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Motion Control of Cable-Driven Continuum
Catheter Robot through Contacts

Zhongkai Zhang!, Jeremie Dequidt', Junghwan Back?, Hongbin Liu?, Christian Duriez'

Abstract—Catheter-based intervention plays an important
role in minimally invasive surgery. For the closed-loop control
of catheter robot through contacts, the loss of contact sensing
along the entire catheter might result in task failure. To deal with
this problem, we propose a decoupled motion control strategy
which allows to control insertion and bending independently.
We model the catheter robot and the contacts using the Finite
Element Method. Then, we combine the simulated system and
the real system for the closed-loop motion control. The control
inputs are computed by solving a quadratic programming
(QP) problem with a linear complementarity problem (LCP).
A simplified method is proposed to solve this optimization
problem by converting it into a standard QP problem. Using
the proposed strategy, not only the control inputs but also
the contact forces along the entire catheter can be computed
without using force sensors. Finally, we validate the proposed
methods using both simulation and experiments on a cable-
driven continuum catheter robot for the real-time motion control
through contacts.

I. INTRODUCTION

Robotic catheter systems eliminate radiation exposure to
surgeons by allowing to be operated remotely. In the past
decade, both manual and automatic steerable systems have
been designed to increase the safety and the procedural
effectiveness. However, the precise steering using a more
accurate, safer, and more reliable approach still remains to
be one of the main challenges for catheter insertion.

Unlike rigid robots, catheter robots are soft with infinite
degrees of freedom so that the accurate modeling of catheter
robots is difficult, especially in a constrained environment.
In the literature, several methods have been proposed to
model catheter robots. One approach employs the pseudo-
rigid-body (PRB) model which consists of a set of rigid links
connected with rotation joints [1], [2]. In order to capture
more accurate deformation, Cosserat rod theory is used to
model the 3-D static deflection of catheters [3], [4]. Another
method is proposed to model the catheter with the assumption
of constant curvature [5]. Catheters can also be modeled as
multiple beams and simulated using Finite Element Method
(FEM) [6]. FEM is an effective strategy to simulate the 3D
deformation of structures with external forces. Using the real-
time FEM technology, computational cost is dramatically
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reduced (The model can be updated at 30 to 50 Hz.) for
the interactive simulation.

Catheter robots can be controlled using a model based
on the assumption of constant curvature [7]. Most position
controllers are designed based on the inverse kinematic
model so that the computation of inverse Jacobian matrix
is indispensable. Jacobian matrix can be computed based on
either the analytical model [7], [8] or the numerical model
[9], [10]. These methods are proposed for the position control
of catheters or soft robots without considering the interaction
with the environment. The loss of contact information might
result in imprecise steering and even the failure of the task
because of the unsensed Jacobian matrix rotation [11]. The
position of catheter tip can also be controlled by the model-
less [12] (Jacobian matrix is estimated empirically using the
input and output data) or the model-free [13] control strate-
gies. Although they are robust to the environment, contact
forces along the entire robot are difficult to be captured.

The available force feedback during catheter insertion is
an important strategy to avoid damaging the blood vessel
by applying excessive force. The contact forces that the
catheter tip applies on the blood vessel can be measured
by an embedded force sensor [14], [15] or by an indirect
force measurements [16], [17], [18] (like the image-based
force sensing). However, none of the available strategies is
capable of providing the catheter-tissue interaction forces
along the entire catheter. There is, therefore, a need to report
sufficient information of contact forces to the surgeon by
visual or haptic feedback to increase the safety of catheter
insertion. Given the known environment and catheter model,
the location of contact forces is detected by collision detection
algorithm and the intensity along the entire catheter can be
computed by the FEM [6]. This strategy is widely used for
medical simulation where the contact is modeled based on
the Signorini’s law [19], [20].

