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SUMMARY

In brachytherapy, the manual implantation of seeds is not accurate leading to side effects and limit-
ing the use of new procedures. Robotics solutions have to be fully suitable for medical applications
especially considering the operating room. This paper investigates a delta robot solution for improv-
ing the accuracy of the prostate brachytherapy procedure by proposing a compact and lightweight
robot. In addition, the design was thought as a comanipulated robot for a better acceptability and
human-machine interaction. The robot kinematics and singularities were determined and the theo-
retical capability in term of resolution and force feedback was evaluated. A prototype was built in
order to experimentally measure the capability of this first prototype.
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1. Introduction

Prostate cancer is the third leading cause of cancer deaths in the male population. Within this context,
low-dose rate brachytherapy is a widely used low-risk technique for treatment of early stage cancer.'
In this technique, radioactive seeds are inserted inside the prostate in order to treat the carcinogenic
cells. These seeds are inserted under two-dimensional (2D) transrectal ultrasound (2D-TRUS) control
using needles through a transperineal grid with several needle guides regularly spaced to 5 mm (called
template). In order to deliver a homogeneous tumoricidal dose to the whole gland while sparing the
healthy surrounding tissues and organs at risk, the number of seeds and their positions in the prostate
are determined using a treatment planning system.

The current brachytherapy procedure is a long and an arduous work. Clinician has to implant 80—
100 seeds within an organ which has a size of a walnut. This procedure requires practice and expertise
to insert each needle in its target position using TRUS imaging. Due to the manual insertion and the
poor quality of images from TRUS, seeds implantation is not accurate and never follows exactly
the treatment plan. This leads to nonnegligible posttreatment side effects.’ This issue of accuracy
limits as well the possibility to study and implement new procedures. For instance, localized treat-
ment restricted to a cancerous zone may improve the quality of life of the patient by decreasing
the toxicity.> Such treatment may as also decrease the cost and the time of the surgery by using
less seeds. However, a localized treatment requires seed placement of <4 mm accuracy,!® which is
not feasible using the current brachytherapy procedure. Robotic systems designed and developed
for brachytherapy are expected to enhance the quality of care and improve the accuracy of needle
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placement, and seeds delivery to ensure safety and reliability. The state of the art in assisted needle
insertion for prostate brachytherapy mostly relies on several creative designs of robotic devices that
have been successfully tested and validated on phantoms. The first microseeds implanting systems for
brachytherapy appeared in the beginning of 1980s but they were not qualified as robotic systems.* In
2001, Elliot and the coauthors proposed a seed implantation system featuring automated 3D motion.’
In 2002, Fichtinger et al. explored the use of a computer tomography guided robot containing a pas-
sive arm with seven degrees of freedom (7-DOFs).?® After in 2004, the same group developed a
device with 3-DOFs to integrate transrectal needle insertion with an ultrasound probe.® Later in
2007, they proposed a 4-DOF system based on the use of two 2D Cartesian motion stages arranged
in parallel configuration. Clinical feasibility and performance of this system were reported in 2011.7
In 2004, Wei et al. suggested using a commercial industrial robot to evaluate needle insertion for
prostate brachytherapy.? Davies and his colleagues developed an XYZ robot with needle rotation.!
Tests on the robotic demonstrator show the feasibility and performances of the system. In 2005,
Okazawa et al. performed a novel handheld steerable needle device.” Phee et al. designed a 9-DOF
stiff platform structure for percutaneous biopsy.'? Meltsner et al. proposed a 6-DOF robotic system
that enables needle inclination at a random angle with automatic positioning of radioactive seeds.'!
In 2006, Yu et al. reported a transtrectal ultrasound image guided 16-DOF prostate brachytherapy
robotic system. Provisions for needle motion and force feedback had been included to improve robot
control and seeds delivery. After, the same group developed in 2007 a multichannel robotic system
that inserts multiple needles simultaneously in order to provide a faster needle implant and reduce tis-
sue deformation.?® Later in 2006, Bassan et al. proposed a new 5-DOF remote center of compliance
manipulator capable of performing percutaneous needle insertion under 3D ultrasound guidance.!?
It’s based on a Macro-Micro system that performs orientation, insertion and rotation of the needle
and features back-derivable joints with redundant sensing. In 2008, Salcudean et al. suggested the
use of a 4-DOF robot that can translate and rotate the needle in the XY plane.'® This system can be
mounted on a standard brachytherapy stepper when the power is off. In 2009, Hunger et al. proposed
a new robotic system capable of positioning and inclining a needle within the same workspace as
the manual template and accommodating existing seed dispensers.'* In 2012, Jiang explored a 5-
DOF hybrid-driven MR compatible robot for prostate brachytherapy.'> It’s composed of three stages
structured by parallel mechanism and linked by a serial one. In 2014, Plitea et al. reported a par-
allel semi-automated robotic system with 5-DOFs for general brachytherapy compatible with CT
scanners.'® In 2016, a medical device that comprises a Kuka robot arm was developed. It’s control-
lable in force and position. The 7-DOF system contains a needle bearing operating unit coupled to
a 2D ultrasound probe, a camera and a supervision software.!” A complete review of image-guided
robotic brachytherapy can be found in the TG-192 report.'® From the literature analysis, we remark
that several developed robotic systems have more than 3-DOFs in order to adjust the position and
the orientation of the needle according to the imaging system. However, having a needle insertion
with more than 3-DOFs seems to be unrealistic for a clinical application since there is no treatment
planning system capable to plan optimal dosimetry with complex needle trajectories. All needles are
planned to be parallel to each other. Also, most of the robotics solution are heavy, bulky and not well
adapted for a standard operating room (OR). In addition, such systems do not allow the surgeon to
control the needle insertion raising an issue of acceptability by the clinicians.

