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Abstract

Purpose. Robots with a spherical unactuated wrist are often used for minimally
invasive surgery. With such a robot, positioning the wrist center allows to control
the instrument tip position when assuming that the insertion site behaves like a
lever with a fixed and known fulcrum. In practice, this assumption is not always
respected. In this paper we first study the practical consequences of this problem
in terms of tip precision positioning. We then propose a solution for robot control
that improves the precision compared to the fixed-point assumption approach.
Methods. In the first part of the paper, data recorded during robot-assisted tran-
srectal needle positioning for prostate biopsies (9 patients) is exploited to quantify
the positioning error induced by the fixed-point model assumption. In the sec-
ond part of the paper the technique of adaptive control allows to identify on line a
model with anisotropy and center displacement. A lab apparatus is used to demon-
strate the resulting improvement on tip positioning precision.

Results. Errors obtained by processing the clinical data reach 7.5 mm at the tip in
average. Errors obtained with the lab apparatus drop from 2.4 mm in average to
0.8 mm when using adaptive control.

Keywords Prostate biopsy - Surgical robotics - keyhole surgery

1 Introduction
1.1 Keyhole surgery

During keyhole surgery, instrument and/or imaging devices are inserted into a
patient through a cannula (trocar) or a natural orifice. When the instrument is
manipulated by a robot, respecting the kinematic constraint imposed by the key-
hole configuration is an issue. Among the numerous solutions provided in the
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literature (mechanical-based strategies such as remote center of motion [2], con-
trol law-based strategies with 6 active DoFs robot [14],[9] etc.), anthropomorphic
robots possessing 3 actuated joint serially connected to a free-wrist (i.e. a spheri-
cal wrist without actuators, [4],[3]) is of great interest. With these devices, as the
robot lets the instrument freely orient around the wrist center W, the insertion
point constraint is automatically respected when the instrument tip is inserted
into the patient. This exhibits numerous advantages:

— the robot has less active DoFs then it is smaller, lighter and cheaper than a 6

active DoF's robot;

— its installation is easier as no registration nor precise base positioning is re-

quired;

— the wrench applied to the patient at the insertion point is naturally minimized.
A main drawback occurs when a precise location is to be reach by the instrument
tip. In such a situation, the robot positions its wrist center W in order to ma-
nipulate the tool from outside the patient. Obviously, the position of the tool tip
T inside the patient results not only from the position of point W but also from
the location of the so-called insertion point. In practice, one can rarely rely on the
definition of a fixed insertion point, as backlash or deformation of the tissues sur-
rounding the insertion area occur. This is particularly true for the prostate biopsy
application targeted in our research.

1.2 Prostate targeted biopsies

A biopsy session is the only exam that allows urologists to diagnose prostate cancer.
Although there are different clinical routines to perform this gesture [6] transrectal
sampling is by far the most used approach. This method involves sampling of the
gland with a needle inserted through a needle-guide attached to an endorectal
ultrasound probe. In general, twelve systematic biopsies are distributed in prostate
volume [11]. However, in some cases, additional targeted samples may be taken
in a given area of interest. Typically, this area corresponds to a region detected
earlier on an MRI image or in a previous biopsy session. This surgical gesture is
difficult to achieve because prostate experiences large motion and deformation [8].
Meanwhile, precisely positioning the needle constitutes a major medical issue for
the prostate biopsy procedure. It explains why many research teams are developing
robotic and image guided tools to assist the procedure. An overview of the robot
developed for prostate biopsies can be found in [13]. Most of these devices change
the clinical procedure (e.g. by using MRI instead of ultrasound imaging [10],[18],
transperineal access instead of transrectal access [12],[1] etc.) As for the robots
that use endorectal access and ultrasound imaging, it is interesting to note that
different solutions are implemented to cope with the kinematic constraint due to
the probe insertion through the anus. Most of them assume that the anus plays
the role of a 2-DoF kinematic constraint. Examples include the fully actuated
robot described in [5] or the robot with remote center of motion used in [7]. On
the contrary, our robot Apollo,Fig. 1, fits in the category of free-wrist robots [13]
having thus all the advantages described in sec. 1.1 but also the drawback for
precise positioning of the needle tip.