To achieve the closed-loop control, the catheter robot and
the contacts are simulated in a real-time simulator and are
combined with the real system. The simulated system pro-
vides the Jacobian matrix and detects the collision between
the robot and its environment. The contact is usually mod-
eled as a linear complementarity problem (LCP). Then, the
motion control with contacts can be converted as a quadratic
programming (QP) problem with a LCP. Treating the contact
forces as optimization variables is employed for both the rigid
robot [21] and the soft manipulator [22]. The computation of
the QP problem with LCP is difficult and it is necessary to



explore a simpler strategy to solve this optimization problem.

This work aims to provide a possible strategy to increase
the safety of catheter robots by independent control of inser-
tion and bending as well as visualization of contracts forces
along the catheter. Three main contributions are shown in
this paper: (1) A closed-loop decoupled control strategy is
proposed for catheter robot. It allows the surgeon to remain
in direct control of the catheter insertion; (2) The contact
forces are computed along the entire robot by solving a QP
problem with LCP; (3) We proposed a simplified strategy to
solve the problem of QP with LCP where the LCP holds
strictly for a reachable trajectory.

This paper is organized as follows. Section II introduces
the approach of quasi-static modeling of catheter robots with
contacts based on real-time FEM. The problem statement and
the overview of the proposed strategy is shown in Section III.
The closed-loop decoupled control is proposed in Section
IV where the bending and insertion are decoupled. The
simulation-based validation and experiments are presented in
Section V. Finally, conclusion and future work are shown in
Section VI.

II. QUASI-STATIC MODELING OF CATHETER ROBOTS WITH
CONTACTS BASED ON REAL-TIME FEM

The quasi-static equilibrium equation of catheter robots is
deduced based on the real-time FEM without considering the
dynamic feature (like the inertia force).

for +F(x) +HI 2, +HI A =0 (1)

where x € R” (n is the total degrees of freedom of all nodes)
is the position vector of all nodes and is updated according
to the configuration of the catheter robots at each sampling
step. A, € R? (a is the number of actuators) and A, € R¢
(c is the number of contact points) are the constraint force
of actuators and contacts, respectively. The directions of the
forces on the nodes exerted by actuators and contacts are
provided by H € R"*% and H! € R"*¢. Therefore, H. 1, and
H A, represent respectively the contributions of the actuators
and the contacts to the position of FEM nodes. f,; € R”
represents the external loads (like the gravity) and F (x) € R”
gathers the internal stiffness forces.

The internal stiffness forces F (x) can be expressed by its
first-order Taylor expansion:

F(x+dx)~F(x)+K(x)dx )

where K(x) € R™" is the tangent stiffness matrix which
is highly sparse and depends on the actual position of the
nodes X. dx is the displacement vector of FEM nodes between
consecutive configurations.

Substituting (2) into (1), the linearization of (1) per simu-
lation step can be obtained:

K (x)dx = foy + F (x+dx) +HI A, +HI A, (3)

We define 8, € R (e is the number of effectors), §, € R* and
d. € R¢ as respectively the positions of effectors (the tip of
the catheter robot), the displacement of actuators (the change
of cables’ length), and the interpenetration gap of contacts.

Based on the Signorini’s law, for every contact point, there
is a complementarity relation between the interpenetration
gap 0. and the contact force A, among the normal direction.
The complementarity relation can be written as [19]:

0<6,LA.>0 4

The complementarity condition (4) can also be formulated
as 6, >0, A, >0 and SCT/IC = 0. The contact positions can
be detected using a collision detection algorithm. Then, the
contact forces are computed by solving (4).

The computation of (3) consists of two steps [23]: (1) the
computation of a free configuration x/"*¢ considering that
there is no actuation and no contact; (2) the computation of
Aq and A, by solving an optimization problem.

