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Abstract. The paper focuses on the development of a robotic solution for cancer treatment.
Liver cancer and especially hepatocellular carcinoma is one of the deadliest causes of death
worldwide. Even more, liver cancer leads to more than half of the metastatic pancreatic
cancers. Its treatment depends on the tumor staging and other comorbidities of the patient,
and if the health condition is poor, minimally invasive procedures are preferred. The
ProHep-LCT parallel robotic system has been developed for the minimally invasive
treatment of cancer liver using various approaches: brachytherapy, radiofrequency ablation
or intra-tumoral drug release, all of which requiring an accurate needle placement. ProHep-
LCT has consists of two robots: one for tumor visualization using the intraoperative
ultrasound technique and the other to deliver the targeted treatment. A research method
regarding the onsite placement accuracy of the two modules of the ProHep-LCT using a
commercial tracking system is proposed in the paper, to assess its usability for the medical
task.
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1. Introduction

With around 841,000 newly diagnosed cases and 782,000 fatalities per year, liver
cancer ranks sixth among all cancers. The most frequent and deadliest form of liver
cancer in the world is hepatocellular carcinoma (HCC), which is also the 5" most
prevalent and deadliest type of cancer [1],[2]. Even though tumor excision is the
optimal therapeutic approach (i.e. for patients with early diagnosis), only 20% of
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HCC patients receive this treatment. Surgical resection is typically not advised for
advanced stages of HCC since the patients are not strong enough to endure the
procedure, [3]. Furthermore, minimally invasive surgical techniques can be used to
accomplish 10-20% of all resections. Alternative approaches for treatment include
radioembolization, trans arterial chemoembolization, and percutaneous local
ablation, although these methods have poor accuracy [4]. The delivery of
specialized chemotherapeutic drugs that only target malignant cells (intra-tumoral
chemotherapy) and radiofrequency ablation (the treatment of a tumor by heating it
to induce tumor necrosis) are three examples of targeted treatment for liver or
pancreatic cancer that may be considered to reduce the cancer staging, which
provides the opportunity for resection and organ transplant. The main advantages
of these treatment methods include delivering the therapeutic agent in the desired
place (reducing side effects as a result); and lowering the risk of trauma (such as
piercing blood vessels that could result in hemorrhage).

Robotic devices are being employed more frequently in the medical profession,
which has a positive social impact by raising the standard of living. Whether they
are orthotic structures [5] or rehabilitation robots [6], [7], some of the most known
and most popular are those in the field of human movement rehabilitation. The da
Vinci system [8] is one of the most popular robotic systems for minimally invasive
surgery (MIS), but there are other robotic systems for MIS that were developed,
tested, and validated in clinical trials. On the other hand, various robotic structures
have been designed and developed recently for surgical procedures, most notably
for MIS [9] — [13]. Recent research has suggested the use of robotic systems for the
targeted treatment of HCC with intra-tumoral chemotherapy or brachytherapy, [3].
In addition, the authors in [14] explored the potential for creating tailored treatment
for HCC combining intra-tumoral chemotherapy and real-time image tracking
(using US fused with CT). Intraoperative ultrasonography (I-US) coupled with
preoperative CT is used in the suggested method to offer a safe and precise solution
for inserting therapeutic needles within HCC under continuous imaging guidance.
Several methods have been proposed to assess the accuracy of medical robots. A
guantitative method has been proposed in [15], where the CT has been used to
assess the statistic accuracy of pedicle screws placement. In [16] the authors have
used a 3D printed template to for the placement of brachytherapy needles and the
accuracy has been evaluated using the CT intermediate set compared to the pre-
implant CT dataset. The authors have assessed the usability of the OptiTrack
motion system in [17] and [18], and proved that it is a stable and reliable system
with an average error of 0.2 mm, which suits the accuracy requirements of the
proposed medical task.

The current paper proposes a method to assess the accuracy of the ProHep-LCT
parallel robotic system designed for needle placement procedures. Due to its
proven performances, the Optritrack system has been used to measure the parallel
robot end-effector position and orientation and thus assess the usability of the
robotic system for the liver and pancreas cancers using needle placement medical
approaches. The paper is organized as follows: section 2, Materials and methods,
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presents the ProHep-LCT robotic system, mechanical and control architecture and
the tracking equipment and proposed methodology used to assess the positioning
accuracy in laboratory conditions; section 3, Results and discussions presents the
obtained results and some explanations. The paper ends with section 4,
Conclusions.

2. Materials and methods
2.1 The ProHep-LCT parallel robot

The proposed technical solution consists in a robotic system, ProHep - LCT, [14],
[19], that is intended solve the three main problems that accuracy, patient safety,
and procedural ergonomics present in brachytherapy and intra-tumoral treatment of
HCC. ProHep-LCT kinematics, singularities and workspace analysis have been
investigated [19], [20] in order to provide a proper operational workspace
according to the operating field, patient safety and procedure ergonomics.

