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1 Introduction

Robot-assisted minimally invasive surgery (RMIS)
in has shown increase in popularity in pediatric
surgery due to improvements in visibility, accu-
racy and dexterity over conventional abdominal la-
paroscopy [1]. Articulated surgical tools, tremor
filtering and 3D vision in RMIS can contribute to
shorter hospital stay, lower conversion rates and
fewer blood loss than in conventional laparascopic
surgery [2-4].

Due to these advantages, RMIS appears to be us-
able for a number of abdominal pediatric surgical
procedures. [1,5]. In RMIS, the da Vinci™ XI Sur-
gical System (Intuitive Surgical, Sunnyvale, USA) is
one of the most advanced and widely used systems
today. However, smaller pediatric abdominal vol-
umes pose significant challenges for RMIS due to
the size of the da Vinci XI system. In the smallest
abdominal volumes it can impede the use of all four
robotic arms impairing the surgeon to perform com-
plex surgeries.

Robot mobility and patient safety of RMIS in
smaller abdominal volumes is greatly dependent on
the placement of the entry ports for the robotic arms
[6]. Suboptimal port placement can cause compres-
sion injury and collision of the robotic arms, de-
creasing patient safety and surgery efficiency [1, 6].
Furthermore, universal placement guidelines are
challenging to create in pediatric surgery due to
widely varying abdominal sizes in pediatric pa-
tients warranting a more patient specific approach.

Optimization of port placement for pediatric
RMIS based on pre-operative scans could help cre-
ate patient specific insight on the effects of by port
placement, such as collision chance, instrument
reach and patient safety. In addition, it could aid
the surgeon in deciding if using all four arms is a
safe and efficient possibility for varying abdominal
sizes.

However, optimizations aided by pre-operative
imaging do not automatically take into account the
insufflation of the abdomen needed in RMIS. Com-
bining optimized port placement with a patient
model of the insufflated abdomen should aid in a
more patient specific and safe approach to pediatric
RMIS.

Previous research by De Graaf and Rademakers
[7, 8] has introduced a patient model consisting of
the segmented abdomen, target organ and an esti-
mation of the insufflated abdomen. The amount of
abdominal distention due to insufflation was esti-
mated with the abdominal dimensions. In further
research by De Bock [9], a kinematic model of the

Da Vinci Xi robot was made to describe different
poses of the robot. In addition, an algorithm was
written to optimize port placement on a simplified
abdomen where port placements were categorized
as ‘safe” and "unsafe’.

Although promising, both the patient model,
kinematic model and optimization are still in the
proof-of-concept phase and were separately devel-
oped. Further research is needed to join separate
parts together in order to provide a better indica-
tion of the clinical impact of port optimization based
on pre-operative scans. Visualization of changes
in robot mobility and patient safety caused by port
placement in robot should create insight in the pos-
sibilities of RMIS in pediatric surgery. In addition,
This research aims to improve upon the current
kinematic model & optimization and link it with the
existing patient model to guide the pediatric sur-
geon in more optimized port placement.

2 Methods
2.1 Study design

Expansions are made on contributions of previous
research is and separate parts are joined together for
a complete workflow. An overview of the proposed
workflow and its parts is shown in figure 1. Intra-
operative measurements of the insufflated abdomen
were taken with a depth camera to quantify abdom-
inal distention. The previous kinematic model was
updated with visualizations and more accurate col-
lision geometry. Previous port optimization was
simplified and robot movement was simulated for
better assessment of robot performance.

2.2 Patient model

Previous research by De Graaf en Rademaker es-
timated the amount of abdomen distention due to
intra-operative insufflation with the help of the di-
mensions of the abdomen segmentation. An ellip-
soid was created with estimated radius in x,y and
z directions based on craniocaudal, lateral and ven-
trodorsal lengths of the abdomen respectively. In
order to validate these estimations of abdomen dis-
tention a measurement protocol was created for 3D
scanning of the intra-operative insufflation.

The infrared camera of a Kinect V1 sensor (Mi-
crosoft, Redmond, USA) was used to measure depth
points on the abdomen of a 23 month old patient be-
fore and after insufflation. The Kinect for Windows
Software Developer Kit (SDK) is open source soft-
ware that enables the extraction of the depth infor-
mation acquired by the sensor. Kinect Fusion is an
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Figure 1: Depiction of the proposed method for port optimalisation

app in the SDK that enables the conversion of depth
information averaged over multiple frames into a
3D scan of the object. A scan of the abdomen can be
taken quickly ( 10 to 20 seconds) by moving the sen-
sor around the abdomen in lateral direction stand-
ing from the caudal side of the patient, see figure 2.
This enables easy use without infringing the sterile
environment with minimal time loss.

