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Enabling Autonomous Ultrasound-Guided Tumor Ablation during
Robotic Surgery

Nils Marahrens', Dominic Jones!, Jack Stevenson?, James MCLaughlanl, Chandra Shekhar Biyanig,
Margaret Lucas? and Pietro Valdastri!

Abstract— While technologies such as cryo- or radio-frequency
ablation allow for less invasive treatment of tumors than resec-
tion, they still require needles to reach the target location with the
potential risk of spreading tumor tissue around.High Intensity
Focused Ultrasound (HIFUS) on the other hand allows for a
completely remote and concentrated delivery of energy to a target
location without the need for direct access and is particularly
well suited to be robotically guided and thus used as part of
an autonomous system. While robotic HIFUS devices have been
extensively explored for extracorporeal applications, their appli-
cation into a laparoscopic setting is still widely unexplored. This
paper presents an Ultrasound (US)guided workflow and system
concept to allow the integration of a pick-up HIFUS system into
a surgical robotic setup. Additionally, a novel sensorised water-
filled membrane is developed and evaluated, enabling hybrid
force position control that allows for minimising interaction
forces with the tissue surface while maintaining sufficient acoustic
coupling for ablation. Experiments on a phantom with a HIFUS
probe dummy demonstrate the effectiveness of the approach in
targeting hidden structures.

I. INTRODUCTION

Recent years have seen a trend towards minituarisation of
HIFUS probes into minimally invasive devices [4], [5], [6],
[7]. In its inception, the miniaturisation of HIFUS devices
allow a more localised treatment of tumors rather than needing
to penetrate the abdominal wall and layers of fat tissue that
can further stretch across the target regions and dampen
the ultrasonic waves induced [4], while bearing less risk of
harming additional tissue and further spread out cancerous
cells outside the tumor region compared to other ablation
methods such as Cryoablation (CA) [4]. A key difference
to extracorporeal devices is that minimally invasive devices
do not include imaging a the center of the lens due to size
constraints.
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Fig. 1: US-guided HIFUS concept with membrane conforming
to surface shape and including the used tool tip frame with 277
being perpendicular to the transducer surface.

While the application of ablation devices in a laparoscopic
setting, in particular HIFUS, has been extensively researched
[6], [7], [4], this is not the case for robotically guided probes.
To the best of our knowledge the only translation onto a
robotic system is presented in the extended abstract [5]. Here,
the authors employ their custom-built flexible robot [8] to
carry a miniature HIFUS probe (ceramic element diameter
of 20.15mm). Ex-vivo experiments on chicken breast reveal
a manually measured lesion of 6mmax7mm at 3mm below
the tissue surface. No further planning and autonomous ex-
ecution of a more complex ablation field has been explored.
Autonomous ablation in the context of brain surgery, including
different trajectory planning algorithms was explored in [9],
however for a simple planar lab bench setup and abstracted
computer vision pipeline.

This work presents the first application of autonomous US-
guided HIFUS probe in surgical robotic setting, solving the
problem of contact force control and presenting a possible tra-
jectory planning framework, accounting for the tissue surface
constraint. As target application this work explore the ablation
of liver tumors, where ablation techniques and extracorporeal
US imaging are already routinely used.
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Fig. 2: Cut view of the assembled HIFUS probe design includ-
ing the epoxy-filled casing with integrated water channels, the
sealing ring as well as the piezo element and showing two
different inflation states.

II. MATERIALS AND METHODS
A. HIFUS probe design

The main transducer is composed of a cylindric shell,
designed in two parts, which allows the internals to be properly
aligned. This includes a piezoelectric disc adhered to an
acoustic lens. The void behind the piezoelectric is back filled
with a microballoon loaded epoxy as a backing layer. A stiff
epoxy was used to fill any tolerance gap surrounding the lens,
making the transducer watertight.

A thread at the back allows connecting the transducer
with appropriate mechanical interfaces. To interface the probe
with a robotic tool, we designed a pick-up interface with a
matching thread to fix to the transducer. The pick-up interface
is equipped with an Inertial Measurement Unit (IMU) as well
as an Infrared (IR) tracking marker for evaluation.