A solution is proposed in this paper to overcome the issues found in the existing medical robots.
Prostate brachytherapy procedure consists of the insertion of numerous needles within the prostate.
Positions of these needles are calculated using the treatment planning system, which considers the
needles as being all parallel to each other. Therefore, we developed a 3-DOF compact and lightweight
robotic system as a preliminary work to evaluate the compatibility of such mechanisms with the clini-
cal context. The mechanical design was inspired from the well-known delta parallel robot of Clavel.>
The acceptability and the human—machine interaction issue were addressed by proposing a robot that
allows comanipulation. Such a haptic device system has already been proven to assist medical inter-
ventions in areas such as neurosurgery,?? orthopedic®® or in urology?! for prostate biopsies. But to
the best of our knowledge, there is no haptic device designed for prostate brachytherapy to date. The
aim of the proposed comanipulated robot (co-bot) is to replace the inaccurate grid template of 5 mm
used in the standard procedure by an haptic guidance in order to help the surgeon in the positioning
of the needles at the insertion entry point on the perineum.
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Fig. 1. Schematic description of the proposed parallel co-bot (a) in place during the brachytherapy procedure
and (b) a detail view in 3D.

2. Robot Design

2.1. Mechanical design

Our solution aims to use a parallel robot since it is well suitable for an easy and fast installation in
the OR; in addition, it offers safety which is in accordance with the medical procedure. This type of
mechanism ensures direct link between the end effector and the base by a number of separate and
independent linkages working simultaneously, which offers a better interaction between the surgeon
and the robot. Moreover, parallel robots usually have components constructed with standardized
units. Thus, they allow flexibility, variety in use and ease of maintenance. Our co-bot is a compact
and lightweight system with consideration for the position of the TRUS probe and the patient (see
Fig. 1(a)). The proposed design was inspired from the well-known delta robot model (3-DOFs).
The Delta robot is composed of three pivot connections at the fixed base which allows to move the
end effector. The system uses the principle of the four-bar mechanism to constrain the rotation of
the end effector and allow it to be moved parallel to the fixed base. After, the parallelograms use
ball joints to allow both a displacement in the axis of the corresponding pivot connection and also
perpendicular thereto. We have adapted and parameterized the original Clavel’s delta robot to best
match the constraints of needle guidance in prostate brachytherapy procedure. More precisely, the
parallel links are oriented to work horizontally; that’s to say that the layout and working axis of the
delta robot have been adapted to our context. Contrary to the usual use while the gravitational vector
of the end effector is perpendicular to the plane containing the fixed base of the robot, in our design
the gravitational vector is parallel to the plane containing the fixed base. Parallelograms links are
used for retraction instead of extension compared to the standard delta robot. This permits to situate
the workspace behind the robot basement, which is opened in order to access the patient perineum
(see Fig. 1(a)). The proposed co-bot was designed as a haptic device. The co-bot end effector is now
used by the surgeon to comanipulate the positioning and insertion of the needle in the prostate. As
a result, we have adapted its design to allow a better grip (see Fig. 1(b)). The robot enhances the
guidance through a force feedback provided by the motors. Each motor was directly linked to the
main joint of each arm. A fixation system has also been designed to allow fixation on the operating
table.

