions lead to thevelopmenbf
new robotic surgery devices in the future.

This paper dsigns an elastic joint hybrid robot, a
combination ofparallel and serial robots, which
resolve some challenges in the currently developed
systems. This combination benefits from the
parallel robots' accuracy and the manipulability of
the serial robot'svorkspace Torque mode control
is the typical strategy that uses frrgicalrobots
Most of thecontrol approaches assume precisely
the knowledge of the robot dynamics. However,
this knowledge may be unavailable. Due to the
nonlinearity and coupling in & surgical robots'
dynamics, designing a controllased on torque
mode control strategys complicated and often
carries high computational complexity.

Furthermore these schemes often ignore their
electric actuators' dynamics, whereas these
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actuators have amssentialrole in performing
high-precision tasks. The transmission system's
deformation further produces elasticity in the
joints, which isthe mainsource of vibration or
even instability in robots1[]. It also presents
additional comfexity and nonlinearity through its
input-output coupling. Hence, high precision
applications of an elastic joint robot seem to be
difficult since the link position does not directly
follow the actuator positionln other words, lie
degrees of freedom beme twice the number of
control actionsAdditionally, the controllers based
on torque mode strateggeed one more control
loop to produce the desired torque by controlling
the actuators' current.

To overcome the stated shortcomings, this paper
uses a voltge mode control strategy that is free
from robot dynamics 1[1]. This strategy is an
evolving field of research, accepted worldwide due
to its advantages. Adaptive Taylor series control
[12], robust control 13], impedance control1f],
adaptive control 15], and approximation control
[16] show the superiority of this strategy. These
theories have beefmmplemented on theserial
robot, butthe voltage mode control strategy is used
on the hybrid surgical robot for the first time in
this paper

Sliding mode catrol is often used to guarantee
systems' stability with unknown dynamics,
parametric uncertaintieandnoise in the available
output, such as mboticsystem [ 7-19]. However,
these controllers lead tondesirablechattering
while  reaching good theoretical results.
Furthermore, they require tHienits of uncertainty
to be known To gain mastery over this difficulty,
this paper presents a novel sliding mode control
based on voltage control strategyn which an
indirect adaptive fuzzy estimator is used for the
elastic joint hybrid surgical robotThis is in
contrast to recent work by authors in which brain
emotional learning is used to estimate the robot
dynamics P0], and the computational closémbp
control cyclein this work is shorter thaf20]. This
method carries more straightforward dynamics
while also being more effective than the torque
mode control strategy. Finallythe bound of
uncertainty is not necessary for this approach.

Another novelty of this contller is that it uses
one control loop ta@ontrol the joint angles directly
instead of using two control loops used in most
previous controllersThis paper aims to design a
chatterfree and stable control law, using the least
knowledge about the roboddynamics while
lowering thecomputationaburden.

This paperis organized into the following
sections Section 2 discussesthe elastic joint
hybrid surgical robot's modelingThe proposed
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control architectureis introduced inSection 3.
Section 4provides a theoretical stability analysis
of the closedoop system. Simulation results,
comparisons with a competing strateggnd
experimental results are provided in Section 5.
Finally, conclusions are drawn, and avenues for
future work are discussed 8ection 6.

Table 1. List of acronyms

Symbol  Description

N The vectornof joint angles

The vectornof rotor angles
0on Inertia matrix of thenanipulator

6 AM R Vector of centrifugal and Coriolis forces
on The vectorof gravitational forces
t Torque vector of motors
0 Motor inertia

o] Motor damping

Reduction gear
Lumped flexibility of the joint and reduction ge
The vectoof motor voltages

The vectoof motor currents

< g e <

Armature resistance

Armature inductance

c:

Backemf constant

c-

Torque constants diagonal matrix
State vector
The number of mobile element
The number of on® U "Pint
The time of operation
‘ A parameter of thdesiredtrajectory
i A parameter of thdesiredtrajectory
i Sliding surface
The tracking error
A constantand positive coefficient
f A constantand positive coefficient
- Approximation error

4 Input membership function
‘ Output membership function

(%) The center 0b

2. Robot kinematic design and modeling

Robots lose their generality for different
surgeries with smalleworkspaces, whildarger
workspaces lower the operation accuracy;
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therefore, workspace is an essential issue for the
surgical robot, and some researchers famushis
subject p1-24)].