Figure 2: Visualisation of measurement protocol of 3D
scanning of the insufflated abdomen with the Kinect Sen-
sor

Settings of the Kinect Fusion app were tested
on a healthy subject before intra-operative use .
Settings were optimized for the largest resolution
scan possible with a distance of 0.5 to 3 meters
with a Lenovo Thinkpad P1 (Intel Core i7-10750H,
NVIDIA Quadro T2000). Finalized settings for the
Kinect Fusion app are shown in table 1

Afterwards, the resulting 3D point clouds were
cropped and rotated. Detailed cropping was done
in the open source software Meshlab (ISTI-CNR,
Pisa, Italy). Key points for registration were selected

Table 1: Settings for the Kinect Fusion app

Depth Threshold min/max (m)  0.35-3.00
Volume max integration weight 400
Volume voxels per meter 384
Volume voxels resolution (x,y,z) 640

in MATLAB (Mathworks, Natick, USA), at rigid
points that are unaffected by insufflation. Points
were located bilaterally at spina iliaca anterior supe-
rior (SIAS) and at the costal arch at the same lateral
location of the SIAS [10], see figure 3. Registered
point clouds were converted to 3D surfaces with de-
launay triangulation as implemented in MATLAB
by Giaccari [11].

Figure 3: Rigid points used for the registration of pre- and
post-insufflation surfaces [10]

To quantify abdomen distention, the difference
between the highest point after insufflation and its




corresponding point before insufflation was mea-
sured in ventrodorsal direction. The radius of the
insufflated abdomen in lateral en craniocaudal di-
rections were estimated from this highest point.

2.3 Kinematic model

The kinematic model available from earlier research
by De Bock was updated with a CAD model of the
da Vinci XI system [12]. Separate .stl files of 3D
models of the robot links were extracted in 3dsMax
(Autodesk, San Rafael, USA). In MATLAB, the 3D
models of the links were coupled to their respective
joints. In order to synchronize the pose and dimen-
sions of the link models with the kinematic model,
the files were scaled, rotated and translated to align
them with their respective coordinate system. Scal-
ing factors were determined with measured dimen-
sions of the da Vinci XI system.

Previously available collision geometry was ad-
justed to the new visualisation of the kinematic
model. In addition, collision geometry was added
for the surgery table and the patient for a more com-
plete collision environment.

The frames of the joints of the da Vinci XI are de-
scribed with Denavit Hartenberg (DH) parameters
as stated by Ferguson et al. [13]. The final three
joints were fixed in order to simplify the kinematic
model and subsequent simulations, see figure 4.
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Figure 4: Kinematic chain of one of the da Vinci Robotic
arms. Passive sections are blue and active sections are in
blue. Red arrows indicate joints that are fixed for simpli-
fication of the kinematic model
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2.4 Port optimalisation
2.4.1 Docking

In RMIS, the da Vinci XI system is docked to the pa-
tient by connecting the arms of the robot to the entry
points and aiming them at the target organ. After
docking, the first four passive joints are no longer

used in movement of the robotic arm.

The docking procedure was simulated by creating
a generalized inverse kinematics (GIK) solver with
the robotics toolkit available in MATLAB. The GIK
solver calculates poses for the robot arms taking into
account constraints on the solution. For the dock-
ing procedure the end of the tool was constrained to
the port location for each arm. In addition, an aim-
ing constraint for the tool was applied so each tool
was aiming at the target organ. The resulting poses
of the arms were checked for collision. If an arm
collided with another arm, the patient or the table,
the joint positions of link 5 and 6 (see figure 4 were
randomized until no collision was detected. These
joints were chosen for randomisation because they
move the arms towards or away from each. Other
joint positions were left unchanged to preserve the
general position of the robot.

2.4.2 Motion simulation

After docking, the first four joints were locked in
their respective positions for the next step. Each
arm of the da Vinci XI system has a remote centre
of motion (RCM) located at the port. The position
of the RCM remains unchanged which prevents the
displacement of the port location. Subsequently, the
tool was inserted into the patient at the port to depth
r. Coordinates of a spherical trajectory for are de-
fined with the following equations for 0 < 6 < 7
and 0 < ¢ < 27

x =rxsin(0) x cos(¢) 1)
y = rx*sin(0) x sin(¢p) )
z = 1% cos(f) 3)

Depth r serves as a radius from the RCM to the tip
of the instrument at the end of the robotic arm. The
created spherical trajectory describes the movement
possible for an arm inserted at depth r, see figure 5.
The trajectory was cropped to fit approximately in-
side the patient model to exclude unrealistic move-
ment.