2.2. Kinematics

The kinematics of the proposed robot is adapted from the kinematics of the original delta robot.>* All
information about references frames and descriptions of the proposed robot are specified in Fig. 2.
The kinematics of the robot is calculated in the Cartesian coordinate system Ry (X, Y, Z) with the
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Fig. 2. (a) Left view, (b) front view and (c) top view of the reference frames for the different parts of the robot
considering only the first arm.

origin O at the center of the robot base (see Fig. 2(b)). On each link i € {1, 2, 3}, a local coor-
dinate system is defined by Ry4,(U;, Vi, W;) with origin A; at the center of the first joint. The end
effector, which is also used to handle the needle, is defined by the point P = (P, P,, P.)T in the
frame reference of Ry. This point may also be expressed in the coordinate of Ry, as (Py,, Py, PW[)T.
The orientation ¢; of the link i is defined in the base plane (X, O, Y) and starting from (O, X) (see
Fig. 2(b)). The proposed design has three links evenly distributed every 120°, then ¢; = 0°, ¢, = 120°
and ¢3 = 240°.

2.2.1. Inverse kinematics. The pose of the robot end effector is obtained from the inverse kinematics
detailed in this section. This is computed from the orientation 6; of joint A;, 6,; and 63; from the joint
B; for each link i € {1, 2, 3} (see Fig. 2(a) and (c)). We can express the pose of the end effector P
from R to Ry, as

Py cos(¢)) sin(¢) O | Py —r
Py | =| —sin(¢;) cos(¢p)) O||Py|+| O (1
Pwi 0 O 1 PZ O
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in addition P may also be defined by,

P a.cos(0y;) — ¢ + b.sin(63;).cos(6;)
P, | = b.cos(63;) 2)
P, a.sin(6y;) + b.sin(65;).sin(6,;)

where a, b and c are the lengths of the links (see Fig. 2(a) and (c)). A first angle 65; can be extracted
from (2):

Pvi
0y =+ arccos(;) (3)

This leads to two possible solutions for 63;. A second angle 6y; is calculated by isolating 0,; in (2)
from P,; and P,,; equations. Then, the two resulting equations are squared and summed:

(¢ + Pu)* + P2, +a* —2a(P,; + ¢).cos(8);) — 2aP,,;.sin(6y;) = b*.(sin(63))* 4)

In order to calculate 6y;, sin(f;) and cos(6y;) from (4) are replaced by the half-angle tangent

defined as follows:
=t 2” )
wy; = tan 5

This lead to a final equation which can be rewritten by the following canonical form:

Al +Bw;+C=0 (6)
where
A P2+ P2, +2¢.Pyi + 2a.Py; + a* + ¢ — b? sin® (03) + 2ac
Bl = —4a.P,,; )

c P2, + P2 +2c.P,; — 2a.P,; + @ + c* — b? sin®(B3;) — 2ac

By resolving (7), two values of w}; can be found, corresponding to the two distinct values of 6;;. On
the other hand, the two solutions of 8}; are independent of the two solutions of 85; in (3). Combining
the 0y; and 63; solutions leads to four possible solutions. For each solution, a single value of 6,; can be
obtained. Given 6,; and 65;, 0; can be found by isolating, respectively, cos(65;) and sin(6;) in (2) from
P,; and P,,; equations. Due to the geometry of the co-bot, the set of the four solutions corresponds
to only two distinct configurations of each link. In case of the prostate brachytherapy, the proposed
co-bot will be constrained to operate only in the poses where 0 < 6,; < and 0 < 63; < 7.

