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Objective: In robot-assisted minimally invasive surgery, proper port positioning ensures that surgical
tools have adequate access to the surgical site and avoids mid-surgery collisions of robotic arms. To date,
several guidelines have been proposed for more accurate port placement. However, challenges remain
due to variations in patient morphology, anatomy, and, in particular, organ displacement due to insuf-
flation in certain laparoscopic procedures. The objective of this study was to design and develop a de-
cision aid for optimal port placement in robot-assisted hysterectomy that accounts for patient variability
and organ displacement due to insufflation.
Methods: Three components were constructed: a robot model, a patient-specific model, and an opti-
mization algorithm. The three components were integrated, and the system was verified using four
different patients who underwent robotic hysterectomy. Once verified, two expert surgeons were asked
to evaluate the decision aid for face and construct validity. A usability test was conducted using a torso
phantom with target organs located in three different locations. Two expert surgeons performed a
simulated hysterectomy task with and without the decision aid to evaluate performance and satisfaction.
Results: The optimization algorithm was sensitive to individual differences in anatomy in the four pa-
tients. Expert surgeons successfully established face and construct validity. Usability test results showed
a 28%e40% reduction in time to task completion with the optimized ports compared to expert-
determined port locations without using the decision aid.
Conclusions: The decision aid, based on an individualized patient-specific model, robot model, and
optimization algorithm, was shown to be effective at addressing the challenges of displaced organs due
to insufflation in robot-assisted hysterectomy. The face and construct validity of the decision aid was
established by expert surgeons, while efficiency gains in task performance were demonstrated
experimentally.
© 2023 Zhejiang University. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/

by-nc-nd/4.0/).
1. Introduction

In robotic minimally invasive surgery (MIS) performed using the
da Vinci Surgical System,1 three or four surgical instruments,
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including an endoscope to see inside the patient, are inserted into a
patient's body through small entry ports to remotely perform the
surgical operation.1,2 The entry ports on the patient's body serve as
pivot points for the instruments that are attached to the robot arms
and controlled by the surgeon seated at the console.2 Therefore, the
entry port positions, or port placement, play a significant role in the
success of the operation. The robot manufacturer1 provides in-
structions for standard port placement in different MIS robotic
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procedures.1 However, surgeons frequently complain about inad-
equate guidelines and lack of support for adapting the port place-
ment plan to individual patients.3 Unreachable targets and mid-
surgery collisions of robotic arms are major issues resulting from
nonoptimal placement of the ports in MIS robotic procedures.4

In practice, surgeons estimate port locations based on the pa-
tient's torso size and external landmarks, such as nipples, sternum,
and umbilicus, after insufflation.5,6 As body sizes and target organ
positions are different from patient to patient, good port placement
requires adjustments according to individual patients. Additionally,
the outer shape of the patient's abdomen and the target organ
position are changed by the insufflation process,7,8 exacerbating
any estimation error.

Several solutions for the port-placement problem in MIS pro-
cedures have been proposed.4,9 These solutions used either a pa-
tient model (a 3D shape of the patient's body) or a robot kinematic
model (the robot arms' configuration and positions relative to the
patient) to determine the optimal positions of the entry ports.10

However, the patient and the robot models were simple repre-
sentations of the patient's body and the robot arms.4,10e12 In
another application, preoperative CT images were used to create a
3D patient model for more accurate port placement in coronary
artery bypass grafting surgery.5,9 However, this approach would
require the preoperative (i.e., before insufflation) 3D model to be
registered on the inflated abdomen intraoperatively,13 as well as to
adjust for organ shape and position changes after insufflation.8,14,15

Others have used kinematic analysis to model the manipulators in
MIS robotic procedures, defining a performance index to measure
the robot arm performance in manipulating a target inside a small
box.16,17

Most existing port-placement guidance systems are limited to
MIS procedures such as coronary artery bypass surgeries4,8,18 that
do not involve insufflation of patients. They rely on preoperative
medical images, ignoring possible changes in body shape and organ
displacements due to insufflation.5,9 Here, we describe the devel-
opment and evaluation of a new decision-aid for optimal port
placement in robotic hysterectomy that takes into account the
aforementioned issues related to insufflation and accommodates
individual patient characteristics.
Fig. 1 Major components of the port placement dec
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2. Methods

The decision-aid consists of a patient-specific model, a robot
model, and an optimization algorithm (or decision-making unit)
(Fig. 1). The patient-specific model is a post-insufflation 3D model
of the patient abdomen that includes all the changes in the patient
body due to insufflation. The robot model is the robotic arm
configuration related to the patient-specific model.19 The optimi-
zation algorithm determines the location of the entry ports that
minimize collisions between surgical instruments inside the pa-
tient while maximizing an efficiency index during surgery.10

2.1. Patient-specific model development

While it is possible to use portable CT scanners (e.g., mobile C-
arm) to acquire 3D patient-specific models in the operating room,
this approach is expensive and complex,20,21 and not available in all
operating rooms. We propose a method in which two different 3D
models of the patient abdominal cavity, before and after insuffla-
tion, were created and referred to as internal and external models,
respectively. The internal and external models were then super-
imposed to create the patient-specific model (3D mesh), which
included the changes in the outer shape of the abdomen and the
target organ position after insufflation.