Based on (3), the optimization in the motion space is time-
consuming because the size of matrix K is usually very large.
By projecting the equilibrium equation (3) into the constraint
space!, the dimension of the matrices can be dramatically
reduced so that the control inputs can be computed in real-
time [23]. The projected equations can be written as:

8 =W A+ 877 (5
8o =Wy + 8/ (6)
8= WA+ 81 (7)

where W; = [ Wi (x) Wi (x) | with i standing for the
subscripts e (effector), a (actuator) and c¢ (contact), respec-
tively. W, € Rex(@te) W, € Rex(@te) and W, e Rex(ate)
are compliance matrices which show the mechanical cou-
pling between the effectors, actuators and contacts. The
method to compute the compliance matrices is introduced
in [23]. The external forces applied on the FEM can be
written as A = [ Aa Ae ]T € R%*¢. The free motion vectors
8/ c R3¢, §/7¢ c R¢ and 6/ € R¢ are computed by
8/7¢ = §,(x) + Hidx/™ (i = a,b,c) with the assumption of
A=0.

At the next step, the configurations of both the catheter
robot and the contacts are updated by

dx=K'[ Hl HI ] 2+dx/* (8)

Remark 1. Compliance matrices W, and W, depend on
the configuration of catheter robot so that they change at
each iteration and can not be pre-computed. If the actuators
and contacts act on different FEM nodes or with different
directions, the matrices W, has a full row rank (e < (a+c¢))
or a full column rank (e > (a+c)), and W, has a full row
rank.

III. PROBLEM STATEMENT AND OVERVIEW OF PROPOSED
CONTROL STRATEGY

In this section, we first introduce the problems for the
control design without considering the contacts. Then, we

IThe constraint space is defined by the effectors, actuators and contacts
(they are treated as constraint for the FE model). The details are shown in
our former work [23].



give an overview of the decoupled motion control strategy
for a cable-actuated catheter robot through contacts.

A. Problems for control design without considering contact

As shown in Fig. 1 which is first introduced in [11], there
are two canonical problems (artificial singularity and inverted
mapping) for the cable-driven continuum robot if contacts
exist on the robot but are not considered for the closed-loop
control design. In the worst case, unsensed contacts would
result in a positive-feedback loop. Both the artificial singular-
ity and the inverted mapping are generated by the coupling
between the insertion and bending. Therefore, to avoid the
two canonical problems (shown in Fig. 1), we propose a
decoupled control strategy by decoupling the insertion and the
bending. Besides, the decoupled implementation of insertion
and bending provides a possible solution to increase the safety
for catheter insertion and to allows the surgeon to remain in
direct control of the catheter insertion.

(a) Artificial singularity
A

(b) Inverted mapping

—> Insertion with contact

--»Insertion without contact
—>»Right cable movement
—> Left cable movement

Fig. 1. Two canonical problems for the closed-loop control design [11]. ()
artificial singularity and (b) inverted mapping result in the deterioration and
even the positive-feedback loop.

B. Decoupled closed-loop bending control

The proposed closed-loop strategy (see Fig. 2) needs to
combine both the catheter robot and its FE model which is
simulated in real-time. The FE model is employed to compute
the Jacobian matrix and to detect collisions between the robot
and the environment. The same insertion input §;, is sent to
both the catheter robot and its FE model.

The bending control strategy is implemented based on the
equations in 2D space converted by the projection module.
Both the catheter robot and its FE model are controlled to
follow the same predefined trajectories (6, and 6§EM re-
spectively). For the actuation of FE model, the control inputs
and the contact forces are computed by solving a quadratic
programming (QP) problem with a linear complementarity
constraint. Using the decoupled strategy, the robot controller
is designed without taking contacts into consideration, which
aims to simplify the control design and to avoid the impacts
of imprecise contact model.

IV. DECOUPLED CONTROL

In this section, we introduce the design of the three com-
ponents (Projection, FEM Controller and Robot Controller)
needed for the decoupled control of catheter robots.