B. Interaction with the Tissue Surface

To solve the issue of acoustic coupling and prevent large
reflections at the boundary between tissue surface and trans-
ducer, an acoustic impedance matching layer as a water-filled
latex membrane was added to the setup that is inspired by [8].
At the same time, being relatively soft, the inflated membrane
helps conform to different surface shapes observed on organs
in the abdominal cavity.

Considering, the goal of achieving contact control between
the relatively soft tissue and the rigid probe it is necessary
to measure the contact force or quality to some degree. The
goal is to ensure adequate acoustic coupling with the tissue
surface while preventing excessive compression. An initial
idea was to achieve this by attempting to characterise the
change in pressure of the inflated membrane under different
loading conditions. This would in theory allow to estimate
the contact force between the robotically guided transducer
and the tissue surface and ablate the tumor, assuming minimal
tissue deformation.

To fit a membrane, we realised a tapered ring design
(see Figure 2). The ring is held by four bolts that allow

equal tightening from all side, while reducing buckling. The
membrane is spanned in between the ring and the transducer.
To ensure water sealing the tapered transducer tip is covered
with a thin layer of silicone glue that the ring compresses. To
allow feeding water into the membrane to instantiate a static
pressure and inflation profile as well as measure the pressure,
two 1'mm channels were integrated into the casing wall. While
a single channel would also allow for pressure measurements,
two channels were needed to purge any excess air trapped
between the lens and the membrane. This is particularly
important to ensure good energy transfer as any trapped air
will lead to a strong reflection of the ultrasonic wave back
to the transducer. Please refer to Figure 2 for a cut 3D CAD
model of the transducer shell.

In addition to the coupling membrane, the probe includes an
IMU sensor that is used to perform sensor fusion with robot
kinematics for improved accuracy. For that, the sensor fusion
scheme from our previous research [10] was adapted and used
for both the US probe as well as the HIFUS device.

C. Mechanical Characterisation of the Membrane

To usefully employ the designed membrane in a control
context, it became necessary to characterise the material
properties of the membrane. An initial analysis revealed that
it might be possible to infer the force applied to the tissue
surface based on the measured change in pressure change due
to compression of the membrane. This measurement in turn
allows for control of the forces applied to the tissue surface. A
major question was, to what degree the characterisation would
change depending on the interactions with surfaces of varying
stiffness.

For characterisation, a 3D-printed frame was used to fixate
the probe within the experimental setup. To compress the
membrane and measure the resulting force the setup employs
a manually adjustable linear stage (unknown manufacturer)
equipped with a load cell Omegadyne LCM703-10 (Omega-
dyne Inc., Stamford, CT, USA). The load cell is connected to
a HX711 (Avia Semiconductor (Xiamen) Ltd, Xiamen, China)
amplifier. The amplifier’s analogue output is then transmitted
to the Robot Operating System (ROS) network via a Teensy
3.2 (PJRC.COM LLC, Sherwood, OR, USA). The tip of the
load cell integrates a 3D printed interface that directly connects
to the threaded top of the transducer (see Figure 3).

The characterisation was performed for three different
material samples of decreasing stiffness placed under the
probe: a rigid surface, a gelatin block, and a chicken thigh.
Additionally, experiments were carried out at three different
inflation states resulting in varying membrane dome heights
(see Figure 2). Initially, the transducer was lowered to the point
a which contact was barely made, defined as dg (see Figure 3).
Subsequently, the transducer was moved down in increments
between 25pum and 50pum, depending on the material and the
rate of change.

For the pressure-force relationship, a second-order polyno-
mial was found to be the best-fitting model of the lowest
complexity. Figure 4 depicts the characterisation results for the
pressure/force relationship. Overall, the relationship did not
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Fig. 3: Test Setup used to characterise the HIFUS membrane.
The probe is mounted onto a load cell that attaches to a linearly
movable stage.

significantly vary with a change of contact material. While the
area over which the pressure is applied does change depending
on the material, its variation seems to be low enough to
have little effect on the measured force, represented by a
low mean Root Mean Square Error (RMSE) of 0.0627N
over the three fitted curves for different initial pressures.
As expected, however, it did vary with initial pressure. For
the eventual application during robotic control, the weighted
average between the two curves with an initial pressure above
and below the current initial pressure was taken. This allowed
varying the initial pressure of the system and thereby the
compliance as well as the initial dome height of the coupling
membrane within the characterised range.

