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Abstract
Remote center of motion (RCM) constraint has attracted many research interests as one of the key challenges for robot-
assisted minimally invasive surgery (RAMIS). Although it has been addressed by many studies, few of them treated the
motion constraint with an independent workspace solution, which means they rely on the kinematics of the robot manipulator.
This makes it difficult to replicate the solutions on other manipulators, which limits their population. In this paper, we propose
a novel control framework by incorporating model predictive control (MPC) with the fuzzy approximation to improve the
accuracy under the motion constraint. The fuzzy approximation is introduced to manage the kinematic uncertainties existing
in the MPC control. Finally, simulations were performed and analyzed to validate the proposed algorithm. By comparison, the
results prove that the proposed algorithm achieved success and satisfying performance in the presence of external disturbances.
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Introduction

In the last decades, open surgery was the standard approach
to perform surgeries. Nowadays, minimally invasive surgery
(MIS) has been introduced to overcome some of the main
drawbacks related to open surgery [1-5]. Indeed, with MIS,
the size of the surgical wounds is small; therefore, intraopera-
tive and postoperative conditions are preferable: the bleeding
is significantly limited and thus, the need for blood transfu-
sions is reduced as well. Moreover, postoperative pain and
complications are reduced, and the recovery from the surgery
is faster than in the case of open surgery [6,7]. In addition
to hemorrhage occasions where open surgery must be imple-
mented, the application of MIS has aroused more attention
[8]. Among them, one of the main minimally invasive tech-
niques is laparoscopy, performed only inside the abdominal
wall and the pelvic cavities for both diagnostic and surgical
purposes [9,10]. It can be seen that laparoscopy has gradually
become a frequently applied technique for several medical
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interventions, such as gynecological operations and digestive
system surgeries [8,11].

However, performing a minimally invasive operation is
more difficult than traditional open surgery because the sur-
geon has only a bidimensional vision of the operative field,
which is projected on 2D images. Also, the incisions are
very small, and the surgeon must be cautious in moving
the instrumentation [12]. To conclude, disadvantages of MIS
compared to open surgery include a long learning curve, poor
vision and depth perception, limited range of movement and
dexterity, and the lack of haptic feedback, which leads to poor
outcomes if the surgeon is not well trained in the intervention
[7,12].

With the development of robotics and strict operational
requirements in MIS, using the robot to replace the tradi-
tional open surgery has become a popular trend and manifests
chances that can partly debate shortcomings of MIS, and
related works have boomed the research field. First, many
robots used in the medical field assure a three-dimensional
view of the operative workspace with adjustable magni-
fication. Besides, they provide better dexterity correcting
the tremor of the surgeon and improving their movements
through motion scaling. Finally, robots that contain high
numbers of degrees of freedom (DOFs) and wristed instru-
ments resemble human motion well [12].

In robot-assisted MIS, the robot must implant both an
endoscope and the surgical tools needed for the operation
into the patient’s body so that the surgeon can observe the
internal environment and perform the surgery. The robot’s
end-effector must enter the patient’s body through narrow
apertures, and the whole operation must be performed with-
out applying excessive forces on the edges of these incisions.
In order not to provoke damage to the patient, the end-effector
must only translate along the tool axis and the entering point.
Thus, the incision point represents a kinematic constraint that
the robot cannot violate and that is called Remote Center of
Motion (RCM) [13].

RCM constraint is extremely important for a robot to
successfully implement the MIS, but this rigorous con-
trol requirement is extremely challenging to implement.
Generally, the RCM constraint can be accomplished either
mechanically or by software [14,15]. In the former case,
also known as passive RCM constraint, the definition of the
pivotis obtained by mechanically constraining the pivot itself
to the mechanism kinematics employing circular tracking
arcs, dual parallelograms, or synchronous spherical linkages
[14,16-18]. However, these methods are expensive and wear
out with time. With the development of control methods [19-
23], in the latter case, that is the programmable or active
RCM, the constraint is accomplished by multi-joints’ coor-
dinated control, usually exploiting industrial redundant robot
[24]. Implementation of the active method is less expen-
sive than the passive one and allows greater flexibility. Also,
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this method is quite robust, but it brings problems related
to space-occupation and lesser maneuverability, thus differ-
ent software methods and their RCM tackling effects are
becoming a prominent research topic. Different methods and
controllers have been proposed and studied in the litera-
ture, including the so-called RCM-constrained Jacobian [25],
a dual quaternion-based kinematic controller [26], a task-
space augmentation method [27,28], fuzzy approximation
[29,30], decoupled controllers [15,31,32], etc. Furthermore,
optimization approaches have been proposed, and these
techniques treat RCM constraint as an equality constraint
[33].

As for the RCM-constrained Jacobian, the Jacobian matri-
ces of the robot and the tool’s endpoint are used to directly
compute the endpoint Jacobian; then the obtained Jacobian
matrix is inserted in a feedback kinematic controller so that
the robot can follow the desired trajectory [25]. Regarding the
dual quaternion-based controller, the RCM is programmable,
and the software maintains it through a kinematic con-
troller that operates in the unit dual quaternion space [26].
The task-space augmentation method couples the coordi-
nates of the RCM constraint and the task space to achieve
two main tasks: the respect of the RCM constraint and the
correct performance of the tool-tip trajectory [27]. Finally,
it has been demonstrated that one of the best performing
methods is the null-space and task-space decoupled control
[15,27]. In this method, the null space and the task space
are hierarchically considered, then they can be combined
together by utilizing specific weights. Moreover, to over-
come the impossibility of using the Jacobian matrix with
redundant robots, it has been introduced a pseudo-inverse
Jacobian that allows solving the inverse kinematics of the
robot [15].

