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Abstract— Concentric tube robots are catheter-sized robots
that can navigate natural pathways to reach deep anatomical
locations. Their intraoperative telemanipulation in dynamic en-
vironments requires on-line computation of inverse kinematics
with simultaneous avoidance of anatomical collisions. Moreover,
unstable configurations, which arise for elongated curved robots
that navigate extremely tortuous paths, must be avoided. This
paper leverages state-of-the-art multi-core computer architec-
tures to deliver real-time inverse kinematics solutions that avoid
robot instabilities and anatomical collisions. Furthermore, it
introduces frictional active constraints to concentric tube robots
for intraoperative assistance in navigation. Qur framework is
evaluated in silico through clinical scenarios from heart surgery
and neurosurgery.

I. INTRODUCTION

Continuum robots have demonstrated clear benefits for
surgical interventions that require navigation through sensi-
tive body lumen and cavities [1]-[4]. Concentric tube robots
are continuum robots that exhibit shape control through
the relative rotation and telescopic translation of pre-curved
super-elastic tubes [5], [6]. With their dimensions being com-
parable to catheters, concentric tube robots have been pro-
posed for several clinically-critical interventions that require
navigation through the vasculature [7], the nasal cavities [8],
and the urinary tracts [9]. Tools are delivered to the pathology
location through the hollow lumen of the tubes.

Fundamental mechanics modelling and control of con-
centric tube robots has seen extensive research, and re-
cent advances focus on computationally designing optimal
patient- and surgery- specific robots [10]-[12], following
optical paths [13]-[15]. While most methods consider the
latest mechanics models that account for tube bending and
twisting, the elastic instabilities that arise in certain elongated
highly-curved concentric tube robot configurations have only
been considered so far in [12], [14]. Instability consideration
is crucial, since it causes sudden release of elastic energy
through rapid tube untwisting. Interactive rate motion plan-
ning, as in [15] is equally important, since it is a requirement
for the intraoperative use of the developed algorithms.

The work in [15] precomputes dense path-plans in the
anatomical workspace to enable quick global navigation
through the anatomy followed by a local inverse kinematics
solver. While update rates on the order of 26 ms are reported,
the pre-computation time can be as long as 6 h. Moreover,
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Fig. 1. (a) Concentric tube robot in hydrocephalic ventricles. (b) Navigation
through vasculature towards the heart.

pre-computation is a requirement for achieving good algo-
rithm convergence and robot-tip tele manipulation. Thus, the
structure of the algorithm discourages its rapid deployment,
and complicates its application in cases where the anatomy
changes dynamically, e.g. through tool-tissue interaction or
physiological functions.

This paper demonstrates that modern multi-core computer
architectures can be leveraged to accurately solve the in-
verse kinematics of concentric tube robots on-line, while
accounting for both instability and anatomical collisions.
This enables interactive rate robot manipulation in complex
dynamic anatomies without pre computation. Our results
are based on cascaded global and local optimisers that are
ranked according the reduction of an inverse kinematics error
metric. It is demonstrated that no single optimiser would
statistically converges to the optimal result, making thus
the proposed cascaded implementation highly efficient and
accurate. Finally, we introduce anatomy-specific frictional
active constraints to concentric tube robot telemanipulation.
The developed framework is evaluated in clinical scenarios
that require two different types of anatomical constraints, i.e.
in navigation through the vasculature towards the heart, and
in navigation in hydrocephalic ventricles.

The paper is arranged in HOW MANY sections.

II. KINEMATICS

Concentric tube robots are made up of telescoping sections
which can translate (¢), each section is compromise of either
one tube (constant curvature) or two tubes (variable curva-
ture) which can be rotated (o). A constant curvature section
has therefore 2DoF (y, «), where as variable curvature
section has 3DoF (¢, o, ), see Fig. ??.
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Fig. 2.  Concentric tube robots comprise of telescoping sections which
can be translated and rotated. Sections with two tubes (e.g. first section)
have a variable curvature. Note: setting « of a straight tube to constant zero
limits the robot workspace and leads to a reduce dimensionality in the robot
jointspace.