First, the internal model was constructed from preoperative CT
medical images using the insight toolkit (ITK), visualization toolkit
and ITK-SNAP segmentation tools22e26 (Fig. 2). The target organ
(i.e., uterus) location in the internal model was updated using
displacement data obtained from a previous study that employed
animal bodies (sows) to measure the displacement of organs under
intra-abdominal pressure during insufflation.8 Next, the external
model was constructed using 3D scans of the expanded abdomen
after insufflation. Several different methods have been investigated
to track and monitor the deformation of the abdominal wall during
insufflation.13,27 However, to avoid the complexity of these
methods, advanced 3D scanners, such as Artec or Kinect, can be
used to capture the abdominal surface during insufflation.28e30 In
this study, we used a Kinect camera that was easily mounted above
the patient to accurately image the abdomen during insufflation
ision aid for robot-assisted surgical procedures



Fig. 2 Workflow for the construction of the patient's 3D internal model
Target shape (uterus) and abdomen boundaries in CT images are segmented using ITK-SNAP (top-left). 3D pixels of the target organ and the abdomen are converted to 3D points
based on their positions in the CT slices (by ITK software). The abdomen is depicted in white, and the target organ is depicted in yellow (top right). Finally, the Alpha shape surface
reconstruction algorithm was used to create a 3D shape of the abdomen (including the target organ) called the internal model (bottom).
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(Fig. 3).29,31 The 3D points generated from the inflated abdomen in
front of the Kinect camera were fed into a surface construction
algorithm to create the external model25 (Fig. 4).

A least-square method was applied to superimpose the external
model on the internal model to construct the patient-specific
Fig. 3 Imaging the abdominal surface during insufflation
A Kinect camera is mounted directly above the patient on the operating table. The patie
constructing the external model.
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model.32 Four points on the internal model were assumed to be
fixed during insufflation: on the anterior superior iliac and the
tenth rib of the thoracic cage (Fig. 5). The points on the front edges
of the rib cage and the pelvic bone were located and segmented in
the CT images. These points were also located and marked on the
nt's inflated abdomen (due to insufflation) is imaged as 3D points that are used for



Fig. 4 The creation of an external model based on a surface construction algorithm
A, Example of 3D points of the patient's insufflated abdomen, captured by the Kinect camera. B, Example of the patient external model constructed from the 3D points using a
surface reconstruction algorithm (Alpha Shape).

Fig. 5 Construction of a patient-specific model by aligning four anatomical landmarks on the internal and external models using a least-square method
A, The four landmarks are shown on the internal model. B, Two points on the tenth rib. C, Two points on the anterior superior iliac. D, The corresponding points on the internal (from
preoperative CT slices) and external (from Kinect 3D points) models.
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abdominal surface by the surgeon for detection by the Kinect
sensor. The result of aligning the internal and external models is the
patient-specific model (Fig. 6). This work was performed at the
Institut de Canc�erologie de l'Ouest (ICO) between December 2017
and February 2018.

2.2. Robot model development

The robotic system used in the current study was the da Vinci Si
surgical system,2 with four arms (manipulators), one for the
endoscope and three for surgical tools. The three arms for surgical
tools are referred to as ArmNo1, ArmNo2, and ArmNo3 in this
paper.

Once the robot is docked to the patient in the operating
room, only the movement of the actuated (controlled) joints
influences manipulator performance during surgery.16 Therefore,
the robot model was represented by a simplified kinematic
representation of the actuated joints of the Si manipulators
based on the DenaviteHartenberg convention (Fig. 7).33,34 The
relationship between the planar manipulator joint angles (q6 e

q8 in Fig. 7) and the coordinates of the end-effector (remote
4

center of motion, RCM) is described by the inverse kinematic
(IK) equation:

q0 ¼ J�1r0 (1)

In this equation, r is a vector that represents the coordinates of
the manipulator end-effector (RCM in Fig. 7), q is a vector for the
joint angles, and J is the Jacobian matrix.

