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Abstract

Surgical robots are safety-critical devices that require multiple domains of safety features. This article focuses on the
passive gravity compensation design optimization of a surgical robot. The limits of this optimization are related with the
safety features including minimization of the total moving mass/inertia and compactness of the design. The particle
swarm optimization method is used as a novel approach for the optimization of a parallel remote-center-of-motion
mechanism. A compact design is achieved by partially balancing the mechanism, which also decreases the torque

requirements from the actuators.
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Introduction

The use of robot systems for surgical procedures initiated
with the adaptation of industrial robots. Since surgical pro-
cedures are safety-critical operations, in the later years,
robots that are specifically designed for a specific cluster
of surgeries have been emerged. In these robots, safety
issues are considered in three different domains: (1)
mechanical, (2) electrical, and (3) software. In terms of
mechanical safety features, one issue is the minimization
of the moving mass/inertia and another issue is the passive
gravity compensation. Minimized moving mass/inertia
minimizes the damage in case of an unforeseen collision.
Passive gravity compensation guarantees that the mechan-
ism will be balanced even if the total system fails and
actuators cannot be operated.

Another obvious advantage of passive gravity compen-
sation is that the actuator’s effort will be mostly spent on
the control of the motion rather than working against
gravitational loads, which improves the control perfor-
mance. Hence, peak loads of the actuators will be smaller,

which leads to the use of smaller and more precise actua-
tion systems, which is safer for the human—robot interac-
tion.! For medical applications, safety requirements lead
to another conclusion that gravity balancing is a necessity
due to the induced advantages in backdrivability.” This
article focuses on passive gravity compensation of a sur-
gical robot with the limitation of minimizing the total
moving mass/inertia.

The surgical robot mechanism considered in this study is
composed of a remote-center-of-motion (RCM) mechanism
carried by a passively balanced nonactuated serial arm (pas-
sive arm). The system is designed to handle and direct an
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Figure |. First prototype of NeuRoboScope, the surgical assis-
tant robot.

Figure 2. Kinematic sketch of the parallel RCM mechanism
holding the endoscope. RCM: remote-center-of-motion.

endoscope in a minimally invasive surgery procedure called
a pituitary tumor surgery.> The system is called NeuRobo-
Scope* and its first functional prototype is shown in Figure 1.

The RCM mechanism is designed as a parallel mechan-
ism and its kinematic parameters are shown in Figure 2.
The three input angles 6, 0,, and 05 are used for control-
ling the two rotations ¢gpcy and rem, and one linear
motion d of an endoscope about RCM, which is called pivot
point.

This RCM mechanism is designated to work on top of
the head of the patient during the surgery. Consequently,
there should be safety features in case of possible failures in
the system. Potential scenarios of these failures are the
malfunction of the actuators and brakes of this robot
mechanism or the malfunction of the control system. In
this case, the manipulator should be statically balanced so
that it will not fall on the head of the patient during these

types of failures. In addition, increased gravitational loads
can cause deformation of the pivot point, which can affect
the dynamics, stiffness, and accuracy performance of the
parallel manipulator.” Additionally, gravity compensation
can improve the positioning accuracy of parallel robots, as
it has been concluded in the literature.®

Passive gravity compensation has been implemented in
medical applications, such as in wearable rehabilitation
mechanism for lower limbs’ and upper limbs,® in an exos-
keleton supporting the body parts,” and in a backdrivable
robotic arm carrying the ultrasound probe for an ultrasound
examination."'* In the area of surgical robotics, in the
literature,'" a novel passive gravity compensation mechan-
ism based on springs and wires with a scotch-yoke mechan-
ism is introduced for a laparoscopic robotic arm. Another
application for a large-mass medical device carrying
mechanism was developed by Baradat et al.® by designing
a balancing mechanism consisting of multiloop pantograph
linkages for actuator torque minimization of a spatial par-
allel manipulator.

Numerous design concepts for passive gravity com-
pensation in mechanism design have been proposed and
implemented. A review of the available techniques is
presented in the work of Arakelian'? by presenting the
advantages and drawbacks of the methods with exam-
ples. Passive gravity compensation via counter-mass or
spring can be considered as a fundamental way in the
passive gravity compensation of robot manipulators. A
comparison between these two techniques is presented
by Mahalingam and Sharan.'® In fact, these two tech-
niques can be used simultaneously.* A design tool was
proposed by Martini et al.'* to determine a feasible
gravity compensation solution by selecting appropriate
mixtures of counter-masses and springs. Martini et al.'*
evaluated the performance of unbalanced/balanced
mechanism in terms of energy efficiency, peak motor
loads, and joint reactions to assess the most convenient
balancing solution.