D. Planning and Control Pipeline

The following outlines the planning and pipeline in four
steps: (1) surface reconstruction, (2) US scan acquisition, (3)
trajectory planning and (4) trajectory execution.

1) Surface reconstruction: A crucial initial step is the
acquisition of the surface geometry of the organ. For simplicity
and repeatability, a gelatine phantom is used with a shape
modeled after a typical liver surface. To acquire the surface
shape, an Intel RealSense d405 (Intel Coorp., Santa Clara, CA,
USA) stereo camera is used, with the same working principle
as that of a standard endoscopic camera. To enable referencing
the point cloud in the local camera frame to the robot, ArUco
markers are integrated into a frame with spatial landmarks
that allow referencing camera features (ArUco markers) with
robotic positions (spatial landmarks). A key challenge with
the acquisition of surface data from the gelatine phantom
is the lack of features and the high reflectiveness. For this
reason, we found the final point cloud to be relatively noisy,
resulting in a reduced resolution of only 3mm average point
distance. Overall, the acquired point cloud resulted in a mean
squared error of 0.91mm. The mean angle error of the normal

vectors calculated from the point cloud was 4.63° and reached
a maximum error of 16.95°.

2) Tumor Scan and Reconstruction: Based on the surface
geometry, the US probe was guided along the surface. The
setup used, including the deep learning-based feature detection
and contact quality detection, can be found in [10]. To begin
with, the probe was placed in the direct vicinity of the
mass and displaced in image normal direction towards the
mass. Simultaneously, the probe was reoriented to match the
surface normal, while maintaining good contact with the tissue
surface. Once a tumor feature was identified in the image, the
probe was moved along the surface to center that feature in the
US frame. After passing over the tumor, the probe was rotated
around the tumor by 30 degrees, with the tumor centroid as the
pivot point, and scanned again moving over the tumor towards
the starting point. This process was repeated a third time,
resulting in a total of three scans of the tumor from different
angles. We found this process to be more robust against small
detection errors, while not causing the robot to run into joint
limits e.g. in the case of larger angles than 30 degrees.

3) Trajectory Planning: Based on both the acquired surface
shape and the reconstructed tumor relating to that surface an
ablation path was planned to be followed by the robotically
guided HIFUS probe. Planning a trajectory for the laparo-
scopic HIFUS device is slightly different compared to usual
applications in an extracorporeal setting since the target region
and probe cannot be immersed in water. Consequently, the
planning is highly constrained by the tissue surface, allowing
only specific lines of access. To allow proper induction of
the ultrasonic waves while preventing collisions between the
probe body and the tissue surface, the local surface normals
should approximate the direct line of access between the
surface point and target location on the tumor. Assuming
the surface to be relatively planar (e.g. slightly convex) and
thus a relatively constant normal vector within the vicinity
of each surface point, this may be approximated by finding
the surface points whose connecting vector to the tumor’s
centroid best approximates the normal vector at that point.
This point is identified by iterating through all surface points
and checking the angular error between the connecting vector
and the surface normal at that point and selecting the one with
the lowest deviation between these two vectors.

Once the ideal point is found, the tumor is projected onto
the plane with the ideal point’s normal vector and located
at the centroid. Assuming a relatively convex tumor, the
convex hull is then calculated to approximate the outer contour
of the tumor projected into that plane. By replicating and
scaling down this trajectory a spiraling path is defined that
covers the entirety of the tumor similar to the ablation path
described in [9]. This process is shown in Figure 6. Lastly,
the trajectory is projected onto the surface and each trajectory
point is locally shifted in its vicinity (5mm radius) to further
improve the matching between the surface normal and the
target orientation, representing the connecting vector between
the surface point and the target point on the tumor.