Catheter
Robot

S

FE Model

Projection

Control of FEM

Control of robot

Fig. 2. Framework of decoupled closed-loop bending control for catheter
robot through contacts. For the implementation, the FE model of catheter
robot and its environment is simulated in real-time. The insertion and bending
are decoupled by the projection block which is introduced in Section IV.A.
Two independent controllers are employed for the control of catheter robot

and its FE model respectively. 6; and &,, are respectively the desired

position and the bending control inputs for the catheter robot, while 55EM

and Sf(,EM are the corresponding variables for the FE model. §;, is the
insertion input for both the catheter robot and the FE model.

A. Projection design

The projection component is used to decouple the insertion
and the bending for the catheter robot. As shown in Fig. 3, the
movement of catheter robot is modeled in 3D space defined
by the coordinate system OXYZ. To achieve the projection,
the local coordinate system Pxyz is computed at each step
based on the 3D tip position and the predefined trajectory so
that it moves with the insertion of catheter robot. After the
projection process, the movement of catheter tip in 3D space
is converted to the insertion along the tangent axis x and the
bending movement in 2D plane defined by the normal axis z
and the projection axis y.

Fig. 3. Projection strategy for the catheter robot. The 3D position of the
catheter tip in the global coordinate system OXYZ is projected to be the 2D
position in the local coordinate system Pxyz. P is the nearest point on the
desired trajectory to the catheter tip 520 . Px is the tangent vector for the
trajectory at the point P. Py and Pz are respectively the projection vector
and the normal vector.

We project the 3D equations (5), (6) and (7) on a moving
2D plane orthogonal to the tip direction. This projection
provides equations for the control of the bending movement?.
The algorithm for the projection component design is sum-
marized in Algorithm 1. During the bending control design,
the desired position of catheter tip is the nearest point P on
the predefined trajectory. Then the 3D position error 62[) P
is projected to a 2D vector in the plan Pyz and its norm is
minimized with the bending controller.

2To simplify the notation, the equations (5), (6) and (7) in the following
of this paper are used to capture the motion in 2D space.



Algorithm 1 Projection algorithm
Initialization: Define the trajectory for the catheter tip;
For each step do
1. Local coordinate system computation
Compute the 3D tip position SSD in OXYZ
Compute point P and vector Px
Compute vector Pz and vector Py
2. Project the 3D position error 52D P to the plan Pyz
3. Project equations (5), (6) and (7) to the plan Pyz
end

For the implementation of the bending control, both the
FEM controller and the Robot controller are introduced in
the following subsections.

B. FEM controller design

The object of this section is to design a closed-loop
bending controller for the FE model so that the tip of
the FE model 8, converges to its desired value §,.° We
employ the optimization-based approach to compute the
control inputs. The optimization problem can be defined as
A =arg minI" (A) where I' (1) is the objective function:

! "
L(R) =5 || Wed +8[ ~ 54 | ©)

For the safe interaction with the environment, the con-
tact force is constrained as 0 < A, < A¢pax. Besides, the
constraints of the control inputs should be also considered:
Aamin < Ay < Agmaxr Where Ay pmip and Ay gy are chosen
based on the physical limitation.

In order to solve the constrained optimization, the numeri-
cal optimization algorithm is necessary to be employed. In
order to match the standard quadratic programming (QP)
formulation for the usage of software packages [24], (9) can
be converted to

minlﬂQl/lJrc{x (10)
)

st 0< A < A (11)
and 0<6,LA.>0 (12)

where A = Aa,max 2vc.,mazx ]T’ Qi = WgTWe and ¢ =
wl (6{’”—&1 . For the optimization, both the control
inputs and the contact forces are treated as optimization
variables. The linear complementarity problem (LCP) (12)
is employed to capture the contact constraint.

In the following, we show a simplified method to solve the
QP problem with LCP.

Finding a solution to the LCP (12) is associated with
minimizing the quadratic function

T
FA) =ATWT A+ (5{’“’) A (13)

subject to the constraints W A + 8/ >0 and 4. > 0.

3The variables in this subsection represent the variables for the FE model.
However, we use the same variables for the real robot in Section IV.C.