In this paper, a new hybrid surgical robot shown
in Fig.1 is designed to be used in MIS applications
such as abdominal and urology surgeries. This
robot consists of two main subsystems: a parallel
manipulator used here as a base ife inherent
properties such as accuracy and rigidignd a
serial manipulator used for its improved robot's
workspace and manipulability of the active
instruments, such as cutting, suturing, and
grasping.lt is necessary to mention thdiet serial
manpulator is extensively discussed By, while
the rest of this section addresses parallel robot
modeling.

According to the surgical operation, higher
accuracy, higher loatb-weight ratio, andmore
miniature size robots are necessary; therefore, a
Revolue Spherical Universal (RSU) structure is
designed for the parallel robot. The moving and
base platforms are connected with six limbs and
six RSU structure Finally, the serial robot is
located on the moving platform

To determine the total number of Degr of
Freedom '© 6 YOfor this hybrid surgical robot, we
should find theO 6 "©f each part separately. The
serial robot has three revolute joints; therefore, the
number of 00 "Gs 3; the details of theOUC "O
analysis can be found 9. To find the’ O "Of
the parallelrobot, we used the Grubl&€hebyshev
Kutzbach relation that is expressed as,

‘00 "O ¢ Q)
According to Table 1¢ is the number of mobile
elements, and is the numbenf one 0§ "{ints.
Due to Fig.2, which illustrates the RSU structure,
in each chain, five rigid elements existaddition
to the base platform, and the wieg platform is
another one; therefore, the number of thebiteo
eement is¢ @zuv p o pand the number of
one 00 "goint is & ¢@z¢@ o ¢ Therefore by
using (1), theo  "of the parallel robot be obtained
as follows,

vé,

00 "O@zop vVZaQ @ (2)
Eventually,the total number 6d 0 "for the hybrid

surgicalrobot is,

0000 @ 3)

According to the ninéd U Gine DC motors are
used to drive this robot, i.e., each revolute joint has
a separate actuator. We consider the actuator
dynamics and robot dynamics for more accurate
and realistic modeling and use a power
transmission mechanism between the robot and the
actuator. Due to the gear's presence in the power
transmission systems and joints moving in
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different directions, elasticity is created; therefore,
a linear torsional spring is used to model the joint
elasticity. This phenomenon is the source of
vibration and instability in robot movement.
Furthermore, the robot model is a highly nonlinear,
computationally extensive, strongly coupled, and
multi-input/multioutput  system  with &
coordinates. These complexities have been a
considerable challenge in robot daling and
control.

Integrated statspace modeling is introduced in
this paperusing the dynamics and kinematics of
robots, includingactuator modelingAccording to
[10], the dynamic equation of the robot can be
shown as,

onh dAmMA on vi— A, (4
0— 6— i U0i— n T, (5)
where — — — and i [ n are the

vector of the rotor and joint anglemdividually,
also thesubinde>es nfi are used foparallel and
serial manipulators, respectively. Therefore, this
framework has 2 coordinates asjh— .

Also, On Y is the inertia matrix of the
manipulatorp nf A~ Y is  the  vector  of
centrifugal and Coriolis forcespni ~ 'Y is the
vector of gravitational forces antl ™ 'Y is the
vector of the motor's torqué,.shandi ~ 'Y are
the diagonal matrices represent the coefficients of
the motor inertia, motor damping, and reduction

Figure 2.RSU kinematic chain

vector. Utilizing (4}(7), the statespace model of
the electrically driven elastic joiritybrid surgical

gear, respectively. The @ggonal mqtrm robot can be derived as,

represents the lumped elasticity of the joints and o

reduction gears together. O QO 0w (8)
"Q

The generalized coordinates are separated into

, T . ~ . I
two sets asn 0 N . So we havepr o @ 0b b SHM O Uik
o o Mmoo Fon o .. To obtain . , ‘co' o
the moto voltage as an input, consider the ' vt T0e 0w U y
electrical equation of the DC motors in the below Y U te Yo o
matrix form, T o i