In particular, the anus is far from being precisely described by a fixed fulcrum
model, resulting in a complex relationship between the position of the robot wrist
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Fig. 1 Apollo robot V1 used during clinical trial and kinematics scheme, [15]

center W and the tip position T. This is evidenced in Section 2, where the data
recorded during the clinical trial presented in [17] is used to evaluate the position-
ing error made when assuming that the anus is a fixed point throughout a prostate
biopsy procedure. In order to cope with this problem, we propose to modify the
robot control law to achieve higher precision, as described section 3.

2 Analysis of the tip positioning error when a fixed point hypothesis is
made for a prostate biopsy procedure

A clinical research protocol has been designed as a prospective randomized clini-
cal trial, with respect to the scientific state-of-the-art and the current regulatory
frame related to clinical evaluation with non CE marked devices. The sponsor is
the Grenoble University Hospital and the clinical trial has been authorized by the
relevant french regulatory bodies: Agence Nationale du Médicament et des Pro-
duits de Santé (ANSM), the ethical comitee (Comité de Protection des Personnes
Sud-Est V, CPP) and the Commission Nationale de I'Informatique et des Libertés
(CNIL). The authorization number is NCT02132975.

2.1 Protocol

A clinical trial was conduct to evaluate the practical usability and performance of
the robot on patients.

Twenty patients (10 with robot and 10 without robot) were included in this
proof of concept study. The first intervention with robotic assistance was performed
in march 2015. The complete protocol and first results were presented in detail in
[17].

For the robotized procedures, the robot is installed in the operating room
before the biopsy session starts, see Fig. 2.

The patient lies on left-lateral decubitus position. The robot is installed on
patient’s bed, behind his legs and the urologist connects the probe to the robot.
An endorectal ultrasound probe fitted with a needle guide is inserted in the patient
rectum. A local anesthesia is then preformed. Then the urologist moves the probe
toward a first desired biopsy site while the robot is in free mode (allowing the
surgeon to freely move the probe). The urologist then switches to the locked mode



4 Rémi Chalard! et al.

Fig. 2 Installation overview

(allowing to maintain the probe at a chosen location) to take the sample. The
urologist had to take 12 samples, according to the conventional sextant scheme
(see Fig. 3). The urologist also had to perform 3 supplementary biopsies targeted
toward one suspicious lesion observed in MRI data (presenting a suspicious lesion
from a preoperative MRI examination was indeed a criterion for inclusion in the
clinical trial).

Penis ~ .
se
Pubic bone - > | 12l 5
Urethra right left
Bladder ———--- N anterior 3 4]10 9
base

Prostate ——— " 5 3P 5 6(12 11
Rectum 7poster|f) r needle apex

US probe

Fig. 3 Conventional sextant scheme

2.2 Method : Fixed rotation center identification

During the procedure, both the position of the robot wrist center W, which belongs
to the probe axis, and the orientation of the probe axis with respect to the robot
base frame are recorded. This allows to reconstruct the probe axis in the robot
base frame.

From n records of the probe axis localization w.r.t. the robot base frame, one
can use a least square algorithm to determine the position of a mean fulcrum
position, [16]. This results in an estimated position for a point A around which
the probe is supposed to rotate, as illustrated in Fig. 4.
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Fig. 4 Identification of fixed point of insertion A

In this section, we aim at quantifying the error made in terms of tip positioning
if this assumption is made. To this aim we compare two values for the tip position:

— T; is the i" tip position measured from the 6 robot joint sensors and the
robot+probe model;

— T,; is the it tip position computed from the i*" position of the wrist center
W; and the position of A through which the probe axis is supposed to pass
according the fixed point hypothesis under evaluation.