In most robotic applications a mapping between joint-
space q = [, ] and task-space x is necessary. Where as the
forward kinematics allows to compute the end-effector posi-
tion of the robot at a give joint configuration (zgg = f (q)),
the inverse kinematics describes computes a joint configura-
tion for a given end-effector pose (q =f! (ZBEE))

A common approach to solve the inverse kinematic is to
use the Jacobian method which is based on the relationship,
. -1 . . ox
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For concentric tube robots accurate algebraic close-form
description of the forward kinematic is not available [5],
[6]. The kinematic models are currently based on boundary
value problems, solving differential equations iteratively [12]
which is computationally intensive [15], [16]. Using the tor-
sionally compliant model the Jacobian has to be determined
numerically [17].

We use the basic definition (1) of the Jacobian and
calculate it as
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Note that each of the n-columns can be calculated indepen-
dently. The robot configuration in task space is calculated
using the damped least square (DLS) algorithm for the
pseudo inverse.
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null-space optimization is employed to avoid joint limits.
Another common approach in robotics is to employ gen-
eral optimization solvers, which minimize a cost-function
[18]. The scalar cost-function ¢(q, 7, B,T') was selected,
where g denotes the joint angles, 7 the robot architecture,
B the desired pose in task-space and I' the anatomical

constraints. The overall cost-function includes a term for
collision and stability, the collision cost is defined as

1 L ifd<dy
ccotision (A (q, T,T)) =3 4=4 ifdy <d<di  (6)
0 Jifdy <d

which increases linear with the distance between robot and
anatomy (d (q,7,T")) in the interval [dy,d;]. The stability
cost is

1 , if unstable

S(a.7) = { 0 , if stable )

and the stability of a configuration was calculated as de-
scribed in [14]. The overall cost is computed as

¢(q,T,B,T) = |ze () — | ®)
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On the basis of this cost-function independent from the
type of IK algorithm used a quality factor of the computed
joint configuration is determined. By recalculating the cost of
the respective current configuration and comparing it to the
quality of the solvers configuration a result can be discarded
or accepted. Choosing 3 and ~,4 sufficiently high in respect
to y1 and 79 ensures a collision free an guaranteed stable
configuration at all times.

III. ACTIVE CONSTRAINTS

A. Forbidden Region Constraints

Concentric tube robots are used to navigate through com-
plex, convoluted and difficult to reach anatomy [14], [15],
[17]. Active Constraints and virtual fixtures have proven
to give guidance to the surgeon in those scenarios [?],
[18]-[21]. Conventional elastic constraint implementation
can lead to autonomous motion of a surgical tools [20]. To
avoid autonomous behaviour we implemented a time-discrete
elasto-plastic friction model in S E(3) following the concept
of [20], [22]. This model dissipates kinetic energy inputted
by the operator. In contrast to [20] we implement forbidden-
region virtual fixtures to help the user to avoid steering
the desired robot end-effector pose = in to the anatomy,
furthermore we limit not only the elastic force-component
but the resulting frictional force to an upper limit fo. The
penetration vector p, is calculated using the surface normal
n of the anatomy and the vector a from the closest point on
the anatomy to xB and is defined as,
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and depicted in Fig. 1
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Fig. 3. Friction Constraint, p,: penetration vector, n: surface normal, a:
vector anatomy to proxy.
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Fig. 4. (a) Force profile of attractive force, dnigh = 2mm, dmax =
5mm . (b) Interpolated mesh, blue: original vertices, green: vertices after
interpolation

B. Guidance Constraints

In the case of having predefined targets . We render an
attractive force towards the closest target 2. The amplitude
of the attractive force is defined as function of the distance

dn = |z} — ],
2 _ 2 kid 3 _
fa = ko { gm (di — dmax)” €™ 91, ;ﬁjem < dmax (10)

The parameter ki1 = k1(dmax; dnigh) is calculated such that
the attractive force has it’s maximum value at dpigh, ko is
determined such that fa (dnigh) = f3'**. A resulting force
profile is depicted in Fig. 2 a.

IV. IMPLEMENTATION
A. Active Constraints

The Active Constraint framework is composed of two
components, 1. the guided active constraints (GVF) and II.
the frictional forbidden region active constraints (FRVF).
Guided forces are only rendered when the norm of the
repulsive forces is zero. The parameters for the frictional
constraints can be found in Tab. I. Please refer to [20] for
further explanations of the parameters.

The distance between anatomy and desired end-effector
pose x?, is calculated using a nearest neighbor search
via KD-tree [23] !. In order to ensure that the anatomy
represented by a point cloud has an appropriate mesh lattice
in regards to the collision distance dy, dy (see II) or the
penetration margin 2; .ss We interpolate it, see Fig. 2 b. The

'We use the nanoflann implementation.