Among the gravity compensation methods, an obvi-
ous and relatively easier option is integrating counter-
masses, which is a superior method for its independency
of the direction of gravity vector when the base of the
robot has rotational motion. Nevertheless, this solution
results in increased mass/inertia of the moving bodies.
Additionally, in contrast to using a spring-balanced sys-
tem, using counter-masses increases the required power
of the actuators and results in a lower bandwidth of the
system. '

Two main arrangement methods are usually used when
using springs’: (1) direct connection of spring to the link
and (2) via utilizing an auxiliary linkage with the spring.
Usually, gravity compensation with spring components is
used in parallel robotic manipulators with a fixed base plat-
form."® In the literature,’ three tension springs were used
for 3-RPS parallel robot manipulator to compensate for
gravitational loads. The geometric parameters of these
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springs were optimized by minimizing gravitational poten-
tial energy fluctuation within a prescribed workspace.
However, using tension springs on links needs a fixture
point connected to the base platform of the parallel robot
manipulator, which needs auxiliary fixture structures that
increases the total weight of the whole system. Although
there are solutions including pulleys and cables,'”'® addi-
tional components in a design increase the risk of failures.
Hence, the proposed spring-based gravity balancing system
is designed to integrate torsional springs in front of the
actuation systems. In an earlier work, a similar solution is
proposed via adding torsional springs.' In the literature,’
torsional springs are placed at active and selected passive
revolute joints of the manipulator to meet two objectives:
(1) to keep the vertical load always upward so that in case
of a failure, the medical tool out of contact with the patient
for safety reasons and (2) to minimize peak loads at actua-
tors. They achieved these objectives using a classical
sequential linear programming technique.

In recent years, several optimization methods that are
conceptually different from the traditional ones have been
developed. These methods are labeled as modern or non-
traditional methods of optimization and some of such meth-
ods can be listed as genetic algorithms,'? particle swarm
optimization (PSO) method,*® and ant colony optimiza-
tion.?! Optimization methods based on swarm intelligence
(SI) are called behaviorally inspired algorithms,*? and in a
comparative study of SI-based methods, PSO was named
the second-best method.?® The disadvantages of traditional
PSO are premature and local optimum convergence. How-
ever, PSO variants are discovered to increase its perfor-
mance and they increase the algorithm’s ability to solve a
wide range of optimization problems.** Therefore, PSO
method is adopted in this study for the design optimization
of the passive gravity compensation system.

Problem definition for the gravity compensation
design of NeuRoboScope surgical robot

One practical limitation of this RCM mechanism is its total
mass. This RCM mechanism is carried by a backdrivable
passive arm, which is also statically balanced, as shown in
Figure 3. This passive arm is backdriven by the surgeon to
place the endoscope in and out of the surgery zone. An
increase in the total mass of the RCM mechanism results
in degrading the backdrivability of the passive arm since
the total moving mass/inertia has been increased.

Recently, a study was conducted using only counter-
mass based and a combination of counter-mass and spring
in a previous study for our surgical system.* The increase
in the total moving mass was investigated when only
counter-masses are used. To reduce the total moving
mass, the use of springs was proposed for the links that
are connected to the base platform. Nevertheless, total
gravity balancing could not be achieved because of the
pitch motion of the first links.

Endoscope’s Camera

Endoscope’s Telescope

Figure 3. Gravity balanced passive arm that handles the RCM
mechanism. RCM: remote-center-of-motion.

With fixed-base platform parallel manipulators, there is
no problem in fixing the one end of the springs to the
inertial frame. However, in our application, the parallel
robot manipulator is mounted on a passive arm, which has
the feasibility to change the orientation of the base plat-
form. Hence, there is no inertial frame on the parallel robot
structure to be used for fixing one end of the spring, as
demanded by design constraints, neither adding an auxili-
ary linkage for this purpose.

To address the aforementioned problems, in this article,
partial gravity balancing for the RCM mechanism is pro-
posed without using counter-masses. Another concern is
the compactness of the design, which is required for having
a minimal amount of components that can interfere with the
surgeons and their viewpoints during the surgery. The opti-
mization of the compact solution with torsional springs is
carried out via PSO. Therefore, the novelty of this article is
the design optimization of the partial passive gravity com-
pensation mechanism for a surgical system using the PSO
method. Following a brief description of the kinematics of
the RCM mechanism, the design principle of the partial
gravity balancing system is presented in the next section.
Finally, the optimized designs and their outcomes are pre-
sented and discussed in terms of their applicability in the
NeuRoboScope surgical system.

Brief description of the surgical robot’s
kinematics

This special-purpose parallel mechanism, first presented by
Yasir and Kiper,? has three degrees of freedom to generate
a three-dimensional workspace with RCM capability. All
of the dimensions have been designed to cope with this
surgical workspace, as can be seen in the literature.”® The
mechanism consists of three legs, as shown in Figure 4.
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Figure 4. (a) An illustration of the parallel manipulator and (b) its global reference frame placed on the patient’s nose tip.

Each i’th leg has the links of length a;, b;, and ¢; connected
by revolute joints. Each leg is connected to the ground by
a universal joint. The last link of the third leg (the leg in
the middle) is connected rigidly to the moving platform,
whereas first and second legs are connected by revolute
joints with identical axes concurrent with the telescope
axis and therefore passing through the RCM. These three
actuators provide input motion for the angles 6, 6,, and
03, as shown in Figure 4, to produce 2R1T (2R for two
rotational motion v and ¢ while 1T for one translational
along with the endoscope d). The rotation axes of §; and
#, angular motions intersect at point D, which identifies
the location of the RCM. On the other hand, the third
angle 65 regulates the insertion amount of the endoscope.
It should be noted here that a failure of the actuator reg-
ulating the 63 angular motion can lead to a motion of the
endoscope falling downward to undesired an insertion
value toward the patient.