2.2.2. Direct kinematics. The direct kinematics gives the coordinates (P, Py, P.)T of the end effec-
tor for given joint values {01, 012, 013}. Geometrically speaking, the direct kinematics solution
correspond to the intersection of the three spheres obtained by all possible end effector positions
for each link considered separately. The equation that describes a sphere associated to the link i is
written as follows:
b* =P} + P} + P} — 2a.P, — 2P,. cos(¢)(a. cos(6y;) + r — ¢)
— 2P, sin(¢;)(a. cos(0y;) +r — ¢) + (a. cos(6y;) + r — ¢)* + (a. sin(Hy,))* ®)

Intersection between the two spheres described by the links 1 and 2 is obtained by subtracting Eq.
(8) with i = 1 and the same equation with i = 2:

q12.Py +kin Py +s12.P, +112=0 )
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where
q12 2cos(¢).(a.cos(012) +r — c) — 2cos(¢).(a.cos(B11)) — 2cos(¢py).(r —¢)
ki B 2sin(¢,).(a.cos(6y2) + r — ¢) — 2sin(¢).(a.cos(0;1)) — 2sin(¢p;).(r — ¢) (10)
si | 2a.sin(f)2) — 2a.sin(f;;)
o (a.cos(011) + r — ¢)* + (a.sin(811))* — (a.sin(612))? — (a.cos(612) + r — ¢)?
The same intersection between the two spheres provided by arms 1 and 3 can be calculated:
q13-Px + ki3.Py +513.P, +113=0 (1)

A system of linearly independent equations can be derived from (9) and (10). The resulting equa-
tions define a line where the direct kinematic solution may exist. The direct kinematic solutions
correspond to the intersection of this line with one of the three spheres, representing the possible
Cartesian positions of the end effector in our reference frame. This is done by first expressing P, and
P, in terms of P, from Eq. (11), and then substituting the resulting expressions in (8) for i = 1. The
final equation can be expressed as follows:

moP? +m P, +my =0 (12)
where
_ 5 5 _
n n
1+14+2
n, ns
o 2.ng.n;  2.n3.n4 2a.n4 . 2.ng.11 .
my | = " + T 2.ng.cos(¢y) — . .sin(6y1) — " .sin(¢;) (13)
2 35 5 2
my
2 2
n n . 2ng.n . 2.a.n; .
ng -+ —(2) + —; + (a.sin(61))* — ( 0 6) .sin(¢;) — <_z> .sin(61)
L n 7 " s i
with
K [ s12.t13 — S13.112 |
ni q13-512 — q12-513
ny kio.s13 — ki3.512
n3 | =\ kiz.tin —ki.ti3 (14)
n q12-k1z — q13.k12
ns ki2.513 — ki3.512
| ne | | a.cos(O11) +r—c |

Once Eq. (12) is resolved using the g, k, s, t values from (10) and P, found, P, and P, can be
obtained using back substitution in (9) and (10). Finally, we are able to calculate the Cartesian
coordinates (P,, P,, P.)T from the joint coordinate {01, 62, 613).

2.3. Jacobian and singularities
2.3.1. Jacobian of the manipulator. The robot Jacobian defines the relationship between the velocity
of the end effector in the Cartesian (or task) space to the actuated joint velocities in joint space:

0=Jp (15)

where @ is a vector that represents the actuated joints velocities, P is a vector that represents the
velocity of the end effector and J is, in this case, the (3 x 3) Jacobian matrix. The relation between
0 and P, as demonstrated in the work,?® can be rewritten as follows:

JrP + 1,0 (16)

where J is the direct Jacobian and Jy is the inverse Jacobian. Both matrices will be used to study
the direct and inverse kinematic singularities. In order to estimate these matrices, a vector approach
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is used as follows:
— s —s =
OP =0A; +A;B; + B;C; + C;P (17)
The vector from the robot origin O to the end effector P is written in Eq. (17) and this equation is
differentiated and expressed in the coordinate frame R4, (U;, Vi, W;):

— — — —
Vew,,) = Wap NAiBi + Wg,c, ABiC; (18)

where m and m are, respectively, the angular velocity of the joint B; with respect to the joint
A; and the joint C; with respect to the joint B; of the arm i in the coordinate frame Ry, (U;, Vi, W;).
P(RAi) = (PU,-, PV,., PW,.)T is the velocity of the end effector in the coordinate frame Ry, (U;, Vi, W))
in Eq. (18).