For each sample, the difference between T,.; and T; is computed to evaluate the
positioning error due to the fixed point hypothesis, as illustrated in Fig. 5:

€ =T =T

Robot base

Fig. 5 Positioning error definition

Figure 6 shows the probe axis drawn for n samples recorded during the prostate
biopsy procedure for one patient, as well as the point A computed from this sample
set.
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Fig. 6 Typical Data recorded continuously during a session for one patient

2.3 Results : Positioning error

In Fig. 6, it is clear that the fixed fulcrum assumption is not valid as not all the
probe axes pass through A. Clearly, as the anus and rectum deform during the
procedure, the fixed point hypothesis is not valid and leads to large errors in the
estimation of the tip position. Results are presented in Fig. 7 for one patient.

The statics of the norm error for each patient are represented in Fig. 8, em-
phasizing that the average position error generated by the fixed point hypothesis
is 7.5 mm, which is large as compared to the size of a prostate (a few centimetres)
and to the size of a suspicious lesion (5-10 millimeters).

z in mm

- - - Reconstruct biopsy
- Real biopsy
¢

200
100
44
0 300 320 340 360 380 400 420 0

R 280
y in mm 100 240 260

X in mm

Fig. 7 Positioning error observed at the 12 biopsy configurations during a procedure for one
patient

Clearly, the strategy that consists in positioning T' by positioning the wrist cen-
ter position W from a global and constant estimation of A (obtained e.g. through
a registration as in [16]) is not possible. Rather, the model that maps W dis-
placements into T' displacements is not constant throughout the procedure. In the
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Fig. 8 Statics of the norm error for each patient

next section, we propose to identify this mapping on line at the level of the robot
controller.

3 Adaptive robot control coping with variations of the lever model
3.1 Controller

When a desired location Ty is specified for the tip, we want to compute the cor-
responding desired position of the wrist center, W, which is easily controllable
from the robot three first actuated joints. The mapping between Ty and Wy is
not a perfect lever model with a fixed fulcrum, as emphasized in Fig. 7. Clearly,
the mapping from W displacements to 7" displacements depends on how the tis-
sues surrounding the insertion site deform. Considering small movements (local
mapping), it is reasonable to assume that this mapping is linear, i.e.:

Jmm 0 JIZ
ST=JsW=/| 010 |6W . (1)
JZIE 0 JZZ

This particular structure of J arises from the fact that the instrument inserted
is supposed to be rigid and therefore the displacements of W are supposed to be
equal to those of T along the penetration axis y.

During a manipulation of the instrument, J has to be permanently updated
as it is not constant. An instantaneous estimation of J can be computed from the
instantaneous values of the velocities of W and T. Indeed, time differentiation of
Eq. (1) leads to:

vy =Jvy . (2)

One instantaneous measurement for vy and v is not sufficient to identify the
4 unknown elements of J as only two equations are available (corresponding to the
first and third lines of Eq. (2)). However, exploiting n successive measurements
of v and vy while supposing that they were recorded in configurations that are
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close enough to assume that J is constant, allows to estimate J by a least square
optimization. Denoting Ji,.. the resulting instantaneous estimate for J, we can
implement the in-line estimation of J at a given instant k as:

Je=1=NTpq + Mo (3)

where )\ is a scalar gain verifying 0 < A < 1. In practice A is tuned small enough
to filter out the measurement noises and large enough to ensure a satisfactory
adaptation rate. Figure 9 shows the resulting controller.

ijajmzajzxajzz J < VT d
estimation —
Vw
« dt
T
~— T |
images |14, 31 | 24 <A " ) pyp) || Robot W

Fig. 9 Control Law

3.2 Experimental set-up

The experiments were performed using a new version of Apollo robot which has
the same kinematics as those of the first version, described in [13]. The changes
arise from stronger actuators and limited cumbersomeness of the wrist. The probe
is inserted into 2 devices in order to emulate behaviors that represent what may
happen when inserting the probe through both the anus and the rectum. These
devices are made with foam more or less tight around the probe thanks to jaws. The
apparatus is intentionally built to exhibit anisotropy with a high stiffness along z
and a low stiffness along y. In this particular configuration, one can assume that
Jzz = J.z = 0. Therefore only J;; and J.. are estimated.