4) Trajectory Execution with Contact Force Control: To
control the probe position, while also integrating the force
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Fig. 4: Membrane Characterisation and subsequent fitting results for membrane pressure (kPa) over force (N) for different
materials. Top left shows all data points and fitted curves overlayed, top right, bottom left and bottom right show the data and
fitted curves for low, medium and high initial inflation pressure respectively and for different materials.

input from the coupling membrane, a hybrid force position
controller was devised [11]. The controller is based in global
cartesian space in the following way
k=i+1
Xdes,i+1 = Xtraj,i+1 + KP,zAXctrl,i + KI,x Z Axctrl,i
k=0
k=i+1
+ kP,fAfctrl,i + kl,f Z Afctrl,i
k=0

1
where X;,.4;.441 1s the pre-calculated position from the tra-
jectory planner at time step 41, Kp , and K7 ; are diagonal
matrices defining the positional proportional and integral gains
and kp s and Ky are scalar force proportional and integral
gains respectively. The positional difference Ax.:;; used

inside the controller in turn is defined in the following way

2

Axe'rr,i = Xtraj,i+1 — Xmeas,i

3)

where X,neqs,s 1S the measured position via IMU-fused
kinematics at time step ¢ and z77; is the current tool tip z-axis
axis (see Figure 1). Equation 3 subtracts the component that is
along the tool axis that is determined by the force difference
Afctry; in the following way.

T
AXctrl,i = Axerr,i - (Axerr,iZTT) CZTT,i

“4)

This way it is ensured that the positional control along
the tool axis is excluded and fully controlled by the surface
normal force. The normal force in turn is extracted from
the fitted pressure model. Additionally, the measured pressure
is adjusted to account for the hydrostatic pressure. This is
achieved by using the robotic end-effector position to calculate
the difference in height with respect to the externally fixated
pressure sensor.

Afctrl,i = (fdes - f’meas)TZTT,i

III. EXPERIMENTAL EVALUATION

The validation experiments for the described approach were
carried out in two parts. First, the HIFUS probe was guided
along a planar surface in a circular trajectory. This served the
purpose of validating the contact force model to control and
evaluate the accuracy of a simple trajectory on the surface. In
a second study, the system was tested on the gelatine phantom
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Fig. 5: HIFUS force during execution of planar, circular
trajectory.

with an anatomical surface, including the previously outlined
planning pipeline to allow conclusions about the application
under more realistic circumstances including image guidance.
Please note that experiments were carried out with a HIFUS
probe dummy that did not deliver ultrasonic energy. The
focus here is on evaluating the coupling membrane, planning
algorithm and hybrid force-position control. We characterised
the device using a hydrophone and assume the dummy probe
to exert the measured 3D pressure field.

A. Planar Surface Testing

Three repetitions of circular trajectories on the planar sur-
face with varying diameters (d = {10,20,30}mm) were
performed and recorded, giving a total of nine trajectories.
In addition to following the trajectory, a target contact force
constraint of 1N was set.

The results indicate positional errors of 0.6312+0.3133mm
between IMU-fused and IR trajectory. The control error,
meaning the error between the reference trajectory and IMU-
fused kinematics as input into the controller was determined
to be 0.8039 £ 0.3219mm. Lastly, the error between the IR-
tracked, ground truth path and the control input was 1.0212 +
0.5021mm.

Looking at the force control, a slight overshoot at the
beginning can be observed that is slowly controlled out
throughout the trajectory. Furthermore, a lower peak force
is observable, as well as a slight time delay between the
measurement with the HIFUS membrane and model and
ground truth force measured through the scale. Despite this,



Surface

/Normal )

Target
Normal

Spiraling
' Repetition

o= ===

Projected
Convex Hull

Fig. 6: Depiction of the HIFUS trajectory planning process
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the overall estimation of the model, particularly for static
pressure, is as low as —0.0364 £ 0.0861N. Disregarding the
first 5s in which the controller has not yet reached its steady
state, the error is as low as —0.0135 £ 0.0448 N. An attempt
to increase the P-gain of the controller, leading to a quicker
response, led to oscillatory motion of the controller, signaling
instability. Eventually, while not ideal, it was decided to leave
the controller tuned as shown in Figure 5.