Model Predictive Control (MPC) has been vastly applied
in various industrial applications. However, this control
method requires accurate modeling of the controlled object,
and it is also very challenging to control the surgical robot.
Therefore, in laparoscopic applications, there are only very
few and old studies at present [34-37]. Nevertheless, in the
case that the motion equation of the robot is clear, MPC has
the following significant advantages. MPC considers only
the task space, so it is easier to be implemented than the
decoupled one. Furthermore, it is a model-based and an
optimization-based control method; in particular, this con-
trol method can predict the future trajectory that the robot
should follow, and thus, starting from the system model, the
control input is set to the optimal value [38]. Lastly, with
the MPC strategy, it is possible to introduce constraints on
the inputs and the state of the system, for example, it can
be imposed a velocity constraint such that the joint veloc-
ity does not reach high value [39-41]. For the reasons listed
above, we decided to apply the MPC method to realize the
trajectory following and RCM constraint in MIS. Further-
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more, direct fuzzy adaptive controllers are known to work
in the presence of a large uncertainty or unknown vari-
ation in plant parameters and disturbances [42]. In [43],
unknown time-varying periodic disturbances from human—
robot interaction are compensated by an adaptive fuzzy
approximation.

In this work, we propose and simulate the application of
MPC for active RCM constraint on an industrial serial 7-
DOF robot, the KUKA LWR4+. The control objectives of
the minimally invasive surgery in this paper are to control
the robot following a desired trajectory and in the meantime,
maintaining the surgical tool passing through the RCM point,
that is, the end position and orientation of the surgical tool
should be controlled simultaneously. Since the surgical tool
is attached to the end of the robot, namely, the position and
orientation of the last joint (i.e., the wrist joint) should be
controlled. First, a two-dimensional (2D) trajectory tracking
and RCM constraint for the surgical tool are considered. The
surgical tool is modeled as a virtual dynamic system with vir-
tual velocity along the two axes and virtual angular velocity
around the end of the surgical tool. Thereby, the trajectory
tracking and RCM constraint problem are transferred into
the control problem of the virtual dynamic system. Then,
MPC can be applied to design the controller of the virtual
dynamic system. Second, since the workspace of the robot is
3D, thus, to simplify the 3D problem, it is projected into xy-
plane and yz-plane, respectively. Then, the above-mentioned
2D MPC solution can be used to solve these two 2D prob-
lems. The actual position of the end of the surgical tool and
its orientation can be obtained through the mapping from
2D to 3D, and the actual position and orientation of the last
joint of the robot can also be determined. By utilizing the
inverse kinematics of the robot, we can control the robot to
get to the actual pose to realize the trajectory tracking and
RCM constraint. By simplifying the trajectory tracking and
RCM constraint problem into controlling a virtual surgical
tool, it is easy to replicate the solutions on other manipula-
tors. Furthermore, the fuzzy approximation is introduced to
manage the kinematic uncertainties and external disturbance
existing in the MPC control. Finally, the efficiency and accu-
racy of the proposed approach are validated with the KUKA
LWR4+ robot on simulation environment, with comparing to
the decoupled method and the MPC method without fuzzy
approximation.

The paper is organized as follows: the model of the robot’s
kinematics and the mathematical solution of the RCM con-
straint are explained in the second section. In the third
section, the control design method of the MPC and the
fuzzy approximation are taken into account. The fourth sec-
tion illustrates the results of the paper and compares them
to the decoupled method and MPC method without fuzzy
approximation. Finally, the conclusions are reported in the
last section.

Problem statement
RCM constraint

In minimally invasive surgery, the surgical instrument enters
through an incision point in the abdominal wall and must not
hurt the edges of the wound during the surgical procedure.
Therefore, it can only translate along the tool axis and the
incision point. This type of constraint is called remote cen-
ter of motion (RCM) constraint. Generally, the surgical tools
used in MIS consist of a slender shaft, a cutting or grasping
end-effector. Therefore, the surgical tool is often treated as
a probe, with a specific length and moves under RCM con-
straints, to simulate the behavior of the surgical tool during
surgery. Similarly, in this paper, we approximate the surgical
tool as a line segment with a specific length [/ to describe
the RCM constraint model in a two-dimensional space. The
simulated model of the surgical tool is shown in Fig. 1.

In this constraint model, T 4o5 describes the desired tra-
jectory, and Py, indicates the RCM constraint point. The
surgical tool tip needs to track the desired trajectory T ges
while also satisfying the RCM constraint, i.e., crossing the
RCM point. In Cartesian space, the pose of the surgical tool
that can satisfy these two conditions at the same time is
unique, that is, the position and orientation of the surgical
tip are determined uniquely by Tges and Pi.. Here, we
define a tool vector that points from the tip of the surgical
instrument center to the center of the RCM constraint to rep-
resent the surgical instrument’s desired location under the
RCM constraint.