A second GIK solver was created with constraints
to keep the port in place and follow the created tra-
jectory with the tip of the tool. Collision with the
table and patient was checked at each point of the
trajectory.

Afterwards, the occupied volume during the
movement of the last external link and the internal
part of the instrument is visualized. The last exter-
nal link was chosen for visualisation because it is
one of the most common links for collision.
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Figure 5: End-effector tool of the da Vinci XI arm with
planned trajectory simulating the possible movement
with the port as rotation centre. The red dot in the image
is the port location

3 Results

3.1 Patient model

Resulting surfaces of the abdomen depth measure-
ments pre- and post-insufflation are depicted in fig-
ure 6. The highest point of insufflation was found
approximately 2 cm cranially of the umbilicus. At
this point, distention in the ventrodorsal direction
was 3.6 cm. Radii of the insufflated abdomen rel-
ative to the highest point were 9.4 and 10.2 cm in
the lateral and craniocaudal directions respectively.
Measurements were taken at a pressure of 8§ mmHg
of CO2.

3.2 Kinematics

A docking configuration was solved with the previ-
ously described GIK solver and constraints for ex-
ample set for port placement. The kinematic model
with visualized links is shown in the calculated
docking configuration along with patient en surgery
table geometries in figure 7. Over five tries, docking
took an average of 45+15 seconds.

Resulting trajectory of the leftmost arm inside the
patient with the instrument inserted half its maxi-
mum length is shown in figure 10. For each point
the deviation from the planned trajectory is calcu-
lated to assess precision of The visualisation of the
occupied volume of the robotic arms during the tra-
jectory movement is seen in figure 9. Over five
docking configurations, trajectory calculation with
a tolerance of 1 mm took approximately 789+64 sec-
onds for 60 trajectory points.

4 Discussion

The presented measurement protocol for abdomen
distention showed a proof-of-concept for a quick

Figure 6: Surfaces of abdomen of 23 month old subject
(a) Pre-insufflation (b) Post-insufflation. Red dots indi-
cate the point of maximum distention in ventrodorsal di-
rection

method to quantify abdomen insufflation. Mea-
surements of abdomen distention enable valida-
tion of current estimations of the insufflated ab-
domen which should benefit the accuracy and pa-
tient specificity for the complete workflow.

Improved kinematics of the previous research en-
abled optimisation of the robot based around move-
ment of the robotic arm instead of static poses. Dy-
namic optimization should provide a better assess-
ment of robot mobility at different port placements.
Improved optimization combined with a more ac-
curate visual representation of the robot should pro-
vide more insight in the consequences of port place-
ment in robot mobility and patient safety without a
trial-and-error approach on patients.

4.1 Patient model

Depth measurements showed a viable method to
quantify abdomen distention. However, valida-
tion of previous estimations of abdomen insuffla-
tion was not feasible for the measured subject be-




Figure 7: Resulting docking configuration returned by the
GIK solver with table and patient geometry. The green dot
indicates the target
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Figure 8: 2D view of the realised trajectory. The color in-
dicates how much the position of the tool deviates from
the planned trajectory in millimeters. Point labeled with
a 'c’ are point where the arm collided with the table.

cause the pre-operative scans were not available.
In further research, comparing estimated abdomen

Figure 9: Occupied volumes during trajectory of the last
external link (red) and the internal part of the tool (green)

distention with measured intra-operative distention
should be able to provide insight about the accuracy
of the current approach.

Registration of both point clouds was done on
points unaffected by abdomen distention. However,
due to bright surgical lights the color was lost on
the post insufflation depth measurements. Conse-
quently, anatomical landmarks used for registration
were harder to pinpoint due to the loss of texture.
In addition, the laparoscopic Alexis port obstructs
clear view of the abdomen which impairs accurate
selection of the highest point on the abdomen.

During surgery, and in the 3D surfaces it can be
observed that the abdomen distention is not a per-
fect ellipsoid. This is most likely caused by vary-
ing mechanical tissue properties and distribution of
skeletal connections of the abdominal wall. Other
research has shown the use of FEM analysis to simu-
late the irregular distention of the abdomen [14-16].
The current segmentation approach results in sur-
face meshes which are insufficient for FEM analy-
sis. Using readily available software such as the
Iso2Mesh toolbox [17] can convert surface meshes to
tetrahedral volume meshes suitable for FEM analy-
sis. Further research in FEM analysis could yield a
better simulation of the irregular distention of the
abdomen during intra-operative insufflation.