Fig. 1la presents the CAD model of the ProHep-LCT robotic system integrated into
a virtual medical environment, with a patient positioned on the operating table. As
previously mentioned, ProHep-LCT is a robotic system which consists of two
robots sharing an identical architecture: the needle insertion robot, which guides
the needle insertion robotic instrument and the intraoperative ultrasound (I-US)
probe robot, which guides the I-US instrument, [21], [22]. Fig. 2b presents the
experimental model of ProHep-LCT during initial experimental tests in laboratory
environment.

Fig. 2 presents the mechanical architecture of the ProHep-LCT robot for needle
insertion (identical with the 1-US robot). The robot has 5 DoF which are used to
guide the 1-US and respectively the needle insertion robotic instruments. The robot
consists of two parallel kinematic chains: the upper planar mechanism actuated by

three active prismatic joints (q4 and qs)and the lower planar mechanism actuated
by two revolute active joints (q2 andq3). The two planar mechanisms are
connected via two universal joints (U, andU, ). Both planar mechanisms translate
along the OZ axis using the prismatic joint g, . The robot controls the end-effector
coordinates E(Xg,Yg,Zg) and its orientation, namely the angles yand@,

representing the rotation of the end-effector around the OY and OX axes. The
mathematical model of the robot has been detailed in [10].
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Fig. 1. The ProHep-LCT robotic system: a. the CAD model in virtual medical environment;
b. the experimental model during laboratory tests.
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Fig. 2. The ProHep-LCT robot for needle insertion.
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The I-US instrument (Fig. 3a) has 4 degrees of freedom (DoF) used to insert the I-
US probe (which is a Hitachi Arietta 70, [14]) on a linear trajectory, rotate the I-US
probe and actuate the two levers which guide the transducer. The I-US helps the
surgeon read the position of the target points in the tumor which are further sent to
the needle insertion robot in charge of placing the needles. ProHep-LCT has been
designed to insert straight needles on a linear trajectory in a minimal invasive
approach, meaning that the needles are inserted percutaneously (from the outside of
the patient’s body). For this task, the needle insertion robot positions the needle
insertion instrument (Fig. 2b) in the vicinity of the insertion point from where the
needle insertion module continues the insertion procedure. It is a 3+1 DoF
mechanism using a Gantry architecture which positions the needles at the insertion
point in the OXY plane and performs the needle insertion (along the OZ axis). The
last motor is used to actuate the gripper. The needle insertion instrument has been
designed to insert up to 6 brachytherapy needles, which are stored in the needle
rack. Each needle to be inserted is gripped and removed from the needles rack,
positioned above the insertion point and inserted following the linear trajectory.
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Fig. 3.The ProHep-LCT robotic instruments: a. the 1-US guiding instrument;
b. the needle insertion instrument.

2.2 The ProHep-LCT control architecture

The ProHep-LCT control strategy uses a Continuous Path Motion strategy
implemented within the control system. It can move from point P, to point P,

following a linear trajectory discretized into several steps computed using a time
increment, to strictly control the motion parameters along the followed path. The
end effector position and orientation, and the motion parameters are through
integration, based on the maximum velocity and acceleration of the end-effector
and an imposed trapezoidal motion profile for the velocity. Using the inverse
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kinematics, the active joints position, velocity and acceleration is further computed.
Fig. 4 presents the motion control strategy of the ProHep-LCT robotic system.

Proposedtrajectory
Homming Direct (initial and final EE Trajectory Inverse
procedure kinematics position and discretization kinematics
orientation)

Velocity pl ofile

Fig. 4. The ProHep-LCT control system — physical model.

Fig. 4 presents the control architecture of the ProHep-LCT robotic system. The
selected control components are from B&R Automation Gmbh, company
specialized in the development of motion control equipment, [23]. The User
interface has been detailed in [22]. ProHep-LCT system is controlled using a PLC
(model X20CP3586), dual axes driver ACOPOSmicro modules (80sd100xd.c044-
01), with the stepper motors within the NEMA 23 — NEMA 11 range with
encoders, according to the specific task and inductive proximity sensors to perform
the initialization procedure.

Fig. 5. The ProHep LCT control system — physical model.
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2.3 Accuracy assessment methodology

The ProHep-LCT robotic system accuracy has been assessed in laboratory
conditions using the OptiTrack Motion Capture System, [7]. OptiTrack was
originally developed to capture human (and rigid) body motions using a set of
predefined markers accurately positioned on the tracking objects. In this case the
markers M3 with a 6.4 mm diameter (with M3 Marker Base) and have been placed
on the mechanical structure. Fig. 6 presents the marker’s placement on the mobile
platform (where the robotic instruments are attached) and on the robot frame, to be
used for a correct definition of the reference frame. In addition, the calibration of
the OptiTrack system requires the CS-400 calibration square (Fig. 7), which has
been further used to correctly set the OXYZ coordinate system. A set of six Prime
41 infrared cameras with 170 LEDs have been used within the current setup (the
number of cameras can vary according to the monitored workspace). The markers
have been accurately placed following a calibration procedure consisting in 4 steps
(for the end-effector):

1. Bring the robot into the Origin position. The Origin position considers the end-
effector (mobile platform) orientation as: y=0and6=0.