T ges- ey

tool = Pyem —

Then, the angle of the vector can be calculated by the fol-
lowing equation:

Robot end-effector

Prcm
Y A
& l
<,
o 0
%
N \
4
L >
X
Tdes

Fig. 1 Virtual model of the surgical tool in 2D. The surgical tool is
connected to the robot end-effector, that is, the last joint of the robot.
The end of the surgical tool should follow the desired trajectory T ges.,
and the tool should pass through the RCM point P, at the same time
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0‘ — acos Xrem — Xactual ’ )
[tool|

where [tool| = \/(xrcm - xactual)2 + (yrcm - yactual)z' It
should be noted here that the angle is chosen to correspond
to the x-axis.

In geometric space, utilizing the tool vector, the pose of
the last robot joint can be described by the desired trajectory
T 4es and the RCM point P.. The specific relationship is
shown in the following equations:

0r0bot = 0-7 3)
tool
4)

Probot = Tdes — i |t001|.

Thus, a definite correspondence is established between
the last robot joint pose and the desired trajectory point that
satisfies the RCM constraint. In this work, the position and
orientation of the robot are the main control objectives.

2D RCM constraint

In practice, the motion control of the surgical tool is accom-
plished by a series of discrete control points distributed over
the desired trajectory, which is expressed in the control model
as a control relation with time parameters [44—48]. In the
motion process, the wrist joint pose and surgical tool position
still follow the RCM constraint relations given in the previous
section, but the velocity must be considered. Here, as shown
in Fig. 2, Xactuals Yactual, and Bacryal Were used to describe the
pose achieved by the tool tip at a certain time; moreover, the
velocity of the tool tip is defined by vy, v, (virtual linear
velocities), and w (virtual angular velocity). Similarly, the
coordinates of the RCM constraint were defined as (xyem,
YVrem)> and finally, we have chosen the desired trajectory in
the form of a vector of organized as (x4, yq, 64). It should be
mentioned that (x4, yq, 64) is the desired pose trajectory of
the robot, which means that if the robot can be controlled to
follow the desired pose trajectory, the control objectives of
the desired trajectory and RCM constraint can be maintained
simultaneously. It should be noted here that the kinematic
modeling of the tool tip is within the virtual space, which
aims at simplifying the complexity of the model.

At the initial moment, the surgical tool position coincides
with the initial point of the desired trajectory. After consider-
ing the time and velocity parameters, the pose of the surgical
tool at time ¢ can be given by the following kinematic model:

x(t) =x(t—-1)+v,T,
yo) =yt =1 +uvT, (5)
0@) =0 —1)+ T,
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(xrcm' yrcm)

~ x >
(xactual: yactual) Ux

Fig.2 Kinematic diagram of the surgical tool shown in 2D space. The
surgical tool frame is established at the end of the surgical tool, and it
is consistent with the robot base frame (in blue). It is assumed that the
surgical tool can move along x and y axes with virtual linear velocity v,
and vy, In addition, it can rotate around the end with a virtual angular
velocity @

where T is the time interval between 7 and ¢ — 1. Furthermore,
the kinematic model (6) can be rewritten in a more general
matrix form by distinguishing the state parameters and output
parameters:

x(1) 100 x(t—1) T0O Uy
y@) [=1]1010 ye—=1)|+]10TO0 vy
0(t) 001 0@ —1) 00T w
(6)

Then, in a more compact way, it can be written as:

Xt)=A-X(t—1)+B-u@), 7

where u(t) is the velocity vector of the surgical tool, which
is also the control term in the kinematic model. Furthermore,
the new actual position achieved by the surgical tool:

Xactual 100 x(t)
Yactwal [ = | 010 y@) |- (®)
Oactual 001 0(t)

That can be written as:

Y@)=C- X(1). C))

Once the kinematic model for the actual tool position con-
trol has been determined, the MPC control method can be
designed for the control term u(¢) to track the desired trajec-
tory.
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3D RCM constraint

As the problem of the RCM constraint in 3D space resem-
bles with it in 2D space, passing modification, the expression
of the RCM constraint problem in two dimensions can be
extended to three dimensions. Nevertheless, there is an easier
way to solve this problem, which is decomposing the RCM
constraint equations. In this chapter, a dimensionality reduc-
tion method based on coordinate decomposition is proposed,
which projects the surgical tool and RCM constraint relation-
ship in tri-dimensional space onto the mutually orthogonal
planes, x—y and x —z planes. Thus, the problem in 3D space
is converted into 2D space RCM constraint problems that
are already discussed. The specific projection relationship is
shown in Fig. 3. In the picture, line AB represents the sur-
gical tool, where point A is the tool handle connected to the
end of the robot, point B is the tool tip, and point C rep-
resents the RCM point. In Cartesian space, the projections
on two orthogonal planes can determine the pose of the line
segment in 3D space, and here we choose the x—y and x—z
projection planes for our analysis. Similarly, using the projec-
tion decomposition method we can also obtain the expected
trajectory of the tool tip in both x—y and x—z planes, and
carry out the 2D RCM constraint analysis in each of the two
planes. For the x —y plane, it is easy to obtain the vectors con-
taining the x and y coordinates of the tip and its orientation
6yy among the time by means of geometric projection laws.
Analogously, from the x —z plane, we can also obtained x, z,
and the angle 6, ;, where the coordinate x is equal to the one
obtained from the x — y plane. Then, the coordinates of the
wrist joint satisfying the RCM constraint can be expressed
as:

s 6XZ

Alll A\
CIII \C
B‘"/ T~—3

Y

Fig.3 The projection of the 3D RCM constraint in the 2D plane

Xrobot = Xtip +1- COS(Qxy) - co8(0yz),
Yrobot = Ytip + 1 - sin(Byy) - cO8(Ox7), (10)
Zrobot = Ztip + l- COS(ny) - sin(0yx),

where [ is the tool length, xip, yiip, and zp are the position of
the surgical tool, and Xyobot, Yrobot, and Zrobot represents the
position of another end of the surgical tool. With this trajec-
tory of the last joint of the robot, the robot can be controlled
to maintain the desired trajectory and RCM constraint in 3D
space. The detailed framework of the projection decomposi-
tion method is shown in Fig. 4.

Control system design
Controller design method

The MPC is a predictive model and it can be described
through a prediction horizon P and a control horizon M.
At the time instant i, the model predicts the possible outputs
of the next P steps, but to compute the output at the instant
i + 1, it considers only the first M predicted frames.

Surgical tool .
3D RCM De;lred 3D
. trajectory
constraint

Tool pose D 2'.3 d Tool pose 2[_3
2D RCM esire 2D RCM Desired
trajectory trajectory
MPC MPC

A A

Actual wrist
position and
velocity in x-z

plane

Actual wrist

position and

velocity in x-
y plane

1 ]
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 control 1 control
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1

Ix-y plane

Geometric
combination

|
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|

|

|

|

|
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1 Robot
| inverse
|

|

|
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1
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Joints motion
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Fig.4 Conceptual scheme of the projection decomposition method
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Fuzzy
approximation
Uy, puzzy (k)
+ - .
MPC “w(’@i)“w(" Surgical tool cctuaty
~ | controller kinematic model
Xd,xy ]
t
Xdes I— x —y plane External disturbance -
Projection Geometric | | Inverse | | Robot —
decomposition =z plane Fuzzy | |Combination| | Kinematics
Prem approximation
Xdxz
O MPC Surgical tool
|7 controller kinematic model| | *actuatxz

T
External disturbance

Fig. 5 The proposed fuzzy approximation-based MPC control frame-
work for maintaining trajectory tracking and RCM constraint. Xy, yy
represents the desired position and angle trajectory (x4, yq4, 64) inx—y
plane, X acal,xy i the actual position and angle trajectory of the sur-

To implement the MPC control method we start from the
discrete kinematic model defined in the RCM Constraint sub-
section [49]:

xik+1)=A -x;k)+ B;
yk) =C; - x;(k),

i (k) + di (K), an

where x; € R",u; € R",y € R1.d; € R". n is the state
dimensionality, r is the input dimensionality, and ¢ is the
output dimensionality. It should be noted that during prac-
tical scenarios, the motion of organs is rthythmic due to the
rhythm of breathing. The motion of organs is a disturbance
for the tasks of trajectory tracking and RCM constraints. The
dynamics of the external disturbance induced by the rhythmic
motion of the organs is unknown and nonlinear. Therefore,
the external disturbance induced by the uncertain motion of
organs is defined as d; € R".

The discrete model in (8) and (10) can be written through
the predictive model as [50]:

Y(k) =Fy,-x(k)+ Gy -U(h), (12)
where:
yk+1)
Y(k)=]: , (13)
Yk+p) 1, py
u; (k)
Uitk) = | : : (14)
witk+ M =1 ]y,
ﬁ‘ﬁm{i}m” @ Springer

gical tool in x—y plane. u,, (k) if the output of the x—y plane MPC
controller, u,y fuzzy (k) denotes the compensation item, and u (k) =
Uyy (k) + Uy fuzzy (k). The definitions of the these values in x-z plane
are omitted here for the sake of simplification

[CA,

F,=|: , (15)
cA’?
- pgxn
~CB; 00
: 0

G, = CAf.”—lBi . CB; . (16)
L cAP ' B; CZP MAIB

pgxMr

where p is the number of prediction steps and M is the
number of control steps.
Once we have computed the possible outputs Y (k), we
must find the best path for the robot by minimizing a cost
function [51]:

min = ||W(k)

17
Ui(k) (an

YO, + U, .

where W (k) is at x gp matrix containing the desired pose of
the tip at the instantk, and ¢ is the number of the simulation
time intervals. The solution that minimizes the cost function
is given by [51]:

—1
Uk) = (Gf 0,G, + Ry) GT Q, (Wk) - Fyx(k)).
(18)

So we have defined:
=d"U ),

u(k) (19)
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where

100000000000
010000000000
001000000000

d= (20)

Finally, we have computed the new values of x and y as in
(12). The procedure is repeated for all the ¢ time intervals of
the simulation.