TABLE I
PARAMETERS FOR ACTIVE CONSTRAINT FRAMEWORK.

Parameter (FRVF) Value Parameter (GVF) Value
2] [°] 30 FIa N 0

fo [N] 35 dmax  [mm] 5.0

o0 [N.mm™1] 1.0 dhigh  [mm] 2.0

a1 [N.s.mm™!]  0.0006 ko [N.mm~—2]  0.0541
a2 [N.s.mm™!] 00024 &y [mm~1] -0.3333
Zt,css  |mm] 2.0

same interpolated point cloud is also used for the collision
detection in the inverse kinematics. The force feedback de-
pends only on the user defined desired end-effector position
xB, the anatomy I and target position 2”. Using KD-trees
for proximity queries results in negligible computational time
for the Active Constraint framework.

B. Online Inverse Kinematic

1) System Architecture: The online inverse kinematic is
implemented as a fully asynchronous multi-threaded, multi-
node framework, we used the boost-C++ library for thread-
ing and thread-synchronisation. Inter-node communication
is realized using LCM: Lightweight Communications and
Marshalling, [24]. The master node is connected to I. a stereo
(3D) screen, presenting virtual telemanipulation environment
and, II. a haptic device for user input and user feedback. The
master node holds the robot state (7), desired pose (),
and all control parameters which are broadcasted (500 Hz)
to all optimization nodes, which’s task is to minimize the
cost-function (8). Each IK-node holds one communication
thread receiving and holding all variable required for the
optimization. Multiple solver threads, obtain these variables
asynchronously to solve the IK-problem independently by
minimization of (8). The Jacobian solver employs a thread-
pool of 2 x n worker-threads for the calculation of J®*™,
whereas each column of the J is calculated by 2 threads
according to (2). The sending communication thread acquires
the solver results and recalculates the cost-function for each
solver before broadcasting (400 Hz) the result with the lowest
cost of the respective node. The master-node compares the
cost of the received results with the cost of the current robot
configuration, and updates the robot configuration only if
an update leads to an improvement. Note: The cost of the
received robot configuration and current robot configuration
is constantly recalculated by the master-node. The communi-
cation was chosen on a update rate approximately one order
of magnitude higher than solver rate to ensure that robot state
and IK results are always up-to-date on all nodes.

2) Optimizer Algorithms: All optimizations algorithm,
except the Jacobian method, were implemented using [25].
The current framework is based on derivative-free local and
global optimization algorithms, see Tab. II. We used in total
seven different algorithms (2 global/ 5 local) I. Controlled
Random Search with local mutation (CRS2 LM) [global],
II. Multi-Level Single-Linkage with low-discrepancy se-
quence (MLSL LDS) [global], III. Bound Optimization BY
Quadratic Approximation (BOBYQA) [local], IV. PRincipal
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Fig. 5. Inverse Kinematic Framework

AXIS (PRAXIS) [local], V. NEWUOA software for uncon-
strained minimization without derivatives (NEWUOA) [lo-
cal], VI. Nelder-Mead simplex algorithm (NELDERMEAD)
[local], VII. parallel damped least square Jacobian (JACO-
BIAN) [local]. We employed each algorithm multiple times
with different settings. The following parameters were varied
for each algorithm: I. the max time for completion (timeout),
IL. the discretization granularity, III. whether and algorithm
takes the stability during each iteration into account or only
at the end. The stability check is computational expensive
and hence it was only used within the optimization routine
for those optimizer threads with longer timeouts. The selec-
tion process for these algorithms was based on initial tests
regarding best result quantity in direct comparison between
each other.

V. EXPERIMENTS

In our experiments we use for user input and feedback
the LMD-2451MT polarized stereo (3D) screen (Sony Cor-
poration, Japan), as haptic device we use the Geomagic
Touch (3D Systems, USA). The master node utilizes a Intel®
Core™ i7-3770 CPU @3.4 GHz Quad-Core processor, the
first optimizer node utilizes a dual socket Intel® Xeon® ES5-
2680 CPU @2.7 GHz Octa-Core, the second optimizer node
a dual-socket Intel® Xeon® E5-2690 v2 CPU @3.0 GHz
10-core processor. Thus, the on-line IK utilizes in total 36
cores (Intel® Hyper-Threading deactivated).