Considering that Ac = [ Ocxy Iexe | A, the quadratic
function (13) can be rewritten as

FA) =ATQeeA + ¢k A

where Qe = w’ ]

free T
[ O1xa 8c ] .
Then, the QP problem with a LCP (10) can be separated
into two standard QP problems:

(14)

[ O(a+c)><a and Clecc =

QPI : n}lin%lTQM—i—clTl (15)
st. 0<A <A
and
QP2: mlin%lTQzl +cda (16)

s.t. WA +687>0
and A >0

where Q) = Qe +Q1TL-L- (Because AT QA is a scalar, we

T
have (lTQm}») =2"QL A = ATQueA) and €2 = ¢y
The QP problem (16) corresponds to the LCP.

Combining both (10) and (16), the QP problem with
the LCP (10)can be converted into a standard QP problem
without the LCP:

1
converted QP : mxinilTQl +c’'A 17

s.it. 0< A <A
and WA +877% >0

where Q =Q; +€Q; and ¢ = ¢ 4 €c; with € being the weight
of the LCP.

For general problems, the parameter € should be chosen
as a large value to make sure that the LCP holds during the
optimization. Unlike former solvers [25], [26], the proposed
strategy has easier background, faster computation and can
employ standard QP solvers to solve the problem of QP with
the LCP. However, we make the assumption that the defined
trajectory is always reachable. In practice, with assumption of
static environment, we plan it off-line and make sure that it is
always reachable by our robot. For the case with a reachable
trajectory, the solution of (17) is equal to the solution of (10)
if € > 0 (The proof is presented as the appendix.).

C. Robot controller design

The quasi-static equations (5) and (6) can be converted as
the discrete-time kinematic equations [9] (k is the timestep
index):

6e,k+1 = 5e,k +Wea,kA)La,k (18)
6a,k+1 = 6a,k +Waa,kA)La,k (19)

Combining (18) and (19), we have
Ocii1 = Ock +JapNOu (20

where J, i = Weu (Waa_,k)_1 is the Jacobian matrix of the



Fig. 4. Experimental setup for the motion control of a catheter robot through contacts. (a) NDI electromagnetic tracking system: Aurora; () a rigid tube
for the experiment. The white points are the feature points which are used for the calibration; (c) the cable-driven continuum catheter robot which has four

step motors to actuate the bending and one step motor to control the insertion.

catheter robot.

As shown in Section III, it is not necessary to consider the
contact information for the the controller design. Therefore,
the robot controller is designed for the bending control of
catheter robot based on the kinematic equation (20). It allows
to control the position of catheter robot by changing the
displacements of actuators.

By defining a new control vector Uy = J, x84k, the
kinematic model can be rewritten as 8,41 = 8.+ Ui. The
tracking error is defined as ex = 8.t — 8 4«. In the task space,
the control vector U, can be designed as:

Uk = —KPek—KD (ek—ek_1) (21)

where Kp and Kp are constant parameters for the proportional
gain and differential gain, respectively.

Then, the Pseudo-inverse based control allocation is em-
ployed to obtain a unique solution:

u= Jkuk (22)

which is the minimum 2-norm solution of Uy = J, x /A, and
u=Ad,y is the control input of the robot. Considering that
the matrix J, has full row rank (There are more actuators
than effectors in our experiment), the Pseudo-inverse matrix

-1
Ji, can be computed by J/, =J7, g;]mk‘];k .
Substituting (21) into the (22), the control law can be
written as:

u=—J5 [Kpex + Kp (ex —ex1)] (23)

Remark 2. Considering the contacts, the kinematic equation
is written as A8, = J,AA, + J.AA. where J. is defined as
the contact Jacobian matrix and the Jacobian matrix J, only
depends on the robot shape. The kinematic equation can also
be written as AJ, = (J,+ @) Ad, = JAA, where ®AA, =
J:AAc. In the bending space, J is not inverted by the contacts.
Therefore, based on the assumption that we have an accurate
J. (accurate FE model of the robot shape), we can design the
bending controller (20). If the FE model has a lower accuracy,
the condition for a stable loop using (23) is that the error of
J. does not generate an inverted mapping of J,. Then, we can
increase the robustness of the system by choosing a suitable
control parameters [10].