The relationship between the motion in the joint space
and the motion in the workspace is conveniently defined by
the expression of the unit vector w. This unit vector repre-
sents the direction of the endoscope and it can be resolved
in the workspace reference coordinate frame (global frame)
indicated with the superscript (g) and also can be resolved
in the manipulator’s reference coordinate frame indicated
with the superscript (m)

0 sin 1) cos ¢
W& =R, 4R s|0]| =| —sing (1)
1 cos 1) cos ¢

where RGM represents the transformation matrix from the
global frame to the manipulator’s frame

wi

W<m) = |wy | = RGM_IW(g) 2)

w3
The components of the unit vector w that are resolved in

the manipulator’s reference frame can be related to ¢, and
0, by the following equations

wi = ws tan (6,) 3)

wy = w3 tan (791) (4)

ws = : 5)
T+ (tan 6,)* + (tan 6,)?

Then, by the use of equations (2) to (5), each of 6 and 6,
can be calculated as follows

0, = tan~" (_sz) (6)

0, = tan™! <%> 7)

The third leg with the axis of the endoscope generates a
subsystem of a closed-loop slider-crank mechanism that
acts on a virtual plane of RRRP (R for revolute and P for
prismatic). The necessary inputs for this analysis are v,
angle and the link length d, which is considered as the
desired value of the sliding/prismatic joint. Note that ~;
is a function of 6; and 6,, and it can be calculated as

v; = sin~!(w3). To determine 63, the Euclidean norm of
BB, represents the scalar value which is the link length b;
and it can be calculated as follows
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I(d —ic3)e ™™ — f5 — aze™ || = bs ®)

The variable d is the distance from the tip of the endo-
scope to the RCM. Equation (8) constitutes a relation
between 0, 6,, 03, and d and can be used to find either
03 during the inverse kinematics analysis or d during the
forward kinematics analysis. To determine (35, the position
of B, is calculated in two ways to determine the loop-
closure equation

f34az € + by e = (d—ic3) & 9)

Design principle of the passive gravity
compensation system

This surgical procedure is a safety-critical operation.
Therefore, focusing on the safety measures, the reasons for
integrating a passive gravity compensation system to the
RCM mechanism are summarized as follows:

1. Since the RCM mechanism is designated to be used
for a surgical system, in case of total system failure,
the mechanism should be able to maintain its posi-
tion. Thus, the system shall have an inherent safety
feature.

2. During the tests of the first prototype, it is measured
that most of the actuation load is spent on the grav-
ity balancing of this payload, the endoscope. By
integrating passive gravity balancing, since the
actuation loads are lower, the use of a high-speed
reduction system can be avoided. As a result, the
low-speed reduction ratio of capstan drives can be
used to cancel the gear backlash effects while main-
taining the transmission system’s stiffness for high-
precision operation.?” Thus, control quality will be
improved.

3. The use of capstan drives with a low-speed reduc-
tion ratio (i.e. 1:10) facilitates the backdrivability of
the RCM mechanism since the felt inertia during the
backdriving motion is increased as the speed reduc-
tion ratio is increased. As a result of this, the sur-
geon can backdrive the system if there is a need or
system failure.

Based on the abovementioned discussions, it is clear that
passive gravity balancing will be advantageous to be used
in the RCM mechanism of the NeuRoboScope surgical
system. Among the passive gravity balancing methods,
using counter-mass is the prominent option. However, the
maximum total mass constraint, which is a total of 10 kg,
for this application directs us to the use of a spring-based
solution. Nevertheless, even with a spring-based solution,
another constraint must be kept in view, which is the com-
pactness of the design to minimize the components that are
not enclosed.

During the surgery, a surgeon handles the endoscope
and moves it inside the surgery zone (inside a nostril) by
fixing the RCM to the previously determined location,
which is the tip of the nose. During this operation, the
brakes of the RCM mechanism are on and the passive
mechanism is freely backdriven. After this procedure, the
brakes of the passive arm are activated and the RCM
mechanism’s brakes are released. From this point on, RCM
mechanism is actively driven to the desired direction and
location inside the nostril with the help of its actuation
systems. While the system is in operation, the surgeon per-
forms the surgery by viewing inside the nostril from the
endoscope’s visual feedback appearing on a screen behind
the RCM mechanism. Therefore, RCM mechanism’s size is
limited. In the current size of the RCM mechanism, the
view of the surgeon is not affected. Therefore, any solution
of passive gravity compensation should not enlarge the
RCM mechanism’s current size.