4.2 Kinematics

GIK solvers for docking and trajectory movement
showed promising results for simulating the move-




ment at different port locations. Although the MAT-
LAB robotics toolbox is easy to use, it is a ‘black box’
where intermediate steps of the solver can not be
evaluated by the user. The inability to easily under-
stand and debug unrealistic results returned by the
solver reduces the flexibility of the approach to cre-
ate a tailor made solution for the port optimization
problem. Further research could benefit from creat-
ing their own solver in order to gain more control
over the optimization results.

4.2.1 Visualisation

The acquired 3D CAD model from Dabronaki [12]
was adjusted to fit the kinematic model as described
by Ferguson et al [13]. However, while the 3D
model looked visually correct the dimensions and
ratios of the model did not coincide with the kine-
matic model. Each link of the robot was scaled and
edited separately to fit the model as best as possi-
ble. A simplified separate .stl file for link 6 of the
robotic arm was created due to large inaccuracies in
the 3D model. Although the visualization provides
a intuitive and familiar view for the robot for easy
interpretation, it should not be used for collision or
joint limit assessment. For this reason and added
time constraints, the collision geometry was made
from simplified cylinders and boxes based on phys-
ical measurements of the robot.

4.2.2 Docking

In its current state, a docking configuration is
reached with randomized positions of joints 5 and
6 resulting in different poses and subsequent per-
formance when following the trajectories.

In order to counteract randomness, a measure is
needed to estimate performance of the robot arm at
a certain port location. Performance was attempted
to be estimated with the manipulability index as in-
troduced by Yoshikawa [18]. The index is defined
as \/det(] « JT) where J is the geometric Jacobian.
However, this measure does not take into account
the constraint of the port position. An augmented
Jacobian could provide more and faster insight in
the performance at a certain docking position while
taking into account the port constraint for better op-
timisation [19,20].

In addition, random docking sometimes resulted
in links 7 and 8 being fully stretched due to unreal-
istic positioning of the first four joints, see the right-
most arm in figure 7. The robot arm was subse-
quently severely impaired during movement after
locking the first four arms, ??. Docking needs to be
further optimised with a index like the manipulabil-
ity index or other constraints to prevent unrealistic

docking configurations.
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Figure 10: 2D view of realised trajectory of. The color
indicates how much the position of the tool deviates from
the planned trajectory in millimeters. Point labeled with
a’c’ are point where the arm collided with the table.

4.2.3 Motion simulation

In its current state, the optimisation allows move-
ment of the robotic arms for insight of the conse-
quences of port placements. Initially, the aim of
the research was to calculate indices for collision
chance [21] and instrument cooperation [22]. These
goals were not met due to time constraints. How-
ever, required volumes for the indices are available
and could easily be incorporated in further research.
This should enable quantification of robot perfor-
mance at different port placements for easy compar-
ison of different port configurations.

Animations of the found robotic arms follow-
ing the spherical trajectories could sometimes show
large pose differences between consecutive trajec-
tory points. This was caused by a joint wrapping
around their joint limits to reach the target point.

4.3 Future research

Combining parts of earlier research has resulted in a
complete pipeline for port optimization. Although
more research is needed for the patient and kine-
matic model, the ultimate goals is to transfer this
proof-of-concept pipeline to a phantom study be-
fore clinical implementation. To assess clinical vi-
ability the most important step is to finish quantifi-
cation of robot performance for easy interpretation
for the surgical team. With this, a complete proof-
of-concept can be tested and validated in a phantom




study.

A suitable phantom study could consist of differ-
ent sized ellipsoidal abdomens simulating the vary-
ing abdomen size in pediatric surgery. Comparison
between port placement as indicated by the surgi-
cal experts and port optimization algorithm could
assess if the optimization adds to the performance
of the robot. Certain motions i.e. suturing could be
tested with both port configurations to test the kine-
matic modelling of the robot which should assess
the viability of clinical implementation of the pro-
posed method.

5 Conclusion

In this research a more complete pipeline for
port optimization for pediatric RMIS is presented
through improvements and combinations of earlier
research. A initial proof-of-concept for port opti-
mization on a simplified ellipsoidal abdomen with
simulated movement of the robotic arm. Further
research is needed to further quantify performance
of the robotic arms at different port placement for
more insight. In addition, to assess the viability
of clinical implementation it is essential to aim for
a phantom study to validate the simulated robot
performance. A phantom study should provide in-
sight about the expected performance in its current
state and indicate the amount of additional research
needed for a model accurate enough to safely aid in
port placement in surgical RMIS.
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