V. EXPERIMENT RESULTS USING DECOUPLED CONTROL

In this section, we first introduce the experimental setup
for the validation of the proposed decoupled control strategy.
Then, we show the experiment results of trajectory tracking
and positioning for a cable-driven continuum catheter robot.
Besides, we validate the collision detection and contact
forces estimation by experiment using a soft rod. Finally, we
test respectively the decoupled control with Jacobian matrix
rotation and the trajectory tracking through a soft tube by
simulation.

A. Experimental setup

The experimental setup for the position control of a cable-
driven catheter robot through contacts is shown in Fig. 4.
Three components are needed for the implementation of the
experiments: a position tracking system (a), an obstacle to
generate the contacts between catheter robot and its environ-
ment (b), and a continuum catheter robot (c).

The commercial electromagnetic tracking system is em-
ployed (Aurora by NDI company) with the sampling fre-
quency 20Hz and the sub-millimetric accuracy. A rigid tube
(diameter 28mm) is fixed with respect to the base of the
catheter robot. For the calibration of coordinate systems
between the Aurorat and the catheter robot, we choose two
corresponding sets (seven points for each set) of keypoints
defined for the rigid tube. The positions of the keypoints are
measured respectively from the Aurora system and the FE
model. Then, the transformation between two sets of points
can be solved robustly using the Singular Value Decomposi-
tion (SVD) method.

The movement of catheter robot consists of bending and
insertion. The bending is controlled by four cables using four
step motors and the insertion is actuated using one step motor.
The robot is a modified version in [18]. The structure of the
catheter robot (diameter 7mm) is made of polymer material
which is MR-compatible and is manufactured using the rapid
prototyping technique. Both the robot and the rigid tube are
simulated in SOFA framework (a real-time FEM simulation
software). The frequency of the simulation can reach to S0Hz
in our experiment (100 mesh nodes). The detail strategy for
FEM modeling can be seen in [23].



B. Trajectory Tracking Results

The central line of the tube is defined as the desired
trajectory for the robot tip. The tracking performances are
illustrated in Fig. 5 where both the desired trajectory and the
catheter tip trajectory are projected to the XZ plane and XY
plane. In our experiments, the desired trajectory consists of
twice bending along the insertion direction. Three different
speeds of insertion (For each case, the insertion speed is
uniform.) are tested in the experiments. We choose the same
control parameters for all cases, Kp = 0.2 and Kp = 0.002.

Trajectory in XZ-plane

—Speed O.‘Gmm/s
0 Speed 1.2mm/s
—Speed 2.4mm/s
—_ —Desired Trajectory
c-20 |
£
N
,40 |-
,60 Il Il Il Il 1 L
20 40 60 80 100 120 140
X(mm)
. Trajectory in XY-plane
‘ —Speed b.6mm/s ‘
Speed 1.2mm/s
2 —Speed 2.4mm/s
g —Desired Trajectory
Eo
=
-2

0 20 40 60 80 100 120 140

Fig. 5. Trajectories of catheter tip in XZ plane and in XY plane with different
speeds of insertion (0.6mm/s, 1.2mm/s and 2.4mm/s).

The tracking errors are defined as the distance between the
catheter tip and its desired position. We compute the tracking
error based on the positions on the bending plane. As shown
in Fig. 6, the average tracking error is around 0.3mm when
the desired trajectory is a straight line. However, the higher
insertion speed deteriorates the tracking performances when
there is a bending along the desired trajectory. The largest
error increases to be 2mm, 3.2mm and 4.8mm respectively
for the insertion speeds 0.6mm/s, 1.2mm/s and 2.4mm/s.
The error increases with the increment of the insertion speed
because the lower insertion speed allows longer time for
the convergence of the tip position. For the application, the
insertion is controlled manually and its speed should be lower
when the catheter robot starts to bend.