In the literature, various design studies have been car-
ried out for implementing passive gravity balancing meth-
ods. During the implementation of these methods, the main
design consideration is the use of simple mechanisms to
result in a cost-effective and easy to maintain design while
reducing power demand from the system actuators.?® In the
literature,” a solution is proposed to have smaller-sized
springs by the arrangement of springs with different dia-
meters located inside of each other. A smaller and compact
spring element was produced but the total weight was not
the focus of this design. For a compact design, our idea is to
enclose the spring within the actuation system. Therefore, a
spiral spring is chosen. Spiral springs are mounted directly
on the rotating shafts with customized packaging for safer
design and they are defined within the actuation system. In
this design, the adjustment of the preload on the springs can
be done easily while the spring is in its case.

Within the design of the RCM’s actuation system, the
most practical place to locate the spiral spring is to embed it
inside the capstan drive’s follower wheel. As this spiral
spring is enclosed within the capstan drive, in case of a
failure in the spring, the spring will remain in its casing. The
radius of the spring is bounded within two limits in this
design. Due to this constraint in the motion of the spring,
it is unlikely that the spring will experience a fracture due to
bending stresses. It is also possible to change the initial pre-
load value with ease if a different endoscope with different
inertial properties will be used. The actuation system shown
in Figure 5 is composed of a DC motor, brake, and capstan
drive. Additionally, in this figure, the torsional spring-based
passive gravity compensation design is presented.

As an additional constraint, the base of the RCM
mechanism is considered to be placed in the horizontal
plane during the earlier optimization studies in this article.
Since the RCM mechanism’s joints are all revolute joints,
using a spiral spring for each actuation system, as shown in
Figure 6, will not be enough to completely balance the
system under gravitational loads. Nevertheless, it is a
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Capstan drive Fixing point of

spring to capstan

Torsional spring

DC motor
Fixed/adjustable
to the base

Brake

Figure 5. The proposed design for mounting the spiral spring in
the actuation system of the RCM mechanism. RCM: remote-
center-of-motion.

Figure 6. RCM mechanism actuation systems with three spiral
springs for balancing. RCM: remote-center-of-motion.

compact solution that can minimize the unbalanced mass
and hence, bring forth the abovementioned advantages. To
minimize the unbalanced mass throughout the workspace,
optimization of the spiral spring must be carried out.
Although the workspace of the previously developed RCM
mechanism is relatively larger, the surgery zone range is
defined as ¢ =—-35°— —12°, v =—1° — 12°, and
d =17 — 20 cm according to the frame defined on the
right sketch in Figure 4. This surgery zone is related to the
measurements taken from the right nostril of a cadaver and
shown in green in Figure 6. The workspace of the RCM
mechanism is shown in Figure 6 that has the shape of an
uneven white hourglass that is composed of two cones. The
lower cone is the part that is inside the nasal cavity whose
tip is the RCM at the pivot point located on the tip of the
nose. This optimization procedure along with the design
parameters is explained in the next section.

Optimization studies by using particle
swarm optimization method

PSO was formulated by Edward and Kennedy in 1995.%°
The advantages of PSO are that it is easy to implement, it

does not require the mathematical gradient to optimize a
problem, and there are only a few parameters to be
adjusted. In this algorithm, each particle moves about the
cost surface with a velocity. Each particle studies its own
previous best solution for the optimization problem and its
group’s previous best. The optimal value will be found by
repeating this process. The PSO algorithm updates the
velocity vector for each particle and then adds that velocity
to the particle position or its value

v;l;w — Wvl(_)}d + Fl X 7] X <pl!;calfbest _pl(_)}d)
(10)

global—best 1d
—l—szrzx(piJ —pl(.”j>

)

where v is particle velocity; w is inertia weight, which
affects directly the behavior of the particles with respect
to their motion toward the optimum solutions; p is particle
position or variable, which represents the corresponding
design parameter (dp); ; and r, are independent uniform

random numbers; plo~best s the best local solution;

ij
lg}(’balfbe“ is the best global solution; i is particle index with

the maximum value set to the size of the population (pp); j
is the dimension of the variable referred to the number of
dp; I'| is a cognitive parameter, which has the effect of the
convergence of design parameters within its local position;
and I, is a social parameter, which is responsible on the
convergence within the global best solution in the swarm.
One approach in selecting these parameters is to perform a
similar analysis presented by Liu et al.*® Another approach
is to carry out the selection of parameter process via experi-
mentation to obtain an acceptable outcome.®' The selection
of these parameters depends on the desired upcoming infor-
mation from the particles. The optimization and tuning of
these parameters have been a research topic for many arti-
cles.**>* A survey and comparison of such studies are
presented by Sengupta et al.*® In this work, due to its sim-
plicity and ease of implementation, the PSO technique is
used as an optimization tool for the selection of optimum
design parameters.

The procedure defined in the flowchart shown in Fig-
ure 7 is used for generating the PSO program.

For the next subsections describing the optimization
studies, it is worth noting that the spiral spring is mounted
to the joint directly so that the relation between the angle
and torque can be considered to be linear. This produces a
compact design without adding an auxiliary mechanism for
passive gravity balancing.