B. Non-Planar Phantom with Ultrasound Guidance

For the non-planar case, the experiments also included
three repetitions at three different locations. To validate the
system under different tumor locations, the acquired scan
was virtually shifted to two other locations, covering differ-
ent surface topologies while remaining at a similar depth.
Subsequently, the reconstructed scans were processed in the
trajectory planner. As a starting point, a spiraling trajectory
with four concentric circular turns was chosen. An exemplary
resulting trajectory is shown in Figure 6. The execution time
of these trajectories was around 260s. As in the prior planar
experiments, the desired pressure was set to be 1V.

Looking at the positional error compared to the planar case,
the control error stays roughly similar (0.96 £ 0.53mm) aside
from more outliers, the mean error between IMU-fused and
IR trajectory was determined at 4.77+0.91mm and at 4.77 +
1.03mm between IR and control input trajectory. Looking at
the force control signal, a good tracking of the constant desired
force of 1N can be observed (see Figure 8). The mean control
error was found to be 0.0088 £ 0.0689.N.

To get a better idea of the coverage of 3D space by the
HIFUS pressure field, the HIFUS pressure field was recorded
as a 4D point cloud over time, containing 3D position and
pressure intensity. It is assumed that only a pressure over a
certain threshold would have a noticeable heating effect on the
tissue. Therefore, any points with a pressure intensity lower
than 50% of the maximum, equivalent to points outside the
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Fig. 7: Top: HIFUS tumor coverage in 3D. Bottom: HIFUS
tumor coverage projection in x-y plane, showing full but
coarse coverage of the area.

—3dB line from the Gaussian model, are disregarded. Figure
7 depicts this thresholded pressure point cloud overlayed with
the tumor volume. The overlay shows a full coverage of the
tumor area with the focal region. As can also be seen on the
top view, the trajectories are not nearly dense enough yet,
as there are spots that are not fully covered by the HIFUS
pressure field point cloud.

Looking at the plot of the trajectories depicted in Figure
1, an offset between the IR-tracked and reference trajectory
becomes further apparent. While the IMU-fused trajectory is
following the overall shape, the IR-tracked trajectory is offset,
despite still resembling a similar shape.

IV. CONCLUSIONS

Comparing the results for the simpler experiment on a pla-
nar surface with the more complex scenario of the anatomical
surface and target structure, potential sources of the larger
error can be identified.

Firstly, as in the previous work presented in this thesis,
the applied force has a tremendous effect on the kinematic
accuracy of the system. As opposed to the previous applica-
tions, US scanning and tissue marking, contact forces between
the tool tip and the tissue surface are not supposed to be
minimised, but rather enforced to be constant yet very much
present. This had a clear effect on the system’s accuracy in
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determining the position despite IMU-fused kinematics. This
error is likely very dependent on the exact orientation of the
system since different joints are differently accurate and the
fusion algorithm does not account for rotations around the
gravity axis that are not measured by kinematics itself.

Secondly, the control of the system is performed via a
virtually prolonged tool by controlling the positing of the focal
point around 25mm away from the transducer surface. This
means, in consequence, that any orientational error will be
further magnified by the longer tool tip resulting in higher
positional errors. This becomes especially apparent when
comparing the results for the planar execution that had no
prolonged tool and did not involve a constantly changing tool
orientation.

It remains to be seen how the whole system would perform
under induction of real ultrasonic energy into the tissue. Most
likely, the robotic execution would need a denser coverage of
the surface area, which would in turn mean a longer execution
time. As the execution is currently already at over 4msn, this
in turn would entail practical considerations as to how long
would be acceptable or to what extent the execution time may

be sped up.

When analysing the trajectories, it becomes clear that the
grid structure of the surface has a strong effect on how
the trajectory is projected upwards. Currently, the surface
point cloud is rather coarse at 3mm grid size, the resulting
trajectories are also relatively edgy. Therefore, a finer grid
of the surface would be desirable. For that, a more textured
US phantom would need to be created or the system directly
evaluated in an ex-vivo setting as done in the previous chapter.

While only accurate within roughly 5mm, the system still
performed well in covering the area around the tumor. In
particular, it covered the entire area as previously planned.
In the future, it would be desirable to test the system with
the application of HIFUS energy and using ex-vivo tissue to
explore the real ablation zone. Furthermore, the integration of
more models such as the amount of compression of the mem-
brane could allow a more precise control better accounting for
tissue deformation.
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