The presence of Vm in Eq. (18) introduces an undesired dependence with 6,; and 5;. In order to
get rid of that, the scalar product of Eq. (18) is achieved using the unit vector:

— 1 >
bi = —+.BiC; (19)
‘Bici
leading to the equation
- . - — —>
b; P(Ry,) = b; .(Wy,, NAip,) (20)
with
sin(6s;).cos(6;)
—
bi = COS(93i) (21)
sin(65;).sin(6s;)
0
—
Wag, = | —bhi (22)
0
and
a.cos(6y;)
—>
A;B; = 0 (23)
a.sin(6y;)

The velocity of the end effector I"(RAE) can be calculated by replacing expressions from Egs. (21)—
(23) into Eq. (20). Then, the resulting equation is transformed from the coordinate frame Ry, to the
Cartesian coordinate system Ry using Eq. (1). This calculation is done for each link i = {1, 2, 3}. The
resulting expressions are arranged to obtain the form

611 Py
Jr| 0w | =Jr | Py (24)
013 Py

where, P(Ro) = (Py, Py, P27 is the velocity of the end effector in the coordinate system R, and
011, 012 and 6,3 represent, respectively, the angular velocities of the main base joint A; for arms 1, 2
and 3. Finally, the direct and the inverse Jacobian of the proposed co-bot are

‘]Fll JFIZ JF13
Jr=|Jry Jry Jrn (25)
JF31 ‘IF32 JF33
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J, 00
Ji=|0uJ,0 (26)
0 0 J,

and each element of these two matrices can be calculated as follows:

Jr, = cos(¢;).cos(0y;).sin(03;) — sin(¢;).cos(03;) (27)
JF, = sin(¢;).cos(6y;).sin(63;) — cos(¢;).cos(03;) (28)
Jr, = sin(@).sin(6) (29)

Jy, = a.sin(65;).sin(6; — 0y;) (30)

where i = {1, 2, 3} is the column index of both matrices.

2.3.2. Singularities. The main interest of calculating the robot Jacobian is to have the capability
to determine the singularities of the co-bot. This will be used for optimizing the co-bot design by
moving singularity configurations outside the workspace. The singularity can be mathematically
expressed as the robot configurations where the determinant of Jr is equal to 0, leading to the
following expressions:

sin(63;).sin(62;) =0 31)
sin(932).sin(922) =0 (32)
sin(6a3).sin(633) =0 (33)

The proposed co-bots have singularity positions when 6,; = {0, 7} or 63; = {0, 7} for all of the
three links. In terms of geometry, one singularity occurs when the forearm and the parallelogram
link are coplanar with the end effector. Another singularity corresponds when two of the three links
are parallel to each other. The inverse kinematic singularities J; occur when 6,; — 0,; = {0, '} or
63 ={0, m}. This corresponds to a condition when the forearm and the parallelogram link of the
same kinematic chain are coplanar.

2.4. Design optimization
From to the robot kinematics, the same set of angles (61, 612, 613) can result in two different poses
of the end effector P. The dimensions of the links should be carefully chosen so as to avoid singu-
lar configurations within the workspace and ensure a more stable control of the co-bot. To get an
optimal design, we need to search for the optimal geometric configuration according to objective
functions and geometric constraints. Most of the time, an optimal design problem should follow the
relationships described in the following:
Find a vector A = [ay, aa, ..., a,]
that minimize: B(A) = [b1(A), b2 (A), ..., by(A)] 34)
with C,,(A) < 0 (inequality constraints)

and Dy, (A) = 0 (equality constraints)

Here A is the vector of design parameters, B is the vector of the considered performance criteria
within the optimal design issue and C and D are the geometric constraints.

For our problematic, a volume of 55 mm x 55 mm x 120 mm was defined as workspace func-
tion. The dimensions of 55 mm x 55 mm correspond to the conventional template size that covers
the prostate area in brachytherapy.?® The dimension of 120 mm is the maximum distance of the
needle insertion, which was estimated by measuring the distance between the perineum and the
prostate apex using patient CT. This value was also confirmed by measuring depth of insertion on
needle during brachytherapy procedure.
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Fig. 3. Central cross section of the distribution of the possible positions of the co-bot using the final set of
dimensions for (a) the plane (xOz), which is the left view, and (b) the plane (yOz), which is the top view. The
points in red correspond to the positions that satisfy the geometric constraints and the blue ones the positions
that are unsustainable.