Fuzzy approximation

As mentioned above, the motion of organs is a disturbance for
the tasks of trajectory tracking and RCM constraints, which
is defined as d; € R". To achieve the implementation of a
task by controlling the position of the surgical tip regardless
of the external disturbance, the fuzzy approximation method
proposed in [42] is utilized in this paper to compensate for
the external disturbance. As mentioned in [42], a nonlinear
disturbance can be represented by the function of f (Z) :
R" — R™ as f(Z) = 07 S(Z) + (Z), where 0 € R is the
adaptable weight, the vector Z = [z1,22,...,2,] € R" is
the input vector of the function model, S(Z) € R" denote
the vector of the kernel function. ¢ € R represents the error
of the approximation performance, which should meet the
condition: 3¢ € R > 0, |e(Z)| < &,VZ € Rz [42,52]. In
our work, the adaptive rule [53] for the approximation model
is selected as:

£ = l—lzr'l=1 'U“Aﬁ(zz') i=1 m Q1)
= ,j=1,...,m.
ZT:1 [T= Kl

The weight parameters [53] ©® is adjusted with 6o =
(61,62, 6] e R 6 e RLi=1,2,..om:

yeiPET(Z), 110:1l < My, or (1|0; > My,

&yEPET(Z) < 0) 22)

I(Z), 161l > Mg, &ye; PE" (Z) > 0,
01'0-T T mxm
where I'(Z) = ye; P |1 — \|9'\[|2 & (Z),andy € R

denotes the updating speed matrix of the compensator. In
addition, the vector of system output error is defined by
E = [e1,e,....ep;€1 ,€2,...,6y] Based on the Lya-
punov stability theorem, the P € R?*! is chosen. The
following motion compensation method is adopted to esti-
mate the external disturbances. X, X 4, X and X are the
input of the fuzzy system, and the output is the compensated
angular velocity on each axis. After approximation of the
uncertain disturbance, an adaptive fuzzy term wy,,y (k):

Uy (k) = ©7'S (X4, Xa, X, X). 23)

0.4
0.2

y [m]

Fig.6 Simulation setup in Matlab

is introduced to compensate the uncertain external distur-
bances. The desired control term can be expressed as:

ug (k) =u (k) + Uftuzzy (k). (24)

Control framework

To solve the 3D space RCM constraints, we choose the pro-
jection decomposition method to transform the problem into
two 2D RCM constraint problems, and obtain the coordi-
nate projections and velocity components of the wrist joint
using MPC in both planes. Since the kinematic control is
performed in joint space, we need to combine the position
and velocity components of the wrist into 3D space through
geometric relations. Once the wrist joint pose and velocity
is obtained, the angle and angular velocity of each joint of
the robot can also be solved by inverse kinematics, which in
turn drives the robot motion and completes the surgical tool
trajectory tracking. Furthermore, the fuzzy approximation
method is introduced to compensate for the external distur-
bance induced by the motion of organs. The detailed control
framework is shown in Fig. 5.

Simulation results

The comparative simulations are performed for the following
purposes:

1. To show that the proposed MPC-based method is able
to improve the trajectory tracking and RCM maintaining
performance, in comparison with the typical decoupled
method;

2. To demonstrate that fuzzy approximation-based compen-
sation is more effective to maintain the performance when
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Fig.7 Simulation trajectories

(a) Zig-Zag trajectory

(b) Sine trajectory
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Experiment one Decoupled 1.15 4.35 0.97 3.06
MPC 0.63 0.13 0.52 0.11
Experiment two Without fuzzy 1.05 1.04 1.13 1.17
Fuzzy 0.21 0.19 0.25 0.15
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Fig.9 Experiment one—Sine
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there are external disturbances induced by the motion
of organs, in comparison with the proposed MPC-based
method but without disturbance compensation.

The performance of the proposed method is verified
through the simulation in Matlab. An environment in which
a KUKA LWR4+ robot is loaded, the initial and the struc-
tural information have been given. In the virtual environment,
the RCM constraint (the red circle) and the tip (in blue)
were added as well, which is shown in Fig. 6. While the
RCM is kept fixed, the tip moves following the chosen tra-
jectories. In the simulation, two trajectories are chosen to
conduct the experiment, that is, the zigzag and sine trajec-
tories, which are shown in Fig. 7. It should be noted that
to simplify the trajectory, the Z-axis positions of these two
trajectories are kept fixed. To better demonstrate the superi-
ority of the proposed method, two comparative experiments
are conducted. First, the proposed method without fuzzy
approximation is compared with the decoupled method [15]
to show the better performance of the MPC-based method.
Second, the proposed method with fuzzy approximation is
compared with the one without fuzzy approximation to verify

the effectiveness of the fuzzy approximation when there are
some external disturbances. It is noted that during surgeries,
although the human body remains stationary, the motion of
organs is rhythmic, often following the rhythm of breath-
ing. The motion of organs is a disturbance for the tasks of
trajectory tracking and RCM constraints. Therefore, in the
simulation, we set the disturbance as a periodic sinusoidal
disturbance. Some metrics of evaluation are introduced here
to analyze the simulation results:

€traj, = Xactual — Tdes,xv

€traj, = Yactual — Thes,y» (25)
€traj, = Zactual — Tdes,zy
J— 2 2 2
Ctraj = \/etran + etrajy + Ciraj. (26)
I (Prem — Xactua) X tool]|
erem = (27)

| Prem — Xactualll

As for the control part, with our MPC method, the pre-
diction horizon p and the control horizon m are chosen as
10 and 4, respectively. It is noted that for the sake of the

Pielae ol aao
KACST &.0141lg oglel)

@ Springer



Complex & Intelligent Systems

Fig. 10 Experiment
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computational time, the predictive horizon has been set to
a bigger value than the control horizon. Furthermore, the
weight parameters Q and R are determined through several
cycles of the trial with different combinations of the param-
eters. At the end, a high @ and a low R have been chosen to
maintain a small tracking error and quite reactive behavior
that allows us to change the input according to what has been
advised by other MPC applications [54].

The results of the first simulation are shown in Figs. 8 and
9 with Fig. 8 displaying the Zig-Zag trajectory and Fig. 9 pre-
senting the Sine trajectory. It indicates that the performance
of the proposed MPC-based method is significantly better
than the decoupled method, both in the trajectory error and
the RCM error. The overall trajectory error of the proposed
MPC method is within 1 mm, while that of the decoupled
method would exceed 1 mm. As for the RCM error, the
proposed MPC-based method can maintain near 0 at all
the timestamps. However, the RCM error of the decoupled
method could reach up to 5 mm.
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The results of the second simulation are listed in Figs. 10
and 11 with Fig. 10 displaying the Zig-Zag trajectory
and Fig. 11 presenting the Sine trajectory. It can be seen
from the experimental results that the performance would
be greatly effected by the external disturbances without
the fuzzy approximation-based disturbance compensation.
While introducing the fuzzy approximation-based compen-
sation method, the performance are better, the trajectory and
RCM error would decrease to 0 gradually, which means that
the fuzzy approximation method can accurately estimate and
compensate for the external disturbances.

Based on the above discussion of the experimental results,
we summarize the advantages of the proposed method. The
significance lies in the higher trajectory accuracy and RCM
accuracy compared to the decoupling method, and also in
the effective suppression of external disturbances induced
by rhythmical motions of organs.
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Fig. 11 Experiment two—Sine
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Conclusion approximation-based disturbance compensation. The results
pp p

In this section, we demonstrate the advantages and poten-
tial of the MPC approach to robot-assisted laparoscopy. The
specific contributions are summarized below.

. The 3D trajectory tracking and RCM constraint main-
taining problem has been projected into 2D space, which
could simplify the problem.

The virtual kinematic model of the surgical tool is
established, and the trajectory and RCM constraint are
transferred into controlling the position and orientation
of the virtual surgical tool.

The fuzzy approximation method is introduced to com-
pensate for the external disturbances induced by the
rhythmical motion of organs.

Simulations have been conducted to verify the effective-
ness of the proposed method, both in comparison with the
decoupled method and the proposed method without fuzzy

shows that the performance of the proposed method is better
than the decoupled method, and the fuzzy approximation-
based compensation method can accurately estimate the
external disturbances and compensate for the disturbances.
However, there are only simulation results in this paper. In the
future, there shall be improvements such as the introduction
of constraints on the tool velocity according to the different
scenarios of minimally invasive surgeries. After improve-
ments, the method could be implemented directly in the
control of a KUKA LWR4+, or any other industrial robots,
by re-tuning the MPC parameters, changing the values of the
D-H parameters, and re-setting the initial configuration. In
addition, the proposed method can be extended to investi-
gate other research areas, such as mobile robots, soft robots
[55,56], etc.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as
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unless indicated otherwise in a credit line to the material. If material
is not included in the article’s Creative Commons licence and your
intended use is not permitted by statutory regulation or exceeds the
permitted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

References

10.

11.

12.

13.

14.

15.

16.

. Yang C, Huang D, He W, Cheng L (2020) Neural control of robot

manipulators with trajectory tracking constraints and input satura-
tion. IEEE Trans Neural Netw Learn Syst 2020:5

Huang H, Yang C, Chen CP (2020) Optimal robot-environment
interaction under broad fuzzy neural adaptive control. IEEE Trans
Cybern 2020:5

Ogenyi UE, LiuJ, Yang C, JuZ, Liu H (2019) Physical human-robot
collaboration: Robotic systems, learning methods, collaborative
strategies, sensors, and actuators. IEEE Trans Cybern 2019:5
Huang D, Yang C, Pan Y, Cheng L (2019) Composite learning
enhanced neural control for robot manipulator with output error
constraints. IEEE Trans Ind Inf 17(1):209-218

Huang H, Zhang T, Yang C, Chen CP (2019) Motor learning and
generalization using broad learning adaptive neural control. IEEE
Trans Ind Electron 67(10):8608-8617

LeilJ, Huang J, Yang X, Zhang Y, Yao K (2018) Minimally invasive
surgery versus open hepatectomy for hepatolithiasis: a systematic
review and meta analysis. Int J Surg 51:191-198

Jaffray B (2005) Minimally invasive surgery. Arch Dis Child
90(5):537-542

Buia A, Stockhausen F, Hanisch E (2015) Laparoscopic surgery: a
qualified systematic review. World J Methodol 5(4):238