Three types of optimization studies are conducted. In the
first one, the effect of adding a spring for passive gravity
balancing is investigated. In the second and third studies,
the PSO method is used to find optimum stiffness value and
preload initial angle for each spring used for each actuation
system. The selection of the objective function depends

new __ _old new
Py =Pij Vi
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- Set initial best-positions of the particles
[not a logical value in general)
- Set iteration size
- Set swarm size (p
- Set: n=0, =0
Set initial old velocity

Randomly distribute particles
(with index i to swarm size) within
boundaries as initial old positions

Calculate new velocity for each
particle at index i and save it as
old velocity

!

Calculate new position for each particle at index i
and save it as old position

Are the new design
parameters physible

Ts the calculated objective
function better than
the local-best

Set this objective function and
comespending design parameters
as local-best for index i

Is the calculated objective
function better than
the global-best

et this objective function and
corresponding design parameters,
as global-best

Is the i index reached
to the end of swarm size

No

s the nindex reached 15
the end of iteration siz

Global-best objective function
and corresponding
parameters are the optimum
design parameters

Figure 7. The flowchart of the PSO used in this case study. PSO:
particle swarm optimization.

Reset the index i

directly or indirectly on the change in potential energy
inside a previously prescribed workspace.

Study for investigating the effect of using the spring on
the performance of the remote-center-of-motion
mechanism

This initial test is carried out to verify that the parameters
can be optimized to achieve improved results and validate
the need for optimization. Initially, a specific scenario for
the motion of the RCM mechanism is selected so that all
actuators will be operating simultaneously. The devised
motion trajectory is shown in Figure 8. The designated
motion is a single axis rotation in the range of ¢ angle

(0° — —40°), where ¢ is kept at 0° and d is kept at 17
cm, which means the endoscope’s telescope tip is inserted
beyond pivot point by 6.1 cm. The motion is a sinusoidal
motion with a period of 60 s.

As a first case study, just for the third joint, various
spring stiffness values are selected manually as 0.3, 0.5,
0.7, and 0.9 Nm/rad. The effect of these springs is exam-
ined in the simulation tests and shown in Figure 9. The
preload angle is selected relative to stiffness and loading
conditions so that the actuator torque values fluctuate about
zero torque value. Since the actuator torque values fluctu-
ate about 1.7 Nm in the no gravity compensation case, the
preload value is calculated with respect to the stiffness
value (S3 = 1.7/K3) so that the actuator torque values
fluctuate about 0 Nm for all stiffness values.

It is observed that changing stiffness value and initial
preload angle have a direct effect on the required torque by
the actuator. In that respect, minimized maximum torque or
minimized energy consumption by the actuator can be
obtained by selecting optimum values of the stiffness and
preload angle of the spring. The preload angle is used to
shift the actuator torque’s value to the desired value while
changing stiffness value that affects the shape of the
required torque function with respect to the followed
motion trajectory, as can be noticed in Figure 9. Within the
workspace of the RCM mechanism, the required torque for
the three actuators is in one direction and no zero-torque
crossover happens for the unbalanced case. This allows us
to attach the balancing springs with a preloaded initial
angle. For obtaining the optimum results beyond this spe-
cific test condition, the selection of the stiffness and initial
preloaded angle is to be studied within the entire work-
space. To achieve this goal, in the next studies presented
in this article, PSO is used.

Optimization study by minimizing the summation
of actuator torques

In this optimization test, PSO is used to select all three
springs’ stiffness and their initial preloaded angle for opti-
mum design. The objective function for the optimization
process is defined as the sum for the squares of the three
actuators’ torques calculated at the preselected points of
the workspace. This sum is calculated as a quadratic func-
tion of the actuator torques T'WwT, where the weighing
matrix w is selected as an identity matrix for equal distri-
bution of the load. These points inside the workspace are
selected at extreme loci and in the midpoint of the extreme
loci. As a start, 3 x 3 x 3 loci for the three independent
variables are selected, which result in 27 loci inside the
workspace range.

In this work, some parameters are selected experimen-
tally, while some general parameters, such as I'; and ',
are calibrated by extended comparative investigations. The
parameters in all tests are selected to have acceptable opti-
mization performance of the swarm with respect to the
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Figure 8. Motion sequence of the RCM mechanism with the endoscope for the initial study (the initial state at t = 0 s, intermediate
state at t = | s, and final state at t = 2 s). RCM: remote-center-of-motion.
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Figure 9. Actuator torque without/with springs has various
properties for a specific trajectory (K3 is stiffness value and S3 is
the preload angle of the third actuator).

number and convergence of the particles to the results
inside the appropriate size of the swarm. The bounds are
selected with regard to the potential solution of the design
parameters. Nevertheless, the solution converges to the best
optimization objective value (OpObVa) 9.6775 N’m? after
approximately 220 iterations. However, this value does not
necessarily indicate the maximum possible torque for
actuators calculated among these loci. Among these loci,
one of the loci could have the highest actuator torque value
with regard to the other loci. To solve this problem, in the
next optimization tests, another optimization objective
function is defined.