A. Navigation in Hydrocephalic Ventricles

Hydrocephalus describes a disturbance in the production,
circulation and absorption of cerebrospinal fluid (CSF) lead-
ing to its abnormal accumulation; this is typically mani-
fested by ventriculomegaly and elevated intracranial pres-
sure. Shunts remain the mainstay of therapy for patients with
hydrocephalus since the development of the modern shunt.
However, the use of shunts is associated with considerable
morbidity relating to mechanical issues and infection. To
this end, endoscopic approaches are increasingly accepted
as alternatives to shunts, with some evidence suggesting
they may confer a long-term survival advantage in the treat-
ment of non-communicating hydrocephalus [?]. Endoscopic
neurosurgical approaches may present considerable technical

TABLE I
PARAMETERS OF 6 DOF ROBOT IN HYDROCEPHALIC VENTRICLES

NAVIGATION
Section Type Curvature Length  Stiffness
[mm—1] [mm] (ratio)
Variable Curvature  0.0522 66.47 5:1
Fixed Curvature 0.05263 66.70 1:1
Zero Curvature 0.0 12.65 0.05:1
- Stable Configuration - Anatomy Avoided
- Unstable Configuration - Breaching of Anatomy
1 1
05 05
0 0

Instability,
Collision
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Fig. 6. Experimental results of unstable robot configurations and collision
with anatomy.

challenges [?]. The manipulation of tissue through narrow
and sometimes torturous surgical corridors is particularly
problematic in endoscopic intraventricular and transventricu-
lar surgery. Therefore the use of concentric tube robots [12],
and the incorporation of active constraints [19], may allow
for improved effectiveness and safety respectively. Eleven
participants (seven male, ten right-handed, six familiar with
haptic devices, all novices regarding the medical procedure)
took part in a user study to navigate through hydrocephalic
ventricles to simulate electroclautery of thirteen targets. Each
participant was asked to move a virtual cursor with the haptic
device to control a concentric tube robot, find paramters
of the robot in Tab. ??. A target was considered to be
successful cauterised when a button was pressed within 1 mm
distance of each target. The experiment was repeated in
three different mode, 1. with stability and collision avoidance,
II. with collision avoidance, but no stability consideration,
III. with neither consideration of stability nor collision. All
participants finished successful each mode with a median
duration of: I. 740.3 s (stability and collision avoidance), II.
441.7 s (collision avoidance), III. 228.7 s (none).

The analysis revealed that omitting instability avoidance
results in unstable configurations in 52.02 % and of the time
while maintaining collision avoidance and 43.43 % unstable
configuration without collision avoidance, see Fig. ?? (left).
When omitting collision avoidance the robot breaches the
anatomy in 42.20 % of the time, see Fig. ?? (right).

An evaluation of which optimization routine gives best
results, when considering stability and collision, is depicted
in Fig. ??. The results show that optimizer algorithms chose
most are the Jacobian (DLS) approach and the Bound Opti-
mization BY Quadratic Approximation. However, the results
show also that no optimizer clearly dominates. Preliminary
test showed that it is not possible to fulfill this telema-
nipulation task using solely the Jacobian or the BOBYQA
algorithm. A detailed analysis and parametrization of each
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TABLE III
USED OPTIMIZER ALGORITHMS AND SETTINGS, IN STABILITY
CONSIDERATION AND COLLISION AVOIDANCE MODE

Algorithm Discre-  Time- Opti- Best
[local (L)/ tization out mize Result
global (G)] [mm] [ms] Stability  [%]
CRS2_LM (G) 0.5 50 no 1.9
CRS2_.LM (G) 0.5 100 no 1.8
CRS2_.LM (G) 0.5 150 no 1.8
CRS2_.LM (G) 1.0 150 yes 2.0
CRS2_.LM (G) 2.0 100 yes 0.8
MLSL_LDS (G) 0.5 50 no 5.1
MLSL_LDS (G) 1.0 150 yes 0.5
MLSL_LDS (G) 2.0 100 yes 0.7
BOBYQA L) 0.5 50 no 20.3
BOBYQA L) 0.5 100 no 6.0
BOBYQA L) 0.5 150 no 4.2
BOBYQA (L) 1.0 150 yes 1.1
BOBYQA L) 2.0 100 yes 1.2
PRAXIS L) 0.5 50 no 7.3
PRAXIS L) 1.0 150 yes 0.5
PRAXIS L) 2.0 100 yes 0.5
NEWUOA L) 0.5 50 no 8.3
NEWUOA (L) 2.0 100 yes 0.9
NEWUOA L) 1.0 150 yes 0.7
NELDERMEAD (L) 0.5 50 no 3.5
NELDERMEAD (L) 0.5 100 no 1.8
NELDERMEAD (L) 0.5 100 no 1.8
NELDERMEAD (L) 1.0 150 yes 0.6
NELDERMEAD (L) 2.0 100 yes 0.5
JACOBIAN L) 0.07 NA no 26.3