Optimal entry ports were defined relative to the patient-
specific model and determined as the 3D points on the patient-
specific model that provided the surgical tools maximum acces-
sibility (or endoscope visibility) to the operative site. The opera-
tive site is assumed to be a sphere enclosing the entire target
organ (i.e., uterus) (target volume in Fig. 8). Tilting and panning
motions of the surgical tools at the entry ports create a conical
volume inside the patient, the apex of which is located at the entry
port while the cone contains the target volume. The relationship
between the cone angle (a) and the radius of the sphere of the
operative site (r) is described by tan(a) ¼ r/D, where D is the
distance between the cone apex and the centroid of the sphere. To
ensure that the surgical tool sweeps the entire sphere of the target



Fig. 7 Robot model
A, A simplified kinematic representation of the actuated joints in the Si manipulators based on the DenaviteHartenberg convention. B, da Vinci (Si) actuated joints with segment
lengths labelled as L0, L1, and L2. The trocar length is labeled “d”. The planar motion of the Si manipulators at the trocar point (RCM) is created by joint angles (q6 e q8 in A).

Fig. 6 Example of a patient-specific model
A, Front view. B, Side view. The patient-specific model is the result of aligning the internal and external models. The patient-specific model is the 3D shape of the inflated abdomen
(after insufflation), which includes the target organ uterus (in bright yellow).
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volume, an initial direction was chosen around which the surgical
tool was supposed to rotate during surgery. This central direction
is a line that connects the RCM at the entry port to the center of
the target volume. If the surgical tool axis is represented by
Fig. 8 Target volume around the target organ in a hysterectomy procedure
The uterus (target organ) is considered to be enveloped by a spherical shape (target volum
volume. The radius of the target volume is the distance between the centroid of the target
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normal vector n (nx, ny), n must be along the central direction.
Accessibility of the entry ports on the patient model can be veri-
fied by solving the IK equation (1) with an additional constraint on
the tool direction:
e). During surgery, the surgical tool can pivot at the entry port and sweep the target
(C) and the farthest point of the target from the centroid (P).



Fig. 9 The first step in port location optimization
Preliminary points for each port on the patient model: M(t1) in yellow, M(t2) in blue,
M(t3) in red, and M(te) in green. The points M(ti) and M(te) represent the highest
manipulability region for the manipulator numbered i of the da Vinci Si model and the
endoscope arm e.
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x¼L0:cosða5ÞþL1:cosðq6ÞþL2:cosðq6þq7Þþd:cosðq6þq7þq8Þ
(2)

y¼ L0:sinða5Þþ L1:sinðq6Þþ L2:sinðq6 þ q7Þ þ d:sinðq6 þ q7 þ q8Þ
(3)

nx ¼ cosðq6 þ q7 þ q8Þ or ny ¼ sinðq6 þ q7 þ q8Þ (4)

The unknown parameters in the above system of equations
(2)e(4) are q6, q7, and q8. L0, L1, and L2 are the robot (da Vinci Si)
link lengths (see Fig. 7). The value “d” is the trocar length, which
is the distance between the entry point and robot end-effector. In
equation (4), an additional constraint on the entry point was
considered that keeps the surgical axis along the central direc-
tion that connects the entry point to the centroid of the target
organ. Knowing the entry point coordinates on the patient-
specific model r (x, y), the centroid of the target organ would
be accessible via the selected port on the abdominal surface if at
least one solution can be found for the system of equations
(2)e(4). However, a necessary condition for solving the above
equations is that the determinant of the Jacobean matrix in
equation (1) is a nonzero value.19 Otherwise, the problem has no
solution for q6, q7, and q8. In other words, an arbitrary point on
the abdominal surface (patient-specific model) satisfies the
accessibility criterion for the robot manipulators, called an
accessible point, if the determinant of the Jacobean matrix is not
singular (nonzero).

2.3. Optimization algorithm for port placement

The port placement problem with input parameters can be
defined as follows: Any four points on the patient-specific model
can be identified as a set of potential entry port locations for the
robot manipulators (including the endoscope arm). The optimiza-
tion algorithm identifies the optimal port locations in the following
steps.

2.3.1. Check accessibility
The accessible points on the patient model are found by solving

the IK equations (2)e(4) for each of the robot manipulators.

2.3.2. Calculate the performance index
The manipulator performance index is calculated at every

accessible point on the patient-specific model by using a perfor-
mance index called manipulability,16,17,19 defined as follows:(
w ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
det JJT

q
for msn ðredundant manipulatorÞ

w ¼ det J for m ¼ n
(5)

wherew is the manipulability index and J is the Jacobean matrix.35

Thus, for each of the manipulators, the calculated performance
indices can be assigned to each of the accessible points on the
abdominal surface.

2.3.3. Select the preliminary points
The manipulability threshold is defined as T ¼ mean (accessible

point manipulability) þ standard deviation (accessible point
manipulability) for each of the manipulators separately. Accessible
points with manipulability indices greater than the threshold T are
selected as preliminary entry ports. The preliminary points are
labeled on the patient model as M(t1), M(t2), M(t3), and M(te). The
points M(ti) and M(te) represent the highest manipulability region
for the manipulator numbered i of the da Vinci Si model and the
6

endoscope arm, respectively. A sample of M(ti) and M(te) is pre-
sented in Fig. 9.