Optimization study by using the minimum upper limit
of actuators’ torques

In this study, the optimization objective function has been
modified to obtain minimum upper torque value at all loci
and for all actuators. As a result of this modification of the
objective function, the maximum torque generated by any
of the three actuators will be minimized with the gravity
compensation optimization. Nonetheless, it does not guar-
antee a specific target value for the upper limit torque
constraint. Another condition was added to result in a

physically possible result for the stiffness values of the
springs, which considers a solution with only positive val-
ues of the springs’ stiffness. Other than these, all the con-
ditions and constraints are the same as the ones given in
“Optimization study by minimizing the summation of
actuator torques” section. In this optimization test, two
different scenarios are introduced to relate the selected
solution with design constraints:

L. In the first scenario, three different stiffness values
for the springs (k;, k;, and k3), are considered with
three different initial preload values 0y, 6¢,, and
0o3. The optimization objective function is to be
defined as the maximum torque for any of the
actuators at all loci. The role of the PSO solution
here is to minimize this objective function. As a
result, the optimum solution of dominant design
parameters will be the one with the solution of the
lower upper torque of all actuators inside the work-
space. The optimum design parameters are found
(in the best OpObVa) at 0.555 Nm as the mini-
mized upper torque calculated for the first actua-
tor, which is obtained after 100 iterations.

In this case, sum of squares of actuator torques came out
to be 15.529 N?m?, which is higher than the former result
due to this additional new constraint. This scenario pre-
sented dissimilar results between the first and second actua-
tors compilation in spite of the symmetry of the presented
RCM mechanism. That difference is derived from the
selection of the workspace, which is related to the right
nostril. However, with these parameters, there is no sym-
metry of gravity compensation components and this means
that adjustments have to be done when the endoscope is
inserted through a different nostril.

II. In the second scenario, the RCM mechanism is
considered to be used in the right or left side of
the nostril. Two different springs are considered as
k1 = k, and k3 with two different initial preload
angular values 0gy = — 6y, and 6;. In this case,
the symmetricity of the springs and the initial
angular values of the first and second actuators
enables to obtaining a result conveniently for the
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Table I. Test results of the optimized design parameters in the first scenario for different pitch angles.

Maximum recorded torques

Specification of the workspace, number of points (n), With gravity Without gravity
Test no. the orientation of the manipulator compensation compensation
| ¢ =—35°— —12° T, = 0.555 T, =2.389
Ph=—1°—=12° T, = 0.529 T, = 2.656
d=17—20 cm T3 =0.523 T3 = 2.067
n=27
Pitch angle = 0°
2 ¢ =—35°— —12° T, = 0.552 T, =2.386
Ph=—1°—12° T, = 0.526 T, = 2.652
d=17—-20 m T3 =0.515 T3 =2.067
n=10°
Pitch angle = 0°
3 ¢ =—35"— —12° T, = 1.066 T, =2.874
Pp=—1°—12° T, =0.973 T, = 3.085
d=17—-20 cm T; = 1.898 T3 =2.014
n=10°

Pitch angle = 20°

insertion through the right or left nostril. After
approximately 70 iterations, the best OpObVa is
obtained at 0.6817 Nm.

Evaluation and improvement of the
optimized design

Initially, to test the optimization results, inside the previ-
ously defined workspace, outer boundaries and midpoints
of the range of motion in each direction are selected as the
27 loci. Later, the design parameters are tested in simula-
tions for randomly generated 100,000 loci within different
ranges inside the workspace. It is observed that the mini-
mum upper torque limit for the selected parameters in the
first scenario is calculated to be 0.555 Nm at the locus
(—35°, 12°, and 0.2 m). The other maximum torques cal-
culated among the 100,000 loci are 0.552, 0.526, and 0.515
Nm for the first, second, and third actuators, respectively.
These results indicate that the selected design parameters in
the optimization process can be tested using only the
selected 27 loci.

Optimum design parameters obtained in the first sce-
nario of the previous section are tested again for the con-
dition when the base platform of the parallel manipulator
(the pitch angle) is rotated by 20°. This is the maximum
pitch rotation at the wrist of the passive arm that was fore-
seen to happen during the surgery. In this case, it is
observed that the maximum torque increased from 0.555
Nm to 1.898 Nm at one of the extreme loci, as can be
observed in test number 3, results in Table 1. The change
in the values is due to the change of the orientation of the
gravity vector with respect to the RCM mechanism. The
results of these tests show that the previously optimized
results are not suitable when the pitch angle is increased.

Consequently, a new optimization study is conducted,
taking into account this problem.