Litynski GS (1998) Erich miihe and the rejection of laparo-
scopic cholecystectomy (1985): a surgeon ahead of his time. J Soc
Laparoendosc Surg 2(4):341

Schlich T, Tang CL (2016) Patient choice and the history of mini-
mally invasive surgery. The Lancet 10052(388):1369-1370
Reynolds W Jr (2001) The first laparoscopic cholecystectomy. J
Soc Laparoendosc Surg 5(1):89

Patel HR, Linares A, Joseph JV (2009) Robotic and laparoscopic
surgery: cost and training. Surg Oncol 18(3):242-246

Aghakhani N, Geravand M, Shahriari N, Vendittelli M, Oriolo G
(2013) Task control with remote center of motion constraint for
minimally invasive robotic surgery. In: 2013 IEEE international
conference on robotics and automation, IEEE, pp 5807-5812
Taylor RH, Menciassi A, Fichtinger G, Fiorini P, Dario P (2016)
Medical robotics and computer-integrated surgery. In: Springer
handbook of robotics, pp 1657-1684

Su H, Yang C, Ferrigno G, De Momi E (2019) Improved human-
robot collaborative control of redundant robot for teleoperated
minimally invasive surgery. IEEE Robot Autom Lett 4(2):1447—
1453

Guthart GS, Salisbury JK (2000) The intuitive/sup tm/telesurgery
system: overview and application. In: Proceedings 2000 ICRA.
Millennium Conference. IEEE International Conference on
Robotics and Automation. Symposia Proceedings (Cat. No.
00CH37065), IEEE, vol 1, pp 618-621

Taylor RH, Funda J, Eldridge B, Gomory K, LaRose D, Talamini
M, Kavoussi LL, Anderson J (1995) A telerobotic assistant for

laparoscopic surgery. IEEE Eng Med Biol Mag 14(3):279-288

Lisllase cllad .
bes Shenas Q) Springer

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

Kobayashi E, Masamune K, Sakuma I, Dohi T, Hashimoto D (1999)
A new safe laparoscopic manipulator system with a five-bar linkage
mechanism and an optical zoom. Comput Aided Surg 4(4):182-192
Chen J, Qiao H (2020) Motor-cortex-like recurrent neural network
and multi-tasks learning for the control of musculoskeletal systems.
IEEE Trans Cogn Develop Syst 2020:5

Liu S, Sun M, Feng L, Qiao H, Chen S, Liu Y (2020) Social
neighborhood graph and multigraph fusion ranking for multifea-
ture image retrieval. IEEE Trans Neural Netw Learn Syst 2020:5
Chen J, Qiao H (2020) Muscle-synergies-based neuromuscular
control for motion learning and generalization of a musculoskeletal
system. IEEE Trans Syst Man Cybern Syst 2020:6

Huang X, Wu W, Qiao H (2020) Computational modeling of
emotion-motivated decisions for continuous control of mobile
robots. IEEE Trans Cogn Develop Syst 2020:6

Zhong S, ChenJ, Niu X, Fu H, Qiao H (2019) Reducing redundancy
of musculoskeletal robot with convex hull vertexes selection. IEEE
Trans Cogn Develop Syst 12(3):601-617

Ceccarelli M (2004) International symposium on history of
machines and mechanisms. Springer, Berlin

Sadeghian H, Zokaei F, Jazi SH (2019) Constrained kinematic con-
trol in minimally invasive robotic surgery subject to remote center
of motion constraint. J Intel Robot Syst 95(3):901-913

Marinho MM, Bernardes MC, B6 AP (2014) A programmable
remote center-of-motion controller for minimally invasive surgery
using the dual quaternion framework. In: 5th IEEE RAS/EMBS
international conference on biomedical robotics and biomechatron-
ics, IEEE, pp 339-344

Sandoval J, Poisson G, Vieyres P (2017) A new kinematic formu-
lation of the rcm constraint for redundant torque-controlled robots.
In: 2017 IEEE/RS]J international conference on intelligent robots
and systems (IROS), IEEE, pp 45764581

Wei X, Chen N (2014) Composite hierarchical anti-disturbance
control for nonlinear systems with dobc and fuzzy control. Int J
Robust Nonlinear Control 24(2):362-373

LiZ, Xu C, Wei Q, Shi C, Su CY (2018) Human-inspired control of
dual-arm exoskeleton robots with force and impedance adaptation.
IEEE Trans Syst Man Cybern Syst 50(12):5296-5305

He W, Dong Y (2017) Adaptive fuzzy neural network control for
a constrained robot using impedance learning. IEEE Trans Neural
Netw Learn Syst 29(4):1174-1186

He W, Meng T, He X, Ge SS (2018) Unified iterative learning
control for flexible structures with input constraints. Automatica
96:326-336

He W, Meng T (2017) Adaptive control of a flexible string system
with input hysteresis. IEEE Trans Control Syst Technol 26(2):693—
700

Li M, Kapoor A, Taylor RH (2005) A constrained optimization
approach to virtual fixtures. In: 2005 IEEE/RSJ International Con-
ference on Intelligent Robots and Systems, IEEE, pp 1408-1413
Gangloff J, Ginhoux R, de Mathelin M, Soler L, Marescaux J
(2006) Model predictive control for compensation of cyclic organ
motions in teleoperated laparoscopic surgery. IEEE Trans Control
Syst Technol 14(2):235-246

Wang D (2011) Neural network-based adaptive dynamic surface
control of uncertain nonlinear pure-feedback systems. Int J Robust
Nonlinear Control 21(5):527-541

LiZ,DengJ,LuR, XuY, BaiJ, SuCY (2015) Trajectory-tracking
control of mobile robot systems incorporating neural-dynamic opti-
mized model predictive approach. IEEE Trans Syst Man Cybern
Syst 46(6):740-749

LiZ, Zhao K, Zhang L, Wu X, Zhang T, Li Q, Li X, Su CY (2020)
Human-in-the-loop control of a wearable lower limb exoskeleton
for stable dynamic walking. IEEE/ASME Trans Mechatron 2020:8
Rossiter JA (2003) Model-based predictive control: a practical
approach. CRC Press, Hoboken


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Complex & Intelligent Systems

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

Wang L (2009) Model predictive control system design and imple-
mentation using MATLAB®. Springer Science & Business Media,
Berlin

Katliar M, Drop FM, Teufell H, Diehl M, Biilthoff HH (2018) Real-
time nonlinear model predictive control of a motion simulator based
on a 8-dof serial robot. In: 2018 European Control Conference
(ECC), IEEE, pp 1529-1535

Mayne DQ, Kerrigan EC, Van Wyk E, Falugi P (2011) Tube-based
robust nonlinear model predictive control. Int J Robust Nonlinear
Control 21(11):1341-1353

Wang LX (1993) Stable adaptive fuzzy control of nonlinear sys-
tems. IEEE Trans Fuzzy Syst 1(2):146-155

LiZ, Su CY, Li G, Su H (2014) Fuzzy approximation-based adap-
tive backstepping control of an exoskeleton for human upper limbs.
IEEE Trans Fuzzy Syst 23(3):555-566

Yang C, Luo J, Liu C, Li M, Dai SL (2018) Haptics electromyogra-
phy perception and learning enhanced intelligence for teleoperated
robot. IEEE Trans Autom Sci Eng 16(4):1512-1521

Yang C, Chen C, Wang N, Ju Z, Fu J, Wang M (2018) Biologically
inspired motion modeling and neural control for robot learning
from demonstrations. IEEE Trans Cogn Develop Syst 11(2):281-
291

Yang C, Peng G, Li Y, Cui R, Cheng L, Li Z (2018) Neural
networks enhanced adaptive admittance control of optimized robot-
environment interaction. IEEE Trans Cybern 49(7):2568-2579
Yang C, Jiang Y,NalJ,LiZ, Cheng L, Su CY (2018) Finite-time con-
vergence adaptive fuzzy control for dual-arm robot with unknown
kinematics and dynamics. IEEE Trans Fuzzy Syst 27(3):574-588
Zeng C, Yang C, Cheng H, Li Y, Dai SL (2020) Simultaneously
encoding movement and semg-based stiffness for robotic skill
learning. IEEE Trans Ind Inf 17(2):1244-1252

Chen CT, Shafai B (1999) Linear system theory and design, vol 3.
Oxford University Press, New York

Rakovi¢ SV (2016) Model predictive control: classical, robust, and
stochastic [bookshelf]. IEEE Control Syst Mag 36(6):102—-105
Levine WS, Griine L, Goebel R, Rakovic SV, Mesbah A, Kol-
manovsky I, Di Cairano S. Allan DA, Rawlings JB, Sehr MA et al
(2018) Handbook of model predictive control

52.

53.

54.

55.

56.

Chen B, Liu XP, Ge SS, Lin C (2012) Adaptive fuzzy control of a
class of nonlinear systems by fuzzy approximation approach. IEEE
Trans Fuzzy Syst 20(6):1012-1021

Tong S, Li Y (2012) Adaptive fuzzy output feedback control of
mimo nonlinear systems with unknown dead-zone inputs. IEEE
Trans Fuzzy Syst 21(1):134-146

Hamid UZA, Zamzuri H, Raksincharoensak P, Rahman MAA
(2016) Analysis of vehicle collision avoidance using model pre-
dictive control with threat assessment. In: 23rd ITS world congress
Chen Y, Wang L, Galloway K, Godage I, Simaan N, Barth E (2020)
Modal-based kinematics and contact detection of soft robots. Soft
Robot

Yu S, Huang TH, Yang X, Jiao C, Yang J, Chen Y, Yi J, Su H
(2020) Quasi-direct drive actuation for a lightweight hip exoskele-
ton with high backdrivability and high bandwidth. IEEE/ASME
Trans Mechatron 25(4):1794-1802

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

Lisllase cllal .
bes Shens ) Springer



	Incorporating model predictive control with fuzzy approximation for robot manipulation under remote center of motion constraint
	Abstract
	Introduction
	Problem statement
	RCM constraint
	2D RCM constraint
	3D RCM constraint


	Control system design
	Controller design method
	Fuzzy approximation
	Control framework

	Simulation results
	Conclusion
	References