2.3.4. Determining the working volume of the surgical tools and
endoscope

The working volume of the surgical tools and the field of view of
the endoscope are defined inside the patientmodel asWt1, Wt2,Wt3,
and We, respectively. The working volume is a cone-shaped space
with its apex located at the tool/endoscope entry port and the
target volume within the cone (Fig. 8).

2.3.5. Calculate the efficiency index for the preliminary points
Four points are selected from Mt1, Mt2, Mt3, and Mte to serve as

the entry ports for the surgical tools and endoscope. The suitability
of this set is evaluated by defining an efficiency index16,17 as
follows:

Eðt1; t2; t3; teÞ¼
max ðWe∪Wt1∪Wt2∪Wt3Þ

maxWe
(6)

E is the ratio of the degree of manipulation to the endoscope
arm's field of view. The efficiency index ranges from 0 to 1 and is to
be maximized to find the optimal set of entry ports on the patient
model.

2.3.6. Internal collision prediction
Collision prediction is an algorithm for calculating the overlap

between the working volumes of surgical tools through the
selected ports in step 3. Themeasured overlap between each pair of
working volumes inside the patient yields an internal collision in-
dex for each set of three manipulator entry ports:

Cij ¼Wti∪Wtj (7)

Cij is the collision index between the surgical tools pertaining to
robot arms numbered i and j. For example, C12 is the collision value
between the surgical tools that are connected to ArmNo1 and
ArmNo2.
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2.3.7. Select optimal port placement
The preliminary points (obtained in step 3) are fed into an

optimization function. A multi-objective optimization function, G
(Mti), is defined to select one or more sets of four points that
maximize efficiency index E (t1, t2, t3, te) while minimizing the
collision indices (Cij) as follows:

GðMtiÞ¼GðEðt1; t2; t3; teÞ;C12;C13;C23Þ 1� i � 4 (8)

The “rPref” package of R software was used to find the Pareto
front optimal solutions, G (Mti), in equation (8).10,36,37

2.4. Verification of port placement optimization algorithm

2.4.1. Patient data collection
The algorithm described was applied in a test case for four pa-

tients undergoing robotic hysterectomy at ICO in France. CT images
of patients were obtained before the procedure. For each patient, a
patient-specific model of the abdomen was constructed as
described above. Using the standard robot model, docking of the
robot manipulators was simulated from different distances relative
to the patient. To calculate the accessible points on the patient-
Fig. 10 Reference frame for Patient 1
The reference frame is centered at the umbilicus. The Z-axis runs from the legs to the
head, the X-axis runs from left to right, and the Y-axis runs from back to front.

Fig. 11 Robot docking in two different positions with respect to the patient
A, Docking at the side of the patient. B, Docking “between legs” of the patient. Simulation of
D ¼ ArmNo3) can be found in the reference frame (see Fig. 10).
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specific model, a reference frame was defined with respect to the
patient body, as illustrated for Patient 1 in Fig. 10. The Z-axis of the
frame was along the direction from the patient's legs to the head,
the X-axis was from left to right, and the Y-axis was from back to
front. The center of the coordinate system was located on the
umbilicus.

2.4.2. Optimal port placement determination
To find the optimal port locations, robot docking on the patient

was simulated, and the positions of the first actuated joint on the
robot arms were found in the reference frame, as shown in Fig. 11.38

For a given manipulator position, the accessible points on the
patient-specific model were found using the IK equations (2)e(4).
MATLAB (MATrix LABoratory, The MathWorks, Inc.) was used to
solve the IK problem for each of themanipulators. The number of IK
equations for each manipulator depended on the number of 3D
points on the patient-specific model. As the diameter of the trocars
in robotic surgery ranges from 5 mm to 15 mm, a mesh simplifi-
cation (clustering decimation) method39 was used to eliminate
points that were within this range in the generated patient-specific
model.

2.4.3. Optimal robot position
The manufacturer's template for port-placement locations was

used to determine the horizontal distance between robot manip-
ulators (Fig. 12). According to these recommendations, the angle
between the directions of the endoscope (B) and each of the arms,
i.e., ArmNo1 (A), ArmNo2 (C) and ArmNo3 (D), must be at least 45�

to prevent external collisions between the arms. Using these rec-
ommended angles in the X-Y plane, the minimum horizontal dis-
tance between the arms (along the x-axis in the reference frame to
prevent external collisions) was calculated by:

XA¼ L� sinð45�Þ;XC ¼ L� sinð45�Þ;XD ¼ L� sinð90�Þ (9)