To obtain improved results, the maximum pitch angle
of 20° is considered during this new optimization
procedure. In addition, an extended surgical workspace
is chosen as ¢ = —45° — —12°, ¢y = —1° — 12°, and
d =17 — 24 cm. The reason for using this extended
surgical workspace is explained by presenting the work-
space of the tip of the endoscope after the pivot point in
Figure 10. The blue dashed line in FigurelO represents
¢ = ¢prem = 0° for the pitch angle 0° condition and the
black dashed line represents ¢pcy = 0° for the pitch angle
20° condition. The ¢gcy angle range of the mechanism
varies for different insertion ranges. The ¢y angle range
increases to +35° for the insertion range of 3 cm defined
for the value of d = 17 — 20 cm and this range is dis-
played in Figure 10 for the pitch angle 0° condition in
orange color. The ¢p\ angle range decreases to + 25° for
the insertion range of 7 cm defined for the value of
d = 17 — 24 cm and this range is displayed in Figure 10
for the pitch angle 20° condition in light blue color. The
actual surgical zone in which the endoscope should be
operated is defined with the green color in Figure 10.
According to these explanations, for the insertion range
of 7 cm, at the pitch angle 20° condition, the operating
range in surgical workspace is updated to be
¢ = —45° — —12°.

The endoscope, its telescope, and the added mass of the
cables are totally up to a mass of 400 g. This mass is also
added to the mass of the moving platform for a more rea-
listic scenario. The optimized parameters are presented in
Table 2.

The optimization was performed inside the maximum
workspace and tested during the optimization process on 27
loci to result in the best OpObVa of 0.895 Nm as maximum
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Figure 10. Side view of the workspace of the tip of the endoscope beyond the pivot point.

Table 2. Optimization results of the tilted RCM mechanism.

Selected parameters

Selected results

Iteration 300 Best OpObVa 0.895

Swarm size 300 Maximum torque T, = 0.895 Nm

Inertia weight | Sum of squares of torques  45.97
r=_r 2

Boundaries Best parameters
k, 0— 10 k, 0.34 Nm/rad
ko 0— 10 ko 0.616 Nm/rad
ks I — 10 ks 0.592 Nm/rad
00| | — 20 90| 9.106 rad
902 -20 — -1 902 —5.562 rad
903 -20 — -1 903 —2.711 rad

Specification of the workspace, No. of points (n), the orientation
of the manipulator

Maximum recorded torques Nm

With Gravity compensation Without Gravity compensation

b= —45" — —12°
p=—1°— 12°
d=17—24 cm
n=10°

Pitch angle = 20°

T, =009I5 T, =3.992
T, = 0.876 T, = 4.348
T3 =0911 T3 =2.714

RCM: remote-center-of-motion.

torque value for any actuator. For testing the optimized
parameters, a cube of 10° equally distributed points inside
the selected workspace is generated. The obtained torques

inside this discretized workspace for the first, second, and
third actuators are shown in Figures 11 to 13, respectively.
The results indicate that the maximum torque considering
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0

Figure | 1. Absolute values of the generated torques inside the workspace at the first actuator (a) without gravity compensation and
(b) with partial gravity compensation.

(=]

Figure 12. Absolute values of the generated torques inside the workspace at the second actuator (a) without gravity compensation and
(b) with partial gravity compensation.
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Figure 13. Absolute values of the generated torques inside the workspace at the third actuator (a) without gravity compensation and
(b) with partial gravity compensation.
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Generated torques at Actuator 3

0

Figure 14. Calculated torque values for the actuator coupled to
the third leg after the preload value of the spring is changed.

all actuators is 0.915 Nm when the gravity compensation is
activated and 4.348 Nm when deactivated. The decrease in
the amount of torques for the three actuators is approxi-
mately 77%, 80%, and 66%, respectively.

Discussion

The optimization methodology presented in this article can
be implemented for various needs of regulating the grav-
itational loads at the actuators of this surgical system. If the
surgeons require the robot, and obviously, the endoscope to
move away from the patient, then the preload values of the
actuators can be adjusted to satisfy this need. As an exam-
ple, the preload value of the actuator connected to the third
leg is adjusted to its maximum torque value received during
the first scenario. Figure 14 shows the consequence of such
an adjustment of the preload value. As it can be observed,
the actuator torque values are all negative values through-
out the workspace. These negative values indicate that the
third leg will move upward, and thus, move the endoscope
away from the patient when there is no actuator input due to
a malfunction in the system.

Another optimization scenario could be implemented if
the generated actuator torque values are required to be dis-
tributed evenly between the positive and negative values
throughout the workspace. This can also be achieved by
adjusting the preload value of the related torsional spring.

So far, in this article, the optimization procedures are
carried out on specific pitch angles of the passive arm’s
wrist. To test the design parameters along the full range of
pitch angles of the wrist, initially, the no gravity compen-
sation situation is examined. The tests are conducted within
the pitch angle range from 0° to 20° with the increment of
1°. The maximum torque values obtained at each pitch
angle are shown in Figure 15.

Maximum torque (Nm)

w
o
T
L

(1] P 4 6 8 10 12 14 16 18 20
Tich angle (%)

Figure 15. Calculated maximum torque values for the three
actuators without gravity compensation obtained at different
pitch angles of the wrist.

Maximum torque (Nm)

0.9 F

0.8

L L L L L | 1 .
0 2 4 6 8 10 12 14 16 18 20
Pitch angle (°)

Figure 16. Calculated maximum torque values for the three
actuators with the previously optimized parameters for
gravity compensation obtained at different pitch angles of
the wrist.