Error along X axis
: :

—Speed 0.6mm/s
Speed 1.2mm/s

—Speed 2.4mm/s

—4

€

£

s
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0 Vi 4 |
0 20 40 60 80 100 120 140
X(mm)
Fig. 6. Trajectory errors of catheter tip with different speeds of insertion.

C. Positioning Results

The positioning results are shown in Fig. 7 which in-
cludes two cases with different catheter length (60mm and
166mm). The tracking error converges faster when the length
of catheter is shorter. For both cases, the positioning errors
converge to a small bound (around 0.2mm). Usually a longer
length of catheter robot generates a larger convergence bound
if there is no interaction with the environment. However,
in our experiments, the contacts limit the deflection and
therefore reduce the convergence bound.

Positioning at fixed point

25

— Catheter length 60mm
Catheter length 166mm

Time(second)

Fig. 7. Convergence of positioning error with different catheter length (60mm
and 166mm).

D. Validation of contact forces estimation

As shown in Fig. 8, three experiments are designed to
validate respectively the collision detection, the accuracy of
FE model and the contact force computation. The collision is
detected based on the relative positions between the contact
and the soft rod. The contact positions are very close for both
the FE model and the real system (see (a) and (b) in Fig.
8). The FE model is tested using a 3D tube (see (¢) and (d)
in Fig. 8). Ten static positions are measured with different
insertions and compared between the real system and the FE
model. The positions are drawn in Fig. 9 and the average
position error is 3.35mm in our experiment. The accuracy
of the FE model ensures the success to capture the relation
between the insertion and the tip position.

The computation of contact force is validated using the
setup (e) and (f) in Fig. 8. The length of the soft rod is
210mm and its Young’s Modulus is 1.4GPa. Nine groups of
forces are measured and computed with different target tip
positions and different contact points. The measured forces
using a force sensor and the computed forces using the FE
method are listed in Tab. I. The accuracy of contact force
computation can reach to 97.1%.

TABLE I
VALIDATION OF CONTACT FORCE COMPUTATION (T: TARGET, C:
CONTACT, M: MEASURED FORCE, E: ESTIMATED FORCE). THE UNIT OF
THE FORCES IS mN.

T B1 B2 B3

C Al A2 A3 Al A2 A3 Al A2 A3
M | 110 | 198 | 372 | 216 | 357 | 682 | 336 | 537 998
E | 119 | 193 | 380 | 214 | 345 | 679 | 324 | 527 | 1030

The contact forces computed based on the FE model can
be regarded as the approximation of the contact forces for
the catheter robot. However, our contribution here is based



Fig. 8. Experiment setup for the validation of the contact detection ((a)
and (b)), the accuracy of simulation ((¢) and (d)) and the contact force
computation ((¢) and (f)). In (e) and (f), A1-A3 and B1-B3 are respectively
the contact locations and the desired positions of the tip.
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Fig. 9. Comparison of tip positions for the experiment in Fig. 8 ((¢) and

(@).

on the assumption that the boundary conditions are fully and
perfectly known. To simplify the experiment, we validate our
method in the situation of single contact.

E. Simulation-based validation

The simulation-based validation allow to focus on the
control algorithms themselves and can get rid of the sensor
noise, imprecise modeling of robot and contacts. In this
subsection, we first validate the decoupled control strategy
to deal with the problem of the Jacobian matrix rotation.
Then, we show the simulation result when the catheter robot
interacts with a soft tube.

1) Control strategy to deal with the Rotation of Jacobian
Matrix: As shown in Fig. 10, the catheter robot can be
controlled from the initial configuration (a) to the finial
configuration (b) with the decoupled control strategy. If the
insertion and bending are coupled between each other, the
Jacobian matrix is inverted during the movement. However,
the decoupled control strategy can successfully avoid the
problem of the Jacobian matrix rotation when the robot
interacts with the contacts.