XA, XC, and XD are the X coordinates of the first active joints of
ArmNo1, ArmNo2, and ArmNo3, respectively. L is the length of the
actuated segment and is the same for all robot arms (L¼ 0.65 m). In
the above equation, it was assumed that the endoscope arm was
positioned in the Y-Z plane along the mid-line of the patients’ body
(XB ¼ 0). Therefore, XA ¼ 0.4596 m, XC ¼ 0.4596 m, and XD ¼ 0.65 m
according to equation (9). Based on these measures, there is no
accessible point where the Y position of the endoscope arm is less
than 30 cm or greater than 95 cm (Table 1). The maximum number
the first actuated joint for robot arms (A ¼ ArmNo1, B ¼ endoscope, C ¼ ArmNo2, and



Fig. 12 Manufacturer recommended angles between robot arms to avoid collision
using the da Vinci Si Model
According to these recommendations, the angle between the directions of the endo-
scope (B) and each of the arms (ArmNo1 (A), ArmNo2 (C) and ArmNo3 (D)) must be at
least 45� to prevent external collision between the arms. Using these recommended
angles in the XeY plane, the minimum horizontal distance between the arms (along
the x-axis in the reference frame) is calculated to prevent external collisions.

Table 2
Number of accessible points for ArmNo1, ArmNo2, and ArmNo3 in different posi-
tions for Patient 1

x, m y, m z, m Number of
accessible points

Average of the
manipulability index

ArmNo1 position (x ¼ 0.46, 0.10 � y � 0.85, z ¼ 0.0)
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of accessible points is 525, which belongs to the position of the
endoscope at (X ¼ 0.0, 0.45 � Y � 0.75, and Z ¼ 0.0). The average
manipulability index of accessible points was calculated for each
position of the endoscope arm. The maximum value of the
manipulability index was 0.198 (Table 1); this value was attained
when the endoscope arm was positioned at (X ¼ 0.0, Y ¼ 0.75, and
Z ¼ 0.0).
Table 1
Number of accessible points for the endoscope arm in different positions on Pa-
tient 1

x, m y, m z, m Number of
accessible points

Average of the
manipulability index

Endoscope position, (x ¼ 0.0, 0.1 < y < 0.90, z ¼ 0.0)

0.00 0.30 0.00 119 0.080504
0.00 0.35 0.00 222 0.071999
0.00 0.40 0.00 413 0.069685
0.00 0.45 0.00 525 0.082927
0.00 0.50 0.00 525 0.111749
0.00 0.55 0.00 525 0.14122
0.00 0.60 0.00 525 0.166539
0.00 0.65 0.00 525 0.185884
0.00 0.70 0.00 525 0.197547
0.00 0.75 0.00 525 0.197922
0.00 0.80 0.00 524 0.183885
0.00 0.85 0.00 499 0.154402
0.00 0.90 0.00 261 0.124962
0.00 0.95 0.00 6 0.0926

Endoscope position, (x ¼ 0.0, y ¼ 0.75, �0.30 < z < 0.20)

0.00 0.75 �0.30 499 0.198359
0.00 0.75 �0.25 525 0.199308
0.00 0.75 �0.20 525 0.204729
0.00 0.75 �0.15 525 0.204673
0.00 0.75 �0.10 525 0.202175
0.00 0.75 �0.05 525 0.197922
0.00 0.75 0.00 525 0.191561
0.00 0.75 0.05 523 0.182515
0.00 0.75 0.10 509 0.172761
0.00 0.75 0.15 477 0.162807
0.00 0.75 0.20 425 0.154455
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The optimal location for the endoscope arm in the Y direction
can be determined based on either the number of available points
in the patient-specific model or the average of the manipulability
index. Here, the goal was to take both measures into account.
Hence, Pareto front optimization36,37 was used with these two
objectives to find the optimal height of the endoscope arm. The
Pareto front of these two objectives was a single point (X ¼ 0.0,
Y ¼ 0.75, and Z ¼ 0.0). Thus, the point y ¼ 0.75 m (above the um-
bilicus) was selected as the optimal location of the endoscope in the
Y direction. To determine the optimal position of the endoscope in
the Z direction, the endoscope was positioned in the range
of �0.30 � z � 0.20. The results of the accessible points with
y¼ 0.75 m and�0.30� z� 0.20 are shown in Table 1. Similarly, the
optimal position of the endoscope in the Z direction was deter-
mined (z ¼ �0.15 m in Table 1). A similar procedure was used to
find the optimal positions of ArmNo1, ArmNo2, and ArmNo3
(Table 2).