It is observed from Figure 15 that the required amount
of torques for gravity compensation obtained for the
actuators on the sides (7, T,) increases as the pitch angle
increases while the required amount of the torques
obtained for the middle leg’s actuator (73) is almost the
same for each pitch angle. The results indicate that the
most amount of actuator torque requirements are obtained
at the pitch angle 20°. Consequently, the previously opti-
mized design parameters (shown in Table 2) for the pitch
angle 20° are used in the next tests using the same range of
the pitch angle variation. The results of this test are shown
in Figure 16, displaying the maximum amount of actuator
torque required at each pitch angle.

As can be noticed, the least amount of maximum torques
is obtained at the pitch angle 20°, which is the pitch angle
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Table 3. Optimization results inside the range of pitch angle for the RCM mechanism.

Selected parameters

Selected results

Iteration 300 Best OpObVa 1.1597

Swarm size 300

Inertia weight |
I'y=1, 2

Boundaries Best parameters
ki 0—10 ki 0.164 Nm/rad
ko 0—10 ky 0.981 Nm/rad
ks I — 10 ks 0.361 Nm/rad
90| | — 20 0o| 17.203 rad
902 -20 — -1 002 —3.199 rad
903 -20 — -1 0903 —5.234 rad

Specification of the workspace, No. of points (n), the orientation
of the manipulator

Maximum recorded torques (Nm)

With gravity compensation Without gravity compensation

¢ =—45° — —12°
Pp=—1°—12°
d=17—24 cm
n=2lx10°

Pitch angle = 0° — 20°

T, =1.187 T, = 3.997
T, = 1.137 T, = 4.356
T3 =1.105 Ty = 2738

RCM: remote-center-of-motion.

selected for this optimization procedure. Also, the required
amounts of actuator torques are minimized if the findings in
Figure 15 are compared to the results shown in Figure 16.
This scenario can still be acceptable when considering that
the surgery generally takes place at the pitch angle of 20°
and the maximum torque values obtained at different pitch
angles are also decreased.

For a case in which various pitch angles of the passive
arm’s wrist are used during the surgery, finding the opti-
mum design parameters by considering the results obtained
at all pitch angles is studied. The optimization is carried out
by considering all pitch angles with the increment of 1°
together, which results in 27 x 21 loci used during the
optimization process and 21 x 10° loci used during the
testing process. The optimized design parameters as pre-
sented in Table 3 and the maximum torque values obtained
at different pitch angles are displayed in Figure 17. Accord-
ing to the discussions based on Figure 10, it should be noted
that the maximum angle ¢ is varied for different pitch
angles from 45° at the pitch angle of 20-25° at the pitch
angle of 0° with the increments of 1°.

When the results obtained in Figure 17 are compared
to the results obtained in Figure 16, as a result of the
optimization using the full range of the pitch angle, the
maximum torque value obtained at any pitch angle is
decreased by almost 0.3 Nm. However, when the full
range of the pitch angle is used in the optimization
process, the maximum torque values obtained at 20°
comes out to be higher than the values obtained when
the optimization is carried out by only considering 27
loci at the pitch angle of 20°.

LIS P i R
105 | NN 4
095 N A~

0.9 \ /'
s o /" y

085

Maximum torque (Nm)
~

0.8

0 2 4 6 8 10 12 14 16 18 20
Pitch angle (%)

Figure 17. Calculated maximum torque values for the three
actuators with the new optimization parameters (Table 3) for
gravity compensation obtained at different pitch angles of the wrist.

Conclusions

A design study is presented in this article to partially com-
pensate the gravitational loads of a surgical robot system
with RCM mechanism. This design was required for safety
requirements. In the design optimization, the total added
mass and compactness of the design is considered. PSO
method is adopted for optimization purposes. The study
proved that PSO can be adopted for such an optimization
process and it is possible to minimize the gravitational
loads with a compact design.
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In this work, the possibility of using the same spring
properties due to the symmetry of the RCM mechanism is
investigated. This possibility is investigated to avoid the
need for changing springs on the sides and their preload
values when the surgeon wishes to insert the endoscope
from the right or left nostril. Consequently, in the second
scenario, for the first and second springs, same spring
constants and preload values are used. The results indi-
cated that slightly higher actuator torques will be needed
for this option.

The optimization procedure is repeated considering the
full range of the pitch angle of the passive arm’s wrist. The
results indicate that the maximum amount of actuator tor-
que values reserved for gravity compensation is decreased
considering this full range. If the mechanism is to be used
for all ranges of the pitch angle, this solution can be used.
However, if it is foreseen that the pitch angle is fixed at 20°,
then the optimized parameters that are obtained consider-
ing the loci at 20° can be used since this solution produces
relatively decreased maximum torques at 20°.

The main limitation of this design is that the gravita-
tional loads cannot be fully compensated. A hybrid use of
counter-masses with torsional springs can be investigated
as a future study. However, because of the total mass lim-
itations, it will still not be possible to fully balance the
system under gravitational loads. Therefore, another opti-
mization study can be carried out for such a hybrid solution.
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