optimizer thread is depicted in Tab. II.

The analysis of the overall performance of the our on-
line inverse kinematic is presented in Tab. III. Our approach
achieves median update rates of 85-115Hz. These update
rates are mainly depending on where, in the dexterous
workspace, the user operates and how close the robot is to
an instability. Note: choosing a timeout of 50 ms and more
(see Tab. II) insures optimizer results at 20 Hz, but does
not prevent higher update rates. The median position error
during the telemanipulation task lies between 0.27-1.30 mm.
Successful targeting precision was by study design set to

TABLE IV
INVERSE KINEMATIC METRICS.

Metric Value
(instability and collision avoidance / collision avoidance / none)

Median duration between IK improvements  [ms] 8.66/8.90/11.38
Median error end-effector [ 1.30/0.61/0.27
Duration parallel Jacobian (per iteration) [ms 11.81
Targeting precision [ 0.702/0.611/0.666

TABLE V
QUALITY USER STUDY RESULTS.

[0: VERY OBSTRUCTIVE - 5:VERY HELPFUL]

Metric Value
Frictional Constraints (FRVF) [0—5] 445
Active Guidance Constraints (GVF) [0 —5] 445
Stereo (3D) Vision [0-5] 436

1 mm, the participants achieved mean precisions of 0.67-
0.70 mm, see Tab. IIl. Since the users were supported in
all modes by active constraint it is not possible to relate
the precision coefficients to the haptic guidance. However,
the qualitative user feedback suggest a positive influence
of our proposed active constraint framework, see Tab. IV.
Participants reported that depth perception in virtual en-
vironments is difficult even with 3D vision and that the
frictional forbidden region constraints helped to guide the
cursor faster through the convoluted ventricles and also the
attractive forces supported a precise targeting, according to
the users.

B. Navigation for Closure of a Patent Foramen Ovale

The second experiment simulated the robotic closure of
a patent foramen ovale (PFO) as described in [12]. The
anatomical model of this experiment comes from a swine.
The collision avoidance for this soft tissue procedure was re-
laxed similar as described in [12]. Breaching of the anatom-
ical model was permitted under two conditions: I. breaching
of less than a maximum penetration distance (here: 10 mm),
and II. keeping the angle between (a) vascular tangent vector
and (b) tangent vector along the robot structure outside of
the anatomy under a threshold (here: 30 °).

In this scenario the robot control was separated into
two stages. The user was able to choose for which joints
the inverse kinematic should solve. In the first stage the
kinematic optimizers would only optimize for the first two
sections (navigation section) by sliding the first two tubes
forward until reaching the right atrium. The two distal section
(manipulation section) were than used for manipulation with
the right atrium, see Tab. ?? for robot parameters.

TABLE VI
PARAMETERS OF 9 DOF ROBOT FOR PFO CLOSURE

Section Type Curvature  Length  Stiffness
[mm—1] [mm] (ratio)
Fixed Curvature 0.00075 235 100:1
Fixed Curvature 0.00885 273 10:1
Variable Curvature  0.00990 32 0.5:1
Fixed Curvature 0.04347 23 0.1:1




TABLE VII
BEST OPTIMIZER FOR INTRAVASCULAR NAVIGATION

Algorithm [local (L)/ global (G)]  Best Result [%]

CRS2IM © 128
MLSL_LDS (G) 2.3
BOBYQA L) 317
PRAXIS L) 29.7
NEWUOA @L) 7.6
NELDERMEAD (L) 12.7
JACOBIAN L) 32

Fig. 8.

Concentric tube robot navigating through vasculature.

In this scenario the Jacobian approach performed very
poor in comparison to the neurosurgical case, see Tab.??.

VI. CONCLUSION
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