2) decoupled control with soft tube: The trajectory track-
ing can also be achieved when the catheter robot interacts
with soft contacts. The decoupled control strategy is em-

Fig. 10. Simulation-based control validation for catheter robot through
contacts. (a) and (b) are respectively the initial configuration and the finial
configuration of the catheter robot.

ployed and validated using simulation which is shown in Fig.
11. To estimate the Jacobian matrix and contact forces, both
catheter robot and soft tube are modeled using FE method
and are simulated in real-time.

Fig. 11. Simulation-based validation of decoupled control of catheter robot
through a soft tube. (@) The initial state of catheter robot and the soft tube;
(b) The simulated deformation of the soft tube and the robot.

VI. CONCLUSION

This work contributes to the position control of catheter
robot in the constrained space. With the aim to provide safe
insertion for the catheter robot, in this paper, a decoupled con-
troller is designed and allows to control the bending and the
insertion independently. The proposed strategy can achieve a
stable position control and can avoid the problem of Jacobian
matrix rotation. Besides, the decoupled control allows the
surgeon to remain in direct control of the catheter insertion.
As a benefit of the proposed method, the contact forces along
the entire catheter robot can be computed without using force
sensors. So, during the insertion, it is possible to provide
to the surgeon a feedback on the force intensity applied on
the entire catheter. A simplified method to compute quadratic
programming problem with a linear complementarity problem
is proposed in our work. The proposed strategy is general and
the application is not limited for the cable-driven catheter
robot. We perform some experiments and some simulations
to test our methods. In the following, we address the main
limitations of this work, possible solutions and future works.

To estimate the contact forces, we need the assumption that
we have an accurate model of the contact and the catheter
robot. However, it is very difficult to always fulfill this
assumption in complex situation of real applications. When
the contact objects are not modeled well, the registration
method for deformation structures [27] could be employed
to improve the accuracy of FE model.

Besides, to make the tracking error as small as possible, the
insertion speed should be limited in a small value. When the
catheter robot starts to bend, the tracking error increases and
needs relatively longer time to converge. Instead of limiting



the insertion speed in a quite small range, we could use
adaptive control parameters for the control law to increase
the convergence speed.

In the future, we would also like to explore the hybrid force
and position control for the catheter robot and improve the
control system by registration of both contacts and catheter
robot with their FE models. Finally, the proposed techniques
should be validated in vivo.

APPENDIX

It is assumed that Fj, F>, F3, and F; are the minimum
value of objective functions for (10), (15), (16) and (17),
respectively. A1, A» , A3 and A4 are respectively the solution
of QP problems (10), (15), (16) and (17), respectively. Then, a
corollary about the proposed approach is provided as follows:

Corollary: If the desired position is reachable (the solution
of (9) is zero), the solution of (17) is equal to the solution of
(10).

proof: The proof consistsof two steps:

Step 1: A is the solution of the QP problem (17).

For the QP problem (10) with the solution A;, we have
Fi=—11]8/"¢—§,>and the LCP (12) holds so that, for QP
problem (16) with A3 = A1, we have F3 = 0. Then, for the QP
problem (15) with A, = A, we have F, = —% I 65”" — 84
Therefore, the objective functions (17) has the same minimum
value F = —1 | 877 _ 8, ||* and A4 = A is the solution of
the QP problem (17).

Step 2: A4 is the solution of the QP problem (10).

Because the objective function (17) is the sum of (15) and
(16) and have a more strict constraint, we have the conclusion
that Fy > B+ F; > —1 | 877 — 54 |2 If the desired position
is reachable, there is solution A4 for (17) so that its objective
function has the minimum value: F = —7 || 8l 54 2.
Then, we have F, = —1 | 87 _ 8, ||> with A, = A4, and
F3 =0 with A3 = A4. Therefore, A4 is a solution to make
(10) reach the minimum value and make (12) hold. Then, we
can conclude that A = A4 is the solution of the QP problem
(10).
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