Ny N o , . Tl - . I

Y O v O U- (A), (6) d) T W 1T n (9)
due to Table 1w~ 'Y is the vector of motor o =1
voltages,”O~ 'Y is the vector of motor currents Ww U uouw

and— is the vector of rotor velocitie®r b f) ~

Y represent the diagonal matrices for the
coefficients of armature resistance, armature
inductance, and baedmf constant, respectively.
Motor torquest asinput for (5) is produced by
the motor currents vector, as follows,

t 0O @)

where 0 is the diagonal matrix of the torque
constants. Equations (4Y7) form the robotic
system so thathe voltage vectow is the input
vector, and the joint angle vectpis the output

Equatiors (8) and (9) showa coupled nonlinear
multivariable systemrhe complexityof the model
has been a severe challenge in this paper. Hence,
modeling and controlling this robot is an
appropriate challeng® show the proposed control
method's art in the surgical robot field.

3. Proposed controller

A stable decentralized sliding mode controller
with an indirect adaptive fuzzy estimator is
proposed based on the voltage control strategy. To
design the sliding nde controller, the electrical
equation of each motor that given by (6) should be
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changed to the standard model; therefore, one of
the novelties of this paper ithat prepared this
model by using the joint velocity, (6) can be
represented as,

n i YO 00 0— o (10)
The system (10) is rexpressed as,
N0 W (11)
FunctionOis expressed as,
O YO 00 U — n. (12)

The sliding surface that use to design the
controller is defined as,

i Q _ QQq (13)
whereQis the tracking error represented by,
Q 7 n, (14)

in whichfy andn are the desired and actual joint
angles successively andin (13) is a constant and
positive coefficient.

A positive definite fuction ¥ is suggested to
obtain the control law,
-i .

¥ (15)

The derivative of the above positive definite
function with respect to time is calculated as,

v ii. (16)
If ¥ mtheni © 1 Hence, let
i 1ds 17)
ii ot 1, (18)

wheref is a constant and positive coefficient and

i Q¢ ijds [ is calculated by using (13) and
substituting into (18) yields,
Q _0 0t 1. (19)
By replacing (11) in to (19),
n 0 @ _Q 0 1, (20)
where’Ois formulated as,
0 0 ¥Q (21)
0 0, (22)
30 YO 00 U —. (23)

Based on two reasons, the effect @D is
ignorable. The first one is that the electrical time
constant of the DC motor is significantly smaller
than its mechanical time constant, and the second
is that "Omight be noisy, and measurifig not
recommended?[g]. Therefore,

FO0h— YO 0 —. (24)
By substituting (22) and (24) to (21) and then (21)
to (20),
R 0 ® _Qa00h— i "Q I. (25)
Control law @ is calculated by multiplying both
sides of (25)ni "Qt ,

® Q _Q3z00h— I iaE.  (26)

Computing the uncertainty limitation is one of the
sliding mode controller challenges. To overcome
this shortcoming in this paper, thédirect
adaptive fuzzy estimator is employed to estimate
3’00h— 8
The vectos of motor current and rotor velocity are
considered as input of adaptive fuzzy estimator,

o (27)
(28)

By assigning three membership functions to each
fuzzy input, the whole space is covered by nine
fuzzy rules.To obtainedthe fuzzy linguistic rules,
the Mamdani type is used,

YoM wisd and ® is 6 ThenzVis 6,
(29)
where'Y 6 @With & pf8 fw denotes theéth fuzzy
rule. In thech rule, 6, 6, and 6 are fuzzy
membership functions for variables o and o,
respectively. However, since the precise
information on the ranges ab and w are not
provided, Y shape andd& shape membership
functiors are employed fob and (0, respectively.
These three functions are expressed as,
v n i

q\)