Sincemore than one point exists on the Pareto fronts of ArmNo1,
ArmNo2, and ArmNo3 (Table 2), a decision about the optimal
location of ArmNo2 was made based on the manipulability index.
The optimal positions of ArmNo1, ArmNo2, and ArmNo3 were 0.45
m, 0.45 m, and 0.15 m, respectively. Using the optimal Y position of
the arms in Table 2, the optimal positions of ArmNo1, ArmNo2, and
ArmNo3 were calculated as (0.46, 0.45, �0.10) (�0.46, 0.45, 0.00),
and (�0.65, 0.15, �0.15), respectively. The accessible points on the
patient-specific model for the optimal position of the endoscope,
ArmNo1, ArmNo2, and ArmNo3 are shown in Fig. 13 (points in
0.46 0.15 0.00 50 0.134924
0.46 0.20 0.00 249 0.138026
0.46 0.25 0.00 364 0.150586
0.46 0.30 0.00 471 0.158046
0.46 0.35 0.00 505 0.163559
0.46 0.40 0.00 492 0.16743
0.46 0.45 0.00 472 0.168515
0.46 0.50 0.00 444 0.16582
0.46 0.55 0.00 403 0.158617
0.46 0.60 0.00 332 0.150633
0.46 0.65 0.00 232 0.139372
0.46 0.70 0.00 58 0.122845

ArmNo2 position (x ¼ �0.46, 0.10 � y � 0.85, z ¼ 0.0)

�0.46 0.15 0.00 40 0.125478
�0.46 0.20 0.00 239 0.136398
�0.46 0.25 0.00 367 0.14896
�0.46 0.30 0.00 485 0.155952
�0.46 0.35 0.00 515 0.162001
�0.46 0.40 0.00 499 0.166389
�0.46 0.45 0.00 479 0.168409
�0.46 0.50 0.00 452 0.16622
�0.46 0.55 0.00 410 0.161712
�0.46 0.60 0.00 351 0.151626
�0.46 0.65 0.00 239 0.13764
�0.46 0.70 0.00 57 0.122562

ArmNo3 Position (x ¼ �0.65, 0.00 � y � 0.85, z ¼ 0.0)

�0.65 0.00 0.00 530 0.148852
�0.65 0.05 0.00 533 0.151069
�0.65 0.10 0.00 528 0.153136
�0.65 0.15 0.00 517 0.154335
�0.65 0.20 0.00 501 0.153912
�0.65 0.25 0.00 461 0.153388
�0.65 0.30 0.00 410 0.149613
�0.65 0.35 0.00 311 0.139683



Fig. 13 Determining accessible points for port placement in the optimization process for Patient 1
A, Accessible points (in green) and preliminary points (in blue) for the endoscope. BeD, Accessible points (in green) and preliminary points (in blue) for ArmNo1, ArmNo2, and
ArmNo3.
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green). Additionally, the preliminary points e the points with a
manipulability index greater than the threshold (mean þ standard
deviation of the manipulability indices) e for each of the arms are
highlighted in blue.

The above process was repeated for all four patients. The
optimal positions of the manipulators and endoscope arm were
calculated. The positions of the preliminary points for each of the
robot manipulators and the endoscope were then fed into the
optimization algorithm. The optimal locations of the ports were
calculated tominimize internal collision between surgical tools and
maximize the efficiency index in equation (6).

2.5. Face and construct validation

To validate the port-placement optimization system as a deci-
sion-aid, an expert review was conducted to obtain face and
construct validity. Two experts, each with more than 20 years of
experience and routinely performing hysterectomy procedures as a
team using the da Vinci Robotic System, participated in the vali-
dation study. The validation process consisted of a demonstration
of the system, followed by a hands-on trial of the system func-
tionalities. Surgeons were encouraged to comment freely as they
interacted with the system and provide specific feedback about
how the system “appears to” perform the actual task of port loca-
tion determination (face validity) and whether the system can
perform the port placement task (construct validity). Thework took
place in the Brethen Center for Surgical Advancement in Robotics
Fig. 14 Torso phantom used in the usability test
A, Top view of the body phantom. B, Target placement in the phantom cavity. C, View of cub
simulate different organ displacements due to insufflation.
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andMinimally Invasive Surgery, located at Miami Valley Hospital in
Dayton, Ohio, in June 2018.

2.6. Usability test

The usability test compared optimal port positions as deter-
mined by our optimization system to the actual ports determined
by expert surgeons without the optimization tool. The study took
place in the Brethen Center for Surgical Advancement in Robotics
andMinimally Invasive Surgery, located at Miami Valley Hospital in
Dayton, Ohio, from June to September 2018. The two expert sur-
geons who participated in the validation study also performed the
usability test.

The usability study used the da Vinci Surgical System (Model Si)
with a torso phantom to simulate the patient (Fig. 14). A small piece
of soft plastic representing the target organ was placed in the
phantom to simulate the uterus in a hysterectomy procedure. The
target was placed on a cuboid that was attached to the base of the
phantom by crisscrossing masking tape, simulating connective
tissue to be ligated during surgery (Fig. 14C). Three different loca-
tions for the target organ were presented to the surgeons to
simulate different organ displacements due to insufflation: in the
center of the abdominal space, at the bottom of the torso along the
midline, and in the bottom right corner of the torso, as depicted in
Fig. 14D. Assuming the following coordinates of the robot when
docked to the phantom: endoscope (0, 0.75, 0), ArmNo1 (0.46,
0.60, �0.10), and ArmNo2 (�0.46, 0.60, �0.10) (in meters) (Fig. 15),
oid and target. D, Target placement in three different locations within the phantom to



Fig. 15 Experimental setup for validation and usability studies
A, The robot arms docked to the phantom torso. B, The positions of the endoscope, ArmNo1, and ArmNo2 relative to the phantom.
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optimal port locations were calculated for each target position
(Fig. 16A, B, C).

