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Abstract Purpose Both safety and accuracy are of vital importance for surgi-
cal operation procedures. An efficient way to avoid the singularity of the surgical
robot concerning safety issues is to maximize its manipulability in robot-assisted
surgery. The goal of this work was to validate a dynamic neural network optimiza-
tion method for manipulability optimization control of a 7-DoF robot in a surgical
operation. Methods Three different paths, a circle, a sinusoid, and a spiral were
chosen to simulate typical surgical tasks. The dynamic neural network-based ma-
nipulability optimization control was implemented on a 7-DoF robot manipulator.
During the surgical operation procedures, the manipulability of the robot manip-
ulator and the accuracy of the surgical operation are recorded for performance
validation. Results By comparison, the dynamic neural network-based manipu-
lability optimization control achieved optimized manipulability but with a loss of
the accuracy of trajectory tracking (the global error was 1 mm compare to the 0.5
mm error of non-optimized method). Conclusions The method validated in this
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work achieved optimized manipulability with a loss of error. Future works should
be introduced to improve the accuracy of the surgical operation.

Keywords Trajectory tracking � manipulability � accuracy � redundant robot �
robot-assisted surgery

1 Introduction

Safety and accuracy represent two key issues in computer-assisted surgery. In the
past decades, several studies have been conducted in computer-assisted surgeries
to utilize surgical robots performing surgical tasks, driven by the advantages pro-
vided by these techniques. For instance, it can achieve higher accuracy in tracking
previously planned trajectories [1] without consideration of surgeon fatigue. More-
over, robot-assisted surgery often leads to several benefits, also to the patient.
For instance, these are fewer complications as surgical site infections, less pain
and blood loss, lower risk of the need for blood transfusion, quicker and easier
recovery, smaller and less noticeable scars [2, 3]. For the above-mentioned bene-
fits robotic tools assisted surgery is already practiced in general surgery [4] and
for several procedures, including for instance mitral valve repair/replacement [5],
tumor tissue excision [6, 7], cystectomy [8] and also cosmetic surgery [9].

Especially, redundant robot manipulators attracted many research interests in
the past decades, due to their higher number DoFs in the joint space can be utilized
to achieve additional tasks simultaneously. Thanks to the redundancy provided
by the robot kinematic structure, various research works have been introduced
to fascinate the robotic application in surgical robots, including providing the
flexibility of workspace [10, 11], maintaining the Remote Center of Motion [12]
and achieving human-like arm pose [13, 14].

Furthermore, it has been proven that their higher number DoFs in the joint
space than in the workspace can also be utilized to guarantee or increase flex-
ibility for complicated tasks by optimizing its manipulability [15]. An excellent
movement ability and the possibility to reach difficult points using the surgical
tip can be achieved with the optimization strategy [16, 17]. However, both safe
operation environment and a high degree of accuracy must be guaranteed even in
unexpected conditions, for example, undesired human-robot interactions [18]. For
this reason, in addition to the common risks associated with surgical operations,
some engineering issues must be addressed. One of the most relevant problems
regards kinematic singularity configurations. In these states, the Jacobian matrix
loses its rank, the structure loses mobility, and it is impossible to have arbitrary
motor laws at the end-effector [19]. Moreover, getting close to singularity points,
small velocities in the operational space may lead to high velocities in the joint
space [20]. Hence, it will affect the end-effector moves in specific directions, joint
velocities, and accelerations. Also, the large joint velocities may be needed to per-
form even small displacements or velocities of the end-effector. This behavior of the
manipulator is undesirable; it can damage the robot itself, and the sudden joint re-
configurations are extremely dangerous in a surgical environment [21]. Therefore,
maximizing the manipulator’s performance ability is an efficient way to solve the
singularity problems. There are numerous performance ability indexes of robots
based on their kinematic properties [22, 23, 24]. Most of the indexes were inspired
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by the manipulability [25]. Manipulability, the most popular of these indexes, will
be considered as a major performance index in this paper. The manipulability is
the overall manipulator performance of linear/angular velocities at each joint and
the end-effector given a certain conguration [26], and it’s defined as follow:

µ =
q

det (J � JT ) (1)

In conclusion, the research on manipulability optimization methods plays a
crucial role in safety issues in robotic-assisted surgical tasks. Hence, this paper
presents an experimental validation of the manipulability optimization control of
a 7-DoF Serial robot for robot-assisted surgery to verify its efficiency in terms of
the manipulability and the accuracy of the surgical tip.

In this paper, optimization methods that have already been carried out in
the literature will be considered, highlighting their pros and cons. Afterward, the
methods are applied to a 7-DoFs serial robot performing different trajectories and
undergo some possible surgical tasks. In addition, the results are compared and
analyzed in order to understand the actual effectiveness of the methods when
generalized to different shapes and dimensions trajectories in the surgical field.