The geometric constraints for each link are

0<by<m (35)
92,' > 91,' (36)

An iterative algorithm written in Python was used to find the best dimensions of the robot links. This
is done by using a sample of 600 end effector poses uniformly distributed within a region of interest
300 mm x 300 mm x 300 mm centered on the workspace. For each of this pose, the inverse kinemat-
ics was computed to determine the set of joint angles (611, 612, 613). These values are subsequently
tested using the previous established geometric constraint in order to know if the configuration is pos-
sible or not. Several solutions that satisfy the different constraints were found. However, the solution
that corresponds to the most compact system was selected (a = 120 mm, » = 150 mm, » = 86.6 mm,
¢ =43.3 mm). In order to ensure that there is no collision between mechanical parts for the optimized
set of dimensions, a simulation is performed using Onshape?’ software. The resulting plot that shows
the possible and the unwanted configurations for the final set of dimensions selected are shown on
Fig. 3. This plot shows a desired workspace located within a volume that has no singularities.

2.5. Mechanical realization of the co-bot

A prototype of the co-bot has been realized to evaluate practically the adequacy of the proposed solu-
tion with the prostate brachytherapy procedure. During the mechanical realization, a special emphasis
was placed on the choice of the bearings used at the joints. To limit friction and to offer a smooth
guiding sensation for the operator who comanipulates, we used ball bearings with plastic rings. In
addition, for the same reasons and to avoid irreversibility issues that can occur for high reduction
ratio, we chose not to use gearmotors. As it can be seen on Fig. 4, the end effector was designed as
a half dome to facilitate the gripping by the operator. Moreover, this choice of the design allows to
advance the attachment system. Thus, it allows at least an insertion up to 125 mm for a needle of
about 200 mm in length. However, after testing the prototype, we recognized that a mechanism for
maintaining the stability of the needle while inserting it in the prostate should be added to the co-bot.
Our prototype is quite compact. Its maximum footprint can be delimited by a cube of 350 mm of
side. Moving parts of the co-bot prototype weighs only 450 g. This is an advantage considering the
fact that we are in a context of comanipulation.

3. Evaluation Studies
3.1. Resolution at the end effector

In order to evaluate the design of the co-bot, we have studied the theoretical resolution at the end
effector. The aim is ensuring that the system is capable of meeting the resolution needed for the
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Fig. 4. Realization of the co-bot.
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Fig. 5. Resolution at the end effector considering classical encoder values of 12 bits and a position of the end
effector at z =120 mm from the robot base (i.e. tip of the needle closes to the perineum).

brachytherapy prostate surgery. The resolution of the end effector is the smallest displacement, d,
that can be done from the point P in the workspace of the co-bot. This value was calculated by using
the smallest rotation angle that can be measured by the encoder of the articular joints. This is depends
on the number of bits of the encoder and can be calculated using

_ 2
T

Ty (37)

For each possible pose P in the workspace, the joint angles 6 are calculated from the inverse
kinematics. Then, the smallest angular rotation r, is applied to this joint angle leading to an increase
in the joint values " = 0 + rg. The new joint angles are converted back to the Cartesian workspace
by direct kinematics to provide the new position P’. The final resolution is subsequently obtained by
calculating the Euclidean distance between the point P and P’. The results obtained when considering
the classical encoder values of 12 bits and a position of the end effector at z = 120 mm from the robot
base (i.e. tip of the needle on the perineum) are plotted on Fig. 5.

The resolution is almost constant within the workspace, since the values range between 0.23 and
0.25 mm. This may be an advantage considering that in comanipulation, homogeneous resolution will
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lead to a smooth control between the movement of the end effector. The largest resolution calculated
was 0.25 mm, which is enough considering that in brachytherapy procedure, an accuracy within
<4 mm is sufficient.”

3.2. Force analysis at the end effector

To evaluate the performance of the proposed robot during comanipulation, the isotropic force capa-
bility at the end effector was estimated for the entire workspace. The isotropic force is the highest
force that can be applied simultaneously in all directions at the end effector. This value depends on
the maximum torque ', applied by the active joint A; of each link. Since three motors are used, one
for each link, the maximum torque vector is I' = [I"y, "5, I'3]7 and each motor delivers a torque in
the range —I'ax < I'; < I'max. For each possible torque vector T, the corresponding isotropic forces
vector F(Ry) = [Fx, Fy, F 21" was computed as follows:

F=J"'.(T+Ty) (38)

where I’y is the torque vector induced by friction in the joints and J is the Jacobian matrix of the
co-bot obtained using the relation

J=Un"Jr (39)

To model the torque induced by friction in the joints of the co-bot, we will consider the Coulomb
friction model.*® The friction torque is applied in the opposite sense of the motion and is proportional
to the load in the joint:

T = F..[sgn(qy), sgn(qy). sgn(gy)l’,  ¢;#0for0<j<2 (40)
where g; is the velocity in the joint j and F is the Coulomb force computed by
F.=¢0 1)

with ¢ the friction coefficient and Q the load vector in the joints. However in Eq. (40), the Coulomb
friction torque is not defined when the velocity ¢g; in a joint j is equal to zero. To overcome this
issue, we can consider for simulation purpose that I';. = 0 when the velocity in the joint is equal to
zero. To enhance stability when modeling Coulomb friction torque, it is usual to consider instead a
dead zone around the zero velocity, where the Coulomb friction torque will be neglected (equal to
zero). A more complex and effective way to compute the friction torque that considers the case when
velocity in the joint is null is the Karnopp friction model.?> However for our co-bot in the context
of prostate brachytherapy assistance, friction torques in the joints can be safely neglected for the
following reasons. Firstly, we used commercial low-friction joints like ball bearing and low friction
rings. Secondly, the motors used for the design of the co-bot are DC motors. Unlike harmonic drives
such as AC motors, in which friction torque can be of high magnitude, friction torque in DC motors
are generally of low magnitude. Moreover, the co-bot is not designed to support high loads. For all
these reasons, to model the force capacity of our co-bot, I'r. in Eq. (38) will be considered equal to
null vector.

The Jacobian matrix J in Eq. (38) is calculated for a given end effector pose P in 3D space, by
computing the joint angles @ given a pose using inverse kinematics. Thus, the isotropic force vector
can be estimated for every possible end effector pose within the workspace. This is calculated using

Fiso(P) = max (min F(P, I')) (42)

The final isotropic force value Fi, is the maximum force encountered considering every possible
torques vector of the smallest value in {Fx, Fy, Fz}. An evaluation study is performed using motors
with a maximal torque values of 4 Nm. The results for isotropic forces at a distance of z = 120 mm
from the robot base (i.e. tip of the needle on the perineum) are plotted on Fig. 6(a).

The results show that the isotropic force ranges from 11.5N to reach 28 N, which is enough to
compensate for the weight of the co-bot links and for end effector guidance during the positioning
of the needle. The mass of all the moving parts of the robot was estimated to be 450 g. However,
considering the minimum isotropic force of 11.5 N, it seems insufficient for performing an insertion
where the needle needs to cross the perineum. This task requires a force that can reach 17 N.2® We
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Fig. 6. (a) Front view (plane xOy) of the isotropic force for a distance end effector/base of 120 mm, (b)
maximum force along the z-axis (needle insertion axis) for the top view (plane yOz).
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Fig. 7. Force along x- and z-axes at end effector of the cobot for a distance end effector/base of 120 mm.

note in a previous work,?® that the positioning of the needle at the entry point of the perineum and
the insertion of the needle in the prostate are two decoupled tasks. This implies that while inserting
the needle into the perineum (along the z-axis), the co-bot does not have to provide force guidance
for positioning in the x- and y-axes. In order to confirm the capability in force of the robot along the
insertion axis (z-axis), the insertion force was estimated using

Fin(P) =max Fz(P, T) (43)
%

On Fig. 6(b), the insertion forces are plotted considering a distance of z = 120 mm from the robot
base (i.e. tip of the needle on the perineum). The results show that the insertion forces considering
only the z-axis (meaning that the force in x- and y-axes is equal to zero) were almost constant with
a value around 89 N. This value is purely theoretical, since the co-bot must counter its weight in the
gravity axis (x-axis in our case). The force that can be provided by our co-bot simultaneously in x-
and z-axes was estimated as follows:

Fy;(P) = max (min (F(P, T'), F;(P, I'))) (44)

As we can see on Fig. 7, the co-bot can now provide a force between 20 and 36 N in x- and z-axes
simultaneously, which is enough for compensating for the co-bot’s gravity while providing guidance
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Fig. 8. (a) Homemade PVC prostate phantom used for the experimental evaluations. (b) Workspace volume of
the co-bot estimated with the depth camera and considering the TRUS probe in place.

during the insertion of the needles in the prostate. This confirms the capability of the proposed co-bot
to help in insertion the needle through the perineum, a task that requires less than 17 N.