During the testing phase, expert surgeons were asked to
determine the port locations for the robot arms as they would in a
hysterectomy procedure for each of the three target locations or use
the optimized ports as determined by the optimization system.
Using the da Vinci robot with either port placement, surgeons
performed the task of removing the 3 simulated target organs in
the torso phantom. The task consisted of using a scissor tool to cut
the tape that holds the cuboid in place in the torso phantom and
using a grasper to pick up the target representing the uterus
(Fig. 14C). The surgeon would first cut and peel the left part of the
crisscrossed masking tape (X shape as shown in Fig. 14A and B),
followed by the right part of the X-shaped tape. Finally, the surgeon
peeled the center of the X-shaped tape away to reveal and remove
the target, as shown in Fig. 14D.
Fig. 16 Optimized port locations for the target organ positioned in four different locations
A, Target organ in the right corner of the torso. B, Target organ in the middle of the torso. C, Ta
surgeons during the usability test.

Table 3
Patient characteristics and CT parameters

Patient label Sex Age, y Weight, kg Head-Body size, m

Patient 1 F 59 58 1.65
Patient 2 F 48 55 1.63
Patient 3 F 63 70 1.71
Patient 4 F 70 63 1.68
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Each surgeonperformed all six conditions, in order from target 1
to target 3, alternating between their own port locations (actual
ports) and optimized port locations as determined by the optimi-
zation algorithm on each target location.

3. Results

3.1. Verification of port placement optimization algorithm

The algorithm described was applied in a test case for 4 patients
(ages ranged from 48 years to 70 years). Patient characteristics and
CT image slices and the sizes of the acquisition matrices are pre-
sented in Table 3. After eliminating points, the number of points on
each of the meshes was thus reduced by 92.85%e98.77% (Table 4).

The optimization algorithm was successfully verified on four
patients following the same procedure. Fig. 17A presents an
in the torso phantom, simulating organ displacements due to insufflation
rget organ at the bottom of the torso. D, Actual port locations determined by the expert

Number of slices Acquisition matrix Voxel spacing, (x, y, z), mm

562 512 � 512 0.68 � 0.68 � 1
319 512 � 512 0.61 � 0.61 � 1.25
426 512 � 512 0.97 � 0.97 � 2
249 512 � 512 0.62 � 0.62 � 2.5



Table 4
Number of 3D points on the patient-specific models before and after mesh simplification

Patient label Number of 3D points (before simplification) Number of 3D points (after simplification) Percent reduction, %

Patient 1 80,871 1008 98.75
Patient 2 69,226 851 98.77
Patient 3 13,432 947 92.95
Patient 4 12,901 922 92.85

Fig. 17 Pareto optimization solution in final port placement determination
A, The preliminary points for robot arms on the patient-specific model in Patient 1. The green points are for the endoscope, the red points are for ArmNo1, the blue points are for
ArmNo2, and the yellow points are for ArmNo3. B, The Pareto optimization solution for optimal port locations yields four clusters of points that are the optimal positions for the
endoscope, ArmNo1, ArmNo2, and ArmNo3, individually. From all possible combinations of the four colored points in B, the top ranking three combinations with the lowest collision
index for ArmNo1-ArmNo2 are selected to determine the ArmNo1 location. Then, the ArmNo2 location is determined after filtering out the first two values that minimize collision
between ArmNo2 and ArmNo3. C, ArmNo3 location is determined by the two remaining combinations that yield the minimum collision between ArmNo1 and ArmNo3.
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integrated view of the preliminary points on the patient-specific
model for all robot arms in Patient 1 (from Fig. 13). The green
points are for M(te), the red points for M(t1), the blue points for
M(t2), and the yellow points for M(t3). Solving equation (8), the
Pareto optimization solution for optimal port locations provided
four clusters of points that are the optimal positions for the endo-
scope, ArmNo1, ArmNo2, and ArmNo3 (Fig. 17B).