APOLLO
INTERFACE

CLAMPING JAW +
FOAM + PROBE

Fig. 10 Experimental set-up

During these experiments, the desired position of the tip T is computed thanks
to the initial tip position (as recorded by the robot) and a desired step. A set of
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+10 mm desired steps are sent to the robot to displace the probe tip T along a
cross whose dimensions are 10 mm x 10 mm, see Fig. 13. Namely, the T' desired
trajectory is composed of one step along x followed by two steps along —z, and
one step along z. Then the same sequence is used for the z direction.

The same cross trajectory experiment is performed with:

1. a constant estimate for J (initial guess corresponding to a lever model computed
from a measurement of the fulcrum location);
2. a constantly updated estimation for J.

We then compare the precision at steady state after each step with the two ap-
proaches.

3.3 Results

Figure 11 (respectively Fig. 12) represents the time evolution of the tip displace-
ment along r—axis (resp. z—axis) and the time evolution of Jz; (resp. J.z) when
a step desired displacement is sent along z—axis (resp. z—axis). On these example
trajectories, less error when the on line estimation allows adjusting J.

J constant J updated
0.9 0.9
Jxx & JZZ = _JXX
08 08 " i
—_ - [
07 I
0.6 0.6
0 50 100 150 200 0 50 100 150 200
time (ms) time (ms)
10 10
] E]
0 0
0 50 100 150 200 0 50 100 150 200

time (ms) time (ms)

Fig. 11 Tip displacement along x-axis

Further, Fig. 13 shows one example of the recorded trajectories at points T
and P during one experiment. It can be seen that the black lines joining 7" and P,
which corresponds to the central axis of the probe, do not intersect at the same
fixed point A. This emphasizes the fact that the experimental setup exhibits a
behavior with properties that are comparable to those of the clinical experiments.

In Table 1 we compare the errors obtained when using a constant J and an
updated J. The error computed for each of the 8 steps is the absolute value of
the difference between 10 mm (desired displacement) and the actual displacement
measured at point 7. The mean error when using a constant J is 2.36 mm while
it is reduced to 0.81 mm with the adaptive controller.

Clearly, accounting for an anisotropic model and identifying the model in-line
reduces the error sgnificantly.
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J constant J updated
0.9 0.9
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Fig. 12 Tip displacement along z-axis
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Fig. 13 Displacements of the probe tip along a cross

Table 1 displacement norm for each cross side given by APOLLO with J constant and up-
dated.

10 mm desired step | with J constant H with J updated

7.5 12.2

T displacement 6.4 10.5
along x 8.5 10.8
(mm) 8.1 10.3

5.7 11.1

T displacement 6.1 10.2
along z 9.8 9.8
(mm) 9 8.8

Mean error | 2.36(23.6%) ||  0.81(8.1%)
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4 Conclusion

This paper focuses on an adaptive control law to enhance the instrument tip posi-
tioning when using a free wrist robot. In the first part of the paper, data recorded
during robot-assisted transrectal needle positioning for prostate biopsies (9 pa-
tients) is exploited to quantify the positioning error induced by the fixed-point
model assumption. In the second part of the paper the technique of adaptive con-
trol allows to identify on line a model with anisotropy and center displacement. A
lab apparatus is used to demonstrate the resulting improvement on tip positioning
precision. Errors obtained by processing the clinical data reach 7.5 mm at the tip
in average. Errors obtained with the lab apparatus drop from 2.4 mm in average
to 0.8 mm when using adaptive control. Further experiments need to be done to
evaluate this control law under more realistic conditions. In particular, the par-
ticular set-up used here allows to assumes that the matrix J relying tip and wrist
displacements is diagonal which is not necessarily the case in clinical context.
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