2. Position as accurately as possible the two markers on the end-effector.

3. Perform an initial set of measurements using OptiTrack and check that the two
angles fit the proposed orientation. Check that the end-effector tip (the lower
marker in Fig. 6) fits the input values fed into the control system.

4. If the measured values fit the mathematical model, the calibration is successful,
otherwise the marker’s position needs to be re-adjusted according to the
measurements.

Mobile
platform

Frame markers

markers X

a.
Fig. 6. Markers mounted on the ProHep-LCT.
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The robot end-effector coordinates E(Xg,Yg,Z¢) are provided directly by the

Motive software [17] which is used to process the OptiTrack data provided by the
cameras, after the translation of the OXYZ coordinate system into the position
indicated in Fig. 7, which represents the OptiTrack perspective view of the
markers.
The markers labeling has been performed automatically, which resulted in the
number presented in Fig. 8. The end-effector orientation has been determined as
follows:
1. Determine the equations of the two planes XOZ and YOZ using the markers
position provided by the Motive:
Axoz - X+Byoz - Y +Cyxoz - 2+ Dyo; =0 1)
Avoz *X+Byoz Y +Cyoz -2+ Doz =0 )
2. Determine the equation of the end-effector markers line (auto-labeled as 1126
and 1127 in Fig. 7):

I:(XMl_XMZ);m:(yMl_yMZ);n:(ZMl_ZMZ) 3)
Yielding:
X—Xvz2 _Y~=Ym2 _Z~Zmp )
| m n

3. Determine the angles:
sin(6) = |Axoz 1+ Byo; ‘M+Cyo, 'n|
Y 2 2 2 2 2 )
\/AXOZ + Byoz +Cioz -\/I +m°+n
sin( )_ |A(oz'|+BYoz'm+CYoz'n|
V=73 2 2 \/ 2 2.2
Aoz +Bioz +Croz -VIT+m”+n

. . Dt o . O <
The needle insertion robot ~ Prime 41 cameras

(6)

CS-400 calibration square
Fig. 7. The ProHep-LCT robotic system with the OptiTrack motion tracking system.
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Fig. 8. The ProHep-LCT parallel robot with the OptiTrack motion tracking system.

3. Results and discussions

To assess the accuracy of the ProHep-LCT robotic system, the following trajectory
of the end-effector has been proposed:

XEJnn = 5GOmm;YEiinit = 490mm; ZEJnit = 230mm;Winit = 400 ; einit = 200 (7)

Xg g, =600mm;Ye  =530mm;Z  =200mm;y g, =-34°0,, =27.2° (8)

Figures 9 — 13 present the results of the measurement using the OptiTrack system,
after applying a Fast Fourier Transform (FFT) to denoise the measured signal.
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Fig. 9. The ProHep-LCT needle insertion robot Fig. 10. The ProHep-LCT needle insertion robot
comparative time history diagram for the X comparative time history diagram for the Y
coordinate of the end-effector. coordinate of the end-effector.
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Fig. 11. The ProHep-LCT needle insertion robot Fig. 12. The ProHep-LCT needle
comparative time history diagram for the Z coordinate insertion robot comparative time history
of the end-effector. diagram for the y coordinate of the end-

effector.
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Fig. 13 The ProHep-LCT needle insertion robot comparative. time history diagram for the 6
coordinate of the end-effector.

Five measurements have been performed and the Mean Root Mean Square Error is
presented in Table 1. The data show a good correlation between the theoretical
modeled trajectory and the measured one. The mean positioning accuracy of the
end-effector is 0.883 mm, which can be considered as good for the first iteration of
the experimental model. The required accuracy for the needle placement in
brachytherapy procedures is of 1 mm [10] in the air. The most problematic issue
consists of needle deflection, which is very probable and difficult to control.
Nevertheless, within certain limits, the needle placement errors caused by the
needle deflection can be adjusted by using stronger radioactive seeds and keep
them for a longer period within the tumor.

The main sources of error are the OptiTrack’s own accuracy, the light sources
within the room, which negatively impacts markers tracking, the trapezoidal screws
and revolute joints play (the backlash of the worm gears have not introduced errors
for the proposed trajectory).

Table 1. Root Mean Square Error for the measured data using OptiTrack

End-effector coordinate Root Mean Square Error
Xe 0.6781
YE 0.7482
Zg 0.5614
W 0.4754
() 0.4229

4. Conclusions

The paper presents the accuracy assessment in laboratory conditions of the
ProHep-LCT robotic system. The OptiTrack motion tracking system has been used
to perform a set of measurements of the ProHep-LCT needle insertion robot,
mechanically identical to the 1-US robot. The comparative results show that
ProHep-LCT has good accuracy, both regarding the coordinates of the end-effector
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and its orientation. Future work will focus on the real-time implementation of a
supervising mechanism using OptiTrack within the control system of ProHep-LCT,
which should adjust the final pose of the end-effector.
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