The total number of combinations for the optimal positions of
the endoscope, ArmNo1, ArmNo2, and ArmNo3 was 1490. Any
subset of these 1490 optimal port positions can be selected as entry
ports on the patient abdominal surface. For example, Fig. 17B pre-
sents one combination in which the port positions for ArmNo1, the
endoscope, ArmNo2, and ArmNo3 are labeled A, B, C, and D,
respectively. However, the number of solutions was restricted by
choosing the entry ports in order. First, the endoscope entry port
was determined, followed by the locations of the ports for ArmNo1,
ArmNo2, and ArmNo3, sequentially. Four solutions (from 1490
combinations of the entry ports in Fig. 17B) with the highest effi-
ciency index were selected to determine the endoscope port. From
these four combinations, the first three combinations with mini-
mum values of the collision index between ArmNo1 and ArmNo2
were selected to determine the ArmNo1 port location. Similarly,
these three combinations were filtered by the first two values that
minimize the collision between ArmNo2 and ArmNo3 to determine
Table 5
Optimal positions for robot arms in Patients 2, 3, and 4

Patient label Endoscope opt. position, (x, y, z), m ArmNo1 opt. position, (x, y,

Patient 2 (0.0, 0.75, �0.20) (0.46, 0.50, �0.30)
Patient 3 (0.0, 0.75, �0.20) (0.46, 0.45, �0.30)
Patient 4 (0.0, 0.70, �0.30) (0.46, 0.45, �0.30)
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the position of ArmNo2. Finally, from the two remaining combi-
nations of the entry ports, the minimum collision between ArmNo1
and ArmNo3 was selected (ArmNo1, ArmNo2, ArmNo3, and the
endoscope) to determine the position of ArmNo3 (Fig. 17C). The
results of optimized port placement for Patients 2, 3, and 4 are
presented in Table 5 and Fig. 18.

3.2. Face and construct validity

For face and construct validation, surgeons verified that the
optimization tool appeared to perform the port placement task as
in actual surgery; the optimized port locationswere in the expected
regions of the patient's abdominal surface; and the relative ar-
rangements were correct. They also expressed satisfaction and
comfort with the optimized port locations while performing the
task.

3.3. Usability test

The results of surgeons' performance based on the time to task
completion are presented in Table 6. Consistently, the time to task
completion using the optimized port locations was 28%e40% faster
than the expert surgeons’ port placement without the optimization
tool.
z), m ArmNo2 opt. position, (x, y, z), m ArmNo3 opt. position, (x, y, z), m

(�0.46, 0.50, �0.30) (�0.65, 0.20, �0.05)
(�0.46, 0.45, �0.30) (�0.65, 0.15, 0.00)
(�0.46, 0.40, �0.30) (�0.65, 0.05, 0.00)



Fig. 18 Pareto optimization solution for final port placement determination in Patients 2, 3, and 4
A, Optimal positions for robot arms. Green points are for the endoscope, red points are for ArmNo1, blue points for ArmNo2, and yellow points for ArmNo3. B, Optimized positions
selected for maximum efficiency and minimum collision for the robot arms and the endoscope.
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Table 6
Time to task completion using the actual and the optimized ports

Target Position 1a Target Position 2b Target Position 3c

TA, min TO, min TA, min TO, min TA, min TO, min

Surgeon 1 1.52 0.75 1.88 1.05 2.26 1.42
Surgeon 2 1.03 0.93 1.51 1.4 2.05 1.18
Mean ± SD 1.28 ± 0.35 0.84 ± 0.13 1.70 ± 0.26 1.23 ± 0.25 2.15 ± 0.15 1.30 ± 0.17
Mean TA- Mean TO 0.44 0.47 0.86
Difference, % 34 28 40

TA, time to task completion using actual ports determined by expert surgeons. TO, time to task completion using optimized ports determined by the optimization algorithm.
a Center of torso.
b Bottom midline of torso.
c Bottom right corner of torso.
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4. Discussion

Interestingly, during the port-placement step of the procedure,
the two expert surgeons agreed on the same port locations for all
three target positions. That is, the same ports were used to access
all three targets by both surgeons. Surgeons indicated that port
placement is always approximative and that adjustments in sur-
gical manipulations are routine in their daily practice. Despite more
than 20 years of experience in performing robot-assisted hyster-
ectomy procedures, expert surgeons are not able to precisely ac-
count for the variations in the target positions within the patient's
abdomen and pelvis. Rather, they rely on their expert surgical skills
to compensate for any difficulties caused by suboptimal port loca-
tions, sometimes at the expense of prolonging the surgery and the
time that patients are under anesthesia.

The efficiency gains of up to 40% in task performance using the
optimized ports confirm that when ports are well placed, surgical
tools can reach the target and manipulations are easier, resulting in
a shorter time to complete the surgical task. The time saved can
mean a reduction in fatigue for the surgeons and operating room
staff, less anesthesia for the patient, lower costs per surgery and
more procedures per day for the hospitals.

5. Conclusion

The decision-aid, based on an individualized patient-specific
model, robot model, and optimization algorithm, was shown to
be effective at addressing the challenges of displaced organs due to
insufflation in robot-assisted hysterectomy. The face and construct
validity of the decision-aid was established by expert surgeons,
while efficiency gains in task performance were demonstrated
experimentally. Our development approach can be applied to other
surgical procedures to reduce uncertainty and enhance surgical
performance and outcome.
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