TP GO P
wop

p
P Cw p
(N
o T

®

)

o T
@

'O'Oé:l

v

P
™

e & oo &
s EfeeeEe

p
™
T
m

‘

® Qoi— . (30)
The membership functions far are similar to
®. The Gaussianmembership functions are

determined for the output expressed by,

30 Qof ,

(1)

where wis the center of . If we u®e the
Mamdani inference engine, singleton fuzzifier, and
certer average defuzzifier, along with (2@1),
3"0is calculated by]7],

30 B o o US o, (32)
where¢ 1 81 in whichy is called a fuzzy
basis thats a positive value expressed as:

ook g,

(33)

where* K ~ mip; therefore,s who s p,
hence fuzzy functiorf is bounded.Parameters
Uin (32) are determined by the adaptive rule
afterward.
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Fuzzy systems can be considered as general According to (37)p is a positive definite function,

estimatorstherefore
YO U¢ ol Y, (34)

where U is the desired value ofU and ¥ is the
estimation error thais bounded according to the
general approximate theorgii)].

The following closedoop control system is
obtainedby substituting control low (26) to the
system (11)

0 Q _Qs3z00h— 1 i "ag, (35
by substituting (11), (22), (32) and (34) into (35),
Q _Qfia U UG o X (36)
To obtain the adaptive law, a positive definite
functionv is suggested as,

6 -2 —O O O O. 37)

The derivativeof the positive definite functio
with respect to time is calculated as,

0 MW -0 O« (38)
by substituting (36) into (38),
60 Q0 Qo & ¢ X [i-a
-0 O (39)

To compute the adaptive law, we should rewrite
(39).

0 Q o o T -0
Qf 1 i Q¢ 8 (40)
If an adaptive law is given by,
w19, (41)
parameters of thiizzy estimator are obtained as,
O . FAOGT. (42)

4. Stability analysis

In this section, quantitative analysis and Bounded
InputBounded Output (BIBO) analysis are
presented for the stability of the closkedp

control system (35)
4.1 Quantitative analysis

According to (4}, (40) is reexpressed as,

0 0 Q- 1 i "ae, (43)
the tracking error reduces ifo m Thus,
satisfyingyv  mresults in

Q- 1 i _Q. (44)
According to 'Q- f i "Q¢ sss |, the
equation(44) satisfied fif,

2w (45)

and since*— gthend 1 FromLyapunov's
theorem, the size dhetracking error reducesntil
it goes into a ball witta radius £— which means

that the tracking error for each joint is ultimately
uniformly bounded. The tracking error becomes
small if a sufficiently large_is selected. However,
the control law (26) is sensitive tosuch that a
significant value makes a massive cige in the
control effort in the case of dight change in the
tracking error.

4.2. BIBO analysis

The following assumptions are necessary to
make the tracking error dynamics well defined
such that the robot can follow the desired
trajectory.

Assumption 1 The desired trajectoryy must be
smooth in the sense that and its derivatives up

to necessary orders are available, and all are
uniformly bounded78].

Assumption 2 The voltage of the electric motor
must be bounded, i.eis & . This assumion
safeguards the electric motor against overvoltage.

Theorem 1 By considering Assumption 1 for the
closedloop control system (35), The variabi@s)
n andn remain bounded.

Proof. According to (45),Qis bounded. On the
other hand, the boundedness rpfis proved by
considering Assumption 1 and (14). In other
words, Assumption 1 shows the desired trajectory
is bounded and14) is a linear equation; siné@
andnp are bounded; is bounded. Equatin(36)

is a linear firstorder system; since fuzzy function,
estimation error, tracking error, and estimation
parameter error are bounded is bounded.
Additionally, from the boundedness of the desired
trajectory derivativesy in Assumption 1, and
sincen 1 ‘Qthe boundedness ofalso implies
thatn i s bounded. y

Theorem 2 By considering characteristics of
Assumption 2, system (8) and controller (26), if
3'0"0Oh— is bounded thep and— are bounded.