The main contributions are summarized as follows:

– In order to effectively avoid the singularity of the surgical robot, dynamic neural
network optimization for manipulability optimization control of a 7-DoF robot
in surgical operation is considered to the robot-assisted surgery.

– Three experimental paths, including a circle, a sinusoid and a spiral are imple-
mented to achieve the optimization control.

– Some simulation and experiments are carried out to evaluate the accuracy and
safety of the proposed method.

2 State of the art

Several studies on maximizing redundant robots’ manipulability have been investi-
gated in the literature. A correct formulation of both the problem and the function
to be optimized is needed.

The first quantitative manipulability measure at the joint velocity level for re-
dundant manipulators was given by T. Yoshikawa. Thus, the singularity of redun-
dant manipulators can be determined by the method of pseudoinverse formulation
combined with the manipulability measure. Carlos Garriz proposed a Kalman fil-
ter method to optimize the manipulability in a six DOFs manipulator [27]. It is
easy to implement, and the states of calculation are based only on previous states.
Nevertheless, this method may converge to local solutions [28].

Recently, the optimization method can converge to a global solution, which
seems to be the most effective one [29]. It reformulates the redundancy resolution
problem with optimal manipulability considered into a constrained quadratic pro-
gramming problem. However, the solution to the formulated optimization problem
cannot be obtained directly. A Neural Network (NN) was an information pro-
cessing paradigm composed of many highly interconnected processing elements
(neurons) working in unison to solve specific problems with adaptive learning and
operating in real-time [30][31]. The use of DNN for the resolution of redundancy
is widely documented in the literature, and different techniques were performed.
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Some of them were in controlling a 6-DoFs robot (PUMA 560) upon a circular
trajectory and obtaining in their simulation a (40%) increase on average on the
manipulability value concerning the other methods. Though this method is active,
and the work has some limitations considered in this paper. Firstly, the computer
simulations had been performed only via self-motion and on a general circular
trajectory. Moreover, the method had been applied just on a 6-DoFs manipulator
(PUMA 560). The aim of the project presented in this report is indeed to apply
the MATLAB code to a 7-DoFs robotic arm (KUKA), adding one additional DoF.
Furthermore, the effectiveness of this method was evaluated in different shaped
and sized trajectories, simulating a possible use in surgical tasks. It is pivotal to
test the algorithm in an environment that is as similar as possible to the one in
which the robot is going to work and to choose proper path shapes to mimic possi-
ble realistic tasks. However, the complexity of a surgical scenario and the number
of different variables and constraints make it hard to satisfy these requirements.
In this work, we chose three different surgical tasks, that are two kind of incision
and a suture pattern. Then we provided a simplified model of them with the fol-
lowing shapes: a circle, a sinusoid, and a spiral. All these operations are currently
performed manually by the surgeon and never by a single-arm autonomous robot.
Even though the chosen tasks are quite easy to perform by hand, introducing
a redundant surgical robot could significantly increase stability and precision. It
leads to a more controlled movement, ensuring a quicker recovery for the patient,
less pain, and smaller post-operative scars. It follows a detailed description of the
trajectories chosen for the validation of the DNN method.

– Circle. A circle-shaped cutting is quite common, and it can be related to sev-
eral kinds of surgery, e.g., circular incisions in aesthetic and plastic surgery
such as mastectomy or cutting for tumor excision (e.g., craniotomy, mastec-
tomy, kidney tumor removal) [32], [33], [11]. In this report, a regular circular
pattern, the simplest model for these kinds of cut, with a 2 cm radius (size
consistent with the average areola dimension and a possible tumor mass) was
presented. The real shape can change a lot from patient to patient. For instance,
for mastectomy and breast reconstruction, the surgeon can choose several in-
cisions of different shapes, most of which based on a circular geometry (as
periareolar or elliptical incisions) [33]. Additionally, the tumor excision, which
can interest both hard or soft tissues, masses of different sizes and shape may
involve a round incision to remove cancer. The presence of robotic assistance
may allow the surgeon to perform these tasks with enhanced dexterity, sta-
bility, and precision, reducing the presence of scars and leading the patient to
a faster recovery. For example, it has been shown that semi-autonomous elec-
trosurgery for tumor resection performed by a robotic arm is more accurate
and stable than the human hand. It can also avoid complications due to long
operations and visualization.

– Sinusoid. A prime example of a sinusoidal trajectory used in the surgical
environment is the coronal incision, which is typically sinusoidal (Fig. 2) or
sawtooth-shaped. As the name suggests, this incision is done along the coronal
plane of the human body, running the head of the patient from one ear to the
other along the cranial circumference. In this report, a 25 cm long sinusoid has
been chosen in order to be sensible for the head dimension. It has undergone
many modifications during the years in order to optimize the aesthetic appear-
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