3.3. Experimental evaluation

In order to evaluate the proposed co-bot and its compatibility in brachytherapy context, an exper-
imental bench was realized. This experimental evaluation consists in the use of a depth camera,
TRUS probe and a prostate phantom. The aim is to estimate the co-bot workspace while the TRUS
probe is in place inside the rectum phantom. As depth camera, a Kinect 2 was used with the soft-
ware GML C ++ camera calibration toolbox,?' in order to estimate in 3D the position of the end
effector of the robot. The prostate phantom is a gelatinous structure, based on thermoplastic polymer
polyvinyl chloride (PVC), reproducing some of the mechanical properties and ultrasound imaging of
the prostate. Based on medical images from magnetic resonance imaging (MRI) system, we build a
realistic phantom that considers urethra and rectum (see Fig. 8(a)). Two measures of the workspace
were performed with the depth camera, one without the TRUS and one with the TRUS inside the
rectum phantom. The co-bot was manipulated to reach its displacement limits in every direction.
Each time a measurement of the 3D coordinate of the end effector with the GML software and
the camera was performed. The first workspace, without the TRUS probe, has led a volume cor-
responding to a square base rectangular parallelepiped of dimension (100 mmx 100 mm x 240 mm)
centered in the center of the co-bot. This volume was compatible with the requirement in prostate
brachytherapy; however, the volume is smaller of 13% of the estimated volume obtained by the
calculation. This can be explained by the fact that the constraints imposed by the parallel architec-
ture of the co-bot limit the amplitude of motors rotation. The measure workspace with the TRUS
probe inside the phantom is shown on Fig. 8(b). In this case, the measured volume was drastically
reduced due to the collision of the co-bot and the US probe. However, the achievable volume was
71 mmx 100 mm x 240 mm, which is still compatible with the medical application since the desired
volume was (55 mmx55 mmx 120 mm).

4. Conclusion and Future Work

In this paper, we present a delta robot for comanipulated application in prostate brachytherapy assis-
tance. The aim was to estimate if this design may help the surgeon of placing accurately the needle
at the right position before the insertion through the perineum. In the standard procedure, a template
grid with holes of 5Smm spacing is used as helper to approximately place the needle at the per-
ineum entry point. The proposed co-bot will accurately perform this step conjointly with the surgeon
without any grid template. The surgeon completely controls the insertion (forward and backward),
thereby allowing for a better safety and acceptability of the system in the OR. The guidance may
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be still activated while the needle is inserted through the perineum in order to keep the trajectory as
straight as possible. The 3-DOFs of the proposed robot is sufficient for the application since treat-
ment planning system does not provide complex needle trajectory. The results show that the co-bot
can reach a resolution of 0.25 mm, which is an improvement compared to the conventional proce-
dure where seeds are inserted manually using a 5-mm grid template and TRUS image guidance.
However, further experimental evaluations are needed to estimate in practice the real resolution, but
the results are promising. A parallel architecture is adopted for the mechanical design of the co-bot
(delta robot) in order to obtain a compact design. The co-bot is designed to fit within a cube of
300 mm x 300 mm x 300 mm. The co-bot is lightweight with a mass of 2.5 kg including the motors.
This is an advantage considering the targeted use in the OR, where the system has to be moved,
attached and detached to the surgical couch easily and quickly. The kinematics and singularities of
the co-bot were calculated in order to optimize the workspace while taking its medical application
into account. These calculations were also used to evaluate the theoretical capability of the proposed
robot. The final workspace estimated experimentally was compatible for a real medical application
in prostate brachytherapy context.

The isotropic forces at the co-bot end effector are dependent on the maximum torques of the
motor. Our evaluation shows a minimum isotropic force of 12N when a maximum motor torque of
4 Nm is used. A value of 12 N for the isotropic force seems enough for a guidance including gravity
compensation of the robot links. However, this had to be confirmed experimentally in further work
with the real prototype. When the isotropic forces at the end effector are not sufficient, we can choose
motors with higher torques or simply add a mechanical system to compensate the weight of the links
like using tension spring or counterweight and thereby release the extra torque used by the motors.
Since the aim of the proposed co-bot is to guide the surgeon with a force feedback, future work will
consist in designing the electronic devices architecture and to propose a control system for the co-bot.
Finally, we plan to evaluate, using the prototype of the co-bot, the demonstration of a brachytherapy
procedure on a prostate phantom in a preclinical environment.
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