Proof: Assumption 2 indicates thai is bounded,
according to (26) and Theorem 1, the boundedness
of ofIKh | "¢ implies that 3'0'Oh— s
bounded. Therefore, according to (24) since
3'0'0Oh— is boundedi0and— ar e

Theorem 3 By considering the boundednessrof
‘0O and—, that proved in Theorem 1 and 2; is
bounded.

Proof: The dynamic equation of actuator is
expressed in (5pubstitutingt  (7) into (5) yields,

0— 6— 10— 00 io0,n (49

bounded.

y
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sincey, 6 andi 0 are positive diagonal matrices,
according to Theorem 1, the linear system
expressed by (46) is stable with the bounded
inputd 'O 1 0.NAs a result, the output— is
bounded. VY

In summaryall system states are bounded. Thus,
it is concluded that the proposed controller
guarantee8IBO stability.

5. Result

Simulation and experimental analysis are carried
out to verify further the proposed controller's
effectiveness on the designed surgicdda. The
actuator dynamic plays fandamentakole in this
simulation and experimental study. Henaach
joint is separately controlled in the joint space.,
the proposed control law (26) is applied to each
motor. The vital tip is that the contrell is based
on a voltag mode control strategy. Table A in
Appendix provides the robot's and motors'
parameters, and Fig.3 illustrates the block diagram
of the proposed approach clodedp control
system.To consider the parametric uncertainty, it
is assmed that simulation parameters are about
80% of their actual values provided in Table A in
the Appendix

Each controller's parametease given in Table B
in Appendix which are determined ke Taguchi
optimal method introduces in2§] to achieve
reasonableerror. The performance index that is
used in this paper is Mean Squared Error (MSE)
that defined as,

- Q Q E Q0Qo

0 "YO ,
- 0 0 0 Qo

(47)

where"Yis the duration of operatioi®, Qé Q are
thet racking errors
As well as0,0 and O are theend effector's
tracking error in the Cartesian space.

Also, the control of the surgical robot in the
Cartesian space is a signifiant challenge
therefore the proposed controller is evaluated in
this space for simulation and experimental study.

The computer adopted here is an Intel C@re
CPU 2.60 GHz, with 8G RAM to model the robot
and produce the surgical simulator. The surgical
robot simulation is acauoplished by combining the
SimMechtoolbox of MATLAB with SolidWorks
to reachaccurate and realistiesults.

5.1 Case study 1Regulator scenarioin the
joint space

The regulator motion control is a standard test
performed in many robotic applications to show
the controller's efficiency. The desired joint angles
are set to 1 rad to test the proposed controller.
Control performances have been satisfactory as the
joint anglesconvergeto the desired value with
insignificant chattering byminor final error, as
shown in Fig.4. The MSknhdex in this simulation
is mat p wtwad Fig.5 illustraes that the motors
respond quicklywith high actuation values within
the permitted gltages at the beginning angduce
gently during the simulatigrfinally, the current of
motors is depicted in Fig.6.

. +W- .
4 i Q _ QQo 9

20 /U¢ b
\/ Vi J
Q
@ O 1o
w
\\ J

Figure 3 Block diagram of the proposed controller

for joi

nt s

1
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5.2 Case study 2:Tracking scenarioin the

joint space This controller tries to counteract the elasticity

Tracking motion control is another test performed and chattering effects in the surgical robot's
in robotic applications to evaluate the controller's control, which are fundamental challenges in this
performance. The desired trajectories are area. Fig8 shows he contol system's
sufficiently smooth so that all of its derivatives up ~ performance According to this figure, the

to the required order are boundethe desired performance index should be reduced, and the
trajectory is designed based on the cubic equation Simulation shows the MSE s p 1 rad As seen
for each joint; as a result, it is given by, in Flgg, the control efforts behave well within

their bounds and without the system chattering

n YT, (48) phenomenorthat appears in the traditional sliding
where"Yis the geration's duration, and Table Cin  mode controller. Finally, Fig.10 shows the

Appendix presents the othedesired trajetory currents of motors.
parameters for each joint and Fig.7 shows these
